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areas of topical interest that could not be accommodated i n the Society's 
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mented because their papers w o u l d be d is tr ibuted among several journals 
or not pub l i shed at a l l . 

Papers are rev iewed crit ical ly according to A C S editor ia l standards and 
receive the careful attention and processing characteristic of A C S pub l i ca ­
tions. Volumes i n the A D V A N C E S I N C H E M I S T R Y S E R I E S maintain the integrity 
of the symposia on w h i c h they are based; however , verbat im reproductions 
of previously pub l i shed papers are not accepted. Papers may inc lude reports 
of research as w e l l as reviews, because symposia may embrace both types 
of presentation. 
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toward the development of measurement techniques, especially those 
needed for obtaining information on sulfur and nitrogen chemistry . H e has 
taken a special interest i n measurement techniques used aboard a ircraf t— 
w h i c h have taken on a particular importance and have been used to study 
interactions i n and about c l ouds—in i t ia l l y for understanding the formation 
of acid ra in and now for addressing questions of the importance of clouds i n 
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P R E F A C E 

IN THIS A G E O F E N V I R O N M E N T A L C O N C E R N S , it is important that we proper ly 
address the issues invo lved in the measurement of atmospheric constituents 
in order to come to realistic solutions expeditiously and economically. N o t h ­
ing is more fundamental to this process than the abi l i ty to measure the 
substances of concern. N o t only are these measurements necessary for doc­
ument ing what is there, they are also important for descr ib ing and under ­
standing the transport, transformation, and removal of substances from the 
atmosphere. W e have become increasingly sophisticated i n our approach to 
these questions, and , accordingly, we are continual ly facing the prob l em of 
not having the requisite tools to document and understand atmospheric 
processes. W e are constantly i n need of more sensitive, precise, and accurate 
methods of sampl ing and analyzing substances of interest. T h e purpose of 
this book is to educate the reader about the importance of the measurement 
of atmospheric constituents, give state-of-the-art descriptions of techniques, 
and point out specific p rob lem areas in order to stimulate the communi ty 
at large to address these problems. 

This book is not intended to be an exhaustive treatise that discusses al l 
substances of potential interest, but rather a discussion of selected substances 
that are of particular importance i n descr ib ing the state and processes of the 
atmosphere and that have measurement problems that remain to be solved. 
T h e authors were asked to give an overview of the field, discuss the methods 
that are generally used, and, most importantly , discuss the measurement 
problems that st i l l exist. 

T h e first two chapters deal specifically w i t h problems associated w i t h 
sampling. Chapter 1 addresses sampl ing of labi le , or reactive, substances. 
W i t h these substances, the very act of sampling can change the chemica l 
composit ion of the substance or of the materials w i t h w h i c h they are i n 
e q u i l i b r i u m ; consequently, unique problems are posed for sampl ing and 
analysis. Gases must often be separated from particles d u r i n g sampl ing, and 
this step requires a suitable matrix that can be used for subsequent chemica l 
analysis. Consequent ly , Chapter 2 discusses diffusion-based col lect ion pro ­
cedures that are used for the separation process; diffusion coefficients of 
gases are greater than those of particles, so under laminar flow gases w i l l 
diffuse to walls that are coated w i t h reactive substances and w i l l thereby be 
removed from the airstream. 

Substances can be removed from the atmosphere by dry deposit ion to 
surfaces. A method for obtaining the parameters of d ry deposit ion uses eddy 
correlation flux measurements that require chemica l sensors w i t h v e i y fast 
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responses. T h e problems of i m p l e m e n t i n g this approach are discussed i n 
Chapter 3. To understand large-scale transport and transformation proper ­
ties, scientists frequently sample substances above ground l eve l , where mea­
surements are relatively uninf luenced by local sources. I n C h a p t e r 4, the 
problems of sampling from aircraft are discussed. In Chapter 5, measure­
ments i n the stratosphere, both by high-alt i tude aircraft and he l ium- f i l l ed 
balloons, are discussed. 

The sampl ing and analysis of aerosols is a p r o b l e m of long-standing 
interest. O u r understanding of atmospheric aerosol chemica l dynamics has 
been furthered by the development of specific instrumentat ion. T h e various 
capabilities and the problems associated w i t h aerosol analysis are presented 
in Chapter 6. Aerosols persist i n the atmosphere for relat ively long periods, 
and a description of their sources, transport, and transformation has been 
furthered by the abi l i ty to analyze size-segregated fractions. T h e problems 
associated w i t h sampling fine particles and w i t h the analysis of the concom­
itant small masses are discussed i n Chapter 7. Concerns about potential 
health effects and environmental damage originating from the acid content 
of aerosols have i n large part prompted the development of methods for the 
measurement of the strong acid content of aerosols. T h e difficulties that st i l l 
exist, especially i n connection w i t h sampl ing this reactive substance, are 
presented i n Chapter 8. 

T h e family of nitrogen compounds, by v ir tue of the ir n u m b e r and com­
plexity , has presented a series of challenges to the measurement communi ty 
as the need to learn more about them has arisen because of the ir pivotal 
position i n the chemistry of the atmosphere. A detai led descr ipt ion of the 
current abi l i ty to make measurements of known substances and the i m p o r ­
tance and possibi l i ty of the existence of as yet unmeasured species is p re ­
sented in Chapter 9. In addit ion, the use of intercomparisons to verify and 
validate methods is discussed. 

Hydrocarbons are a pr imary ingredient i n the photochemical reactions 
that produce smog. Chapter 10 describes the methodologies used to deter­
mine the concentration of nonmethane hydrocarbon species i n the atmo­
sphere. Products of the oxidation of hydrocarbons are peroxy radicals. B o t h 
chemical and spectroscopic methods are used to measure t h e m , and the 
pr inc iples and approaches of these methods are given i n C h a p t e r 11, Possibly 
the most important radical i n the atmosphere for w h i c h a determinat ion is 
r equ i red is the hydroxy l radical ; the difficulty of measuring this radical has 
plagued the communi ty for years. A rev iew is g iven i n C h a p t e r 12, and the 
hurdles st i l l to be surmounted are discussed in l ight of theoretical and ex­
per imenta l results. 

A somewhat new and burgeoning f ie ld is the development of personal 
air monitors that permit the recording of an individual ' s direct and total 
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exposure to pollutants. T h e associated technological issues and problems are 
descr ibed i n Chapter 13. T h e cr i ter ia needed for the design of personal 
monitors are presented and should serve to guide the c o m m u n i t y i n d e v e l ­
op ing new methods for personal air monitor ing . 

Pract ic ing atmospheric scientists should find the book useful as a re ­
source, and scientists from other disc ipl ines , such as analytical and physical 
chemistry , electrical and mechanical engineer ing, physics , and i n s t r u m e n ­
tation, should f ind it a good introduct ion to the f ie ld . 
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1 

Sampling of Selected Labile 
Atmospheric Pollutants 

B. R. Appel 

Air and Industrial Hygiene Laboratory, California Department of Health 
Services, 2151 Berkeley Way, Berkeley, CA 94704-9980 

Nitric acid, particulate nitrate, and particulate organic carbon may 
be termed "labile" atmospheric pollutants; this name reflects the ease 
with which they undergo physical or chemical changes while an in­
tegrated sample is being collected. Manual sampling methods of vary­
ing accuracy are described for these species, together with sources 
of error. For nitric acid and particulate nitrate, the filter pack 
method, usually with Teflon and nylon filters in tandem, is the least 
accurate but simplest sampling procedure. More accurate techniques 
use diffusion denuders to separate gaseous HN03 from fine partic­
ulate nitrate. Most methods remain subject to interference from ni­
trous acid. Sampling techniques for particulate organic C remain 
relatively primitive. Tandem filter sampling permits correction for 
the error due to sorption of gaseous C on the filter medium. Denuder­
-based techniques, such as those described here for polyaromatic hy­
drocarbons, may hold the key to future development of improved 
samplers for particulate organic C as well. 

T H E O B J E C T I V E O F I N T E G R A T I V E A T M O S P H E R I C S A M P L I N G is to measure 
accurately the concentrations of species of interest averaged over the sam­
p l i n g t ime . H o w e v e r , a substantial n u m b e r of species are difficult to sample 
because of chemical or physical changes occurr ing d u r i n g or after col lect ion. 
Such pollutants are referred to as " l a b i l e " . This chapter focuses on integrative 
sampl ing techniques for selected labi le species, i n c l u d i n g particulate nitrate 
and its corresponding gas-phase species, n i t r i c ac id ; particulate carbon; and 
particle-phase, po lycyc l ic aromatic hydrocarbons. T h e terms "vapor-phase" , 
"gaseous", and "gas-phase" are used interchangeably, as are the terms " p a r ­
t i culate" and "part ic le-phase" . 

0065-2393/93/0232-0001$11.00/0 
© 1993 American Chemical Society 
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2 M E A S U R E M E N T C H A L L E N G E S I N A T M O S P H E R I C C H E M I S T R Y 

T h e need to determine accurately the phase-specific concentrations of 
these pollutants reflects several concerns: C o m p a r e d to gaseous materials, 
particle-phase materials may penetrate more deeply into the h u m a n resp i ­
ratory tract; particle-phase pollutants scatter l ight m u c h more effectively 
than gaseous materials, and they thus have a greater contr ibut ion to v i s ib i l i ty 
reduct ion ; gaseous ni tr i c acid has a m u c h higher deposit ion veloc i ty than 
particulate nitrates and can be a substantial contr ibutor to the acidif ication 
of lakes, streams, forests, and vegetation. 

In some instances special ized techniques were deve loped to determine 
concentrations of specific labi le pollutants through the use of techniques that 
avoid (or nearly avoid) sample col lect ion; these techniques are often referred 
to as " r e a l - t i m e " methods. These methods, as w e l l as analytical methods to 
be appl ied to col lected samples, are not discussed. 

T h e l i terature c i ted is intended to i l luminate the topics covered but i n 
no sense represents an exhaustive review. F u r t h e r m o r e , numerous alter­
native sampl ing techniques are omit ted i n favor of more comprehensive 
treatments of what I judge to be the most generally useful strategies. T h e 
most important omission is probably impactor col lect ion, a technique that 
may reduce sampl ing errors w i t h some labi le species (J). 

It is useful to consider the general composit ion of atmospheric aerosols. 
Such composit ion varies markedly depending on sampler location (e.g., u r ­
ban or rural) , prox imity of significant sources of aerosols and the ir gaseous 
precursors, and meteorology (e.g., w i n d speed, invers ion height , and sun ­
l ight intensity). Anthropogenic particulate matter is concentrated i n fine 
particles (i .e. , less than 2.5 μπι i n diameter) , whereas natural aerosols (e.g., 
w i n d - b l o w n soi l , sea salt, po l l en , and spores) are concentrated i n larger 
particles. Table I , taken from reference 2 and references c i ted there in , details 
average concentrations i n the fine and coarse (2.5-15 μπι) particle fractions 
obtained from a rura l and an urban location. T h e materials that readi ly 
undergo phase and chemical changes are concentrated i n the fine fraction. 
T h e major constituents shown for the fine fraction inc lude carbonaceous 
materials, sulfate, a m m o n i u m , and nitrate. 

A l though Table I is generally self-explanatory, the carbonaceous mater ia l 
measurements require comment . Because of its chemica l complexity , car­
bonaceous material is frequently characterized only on the basis of carbon 
measurements. These measurements attempt to d iv ide the carbonaceous 
material into "organic C " and "e lementa l C " . C a r b o n present i n carbonate 
salts, frequently a minor contr ibutor to the total particulate carbon, can be 
de termined independent ly . E l e m e n t a l carbon is among the most important 
pollutants i n v is ib i l i ty reduct ion. Po lycyc l i c aromatic hydrocarbons (PAHs) 
are relatively minor constituents of the particulate carbon but are of great 
interest i n health effects studies. P A H s can also serve as m o d e l compounds 
i n deve loping i m p r o v e d sampl ing techniques for semivolati le carbonaceous 
materials. 
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1. A P P E L Sampling of Selected Labile Atmospheric Pollutants 3 

Table I. Average Aerosol Composition for Fine and Coarse Particles at a Rural, 
Forested Location (Great Smoky Mountains, Tennessee) and an Urban Location 

(Houston, Texas) 
Smoky Mountains Houston0 

Composition Fine1 Coarse1 Fine Coarse 
Total mass 24,000 ± 3000 5600 ± 3000 42,500 ± 4250 27,200 ± 2700 
SO42- 12,000 ± 1300 N A C 16,700 ± 1380 1100 ± 200 
NO3- 300 ± 300 N A 250 ± 260 1800 ± 260 
N H 4

+ 2280 ± 390 N A 4300 ± 390 <190 
H + 114 N A 67 <1 
C (organic) 2220 ± 400 1200 ± 400 N A N A 
C (elemental) 1100 ± 800 <100 N A N A 
C (total) 3300 ± 600 1300 ± 600 7600 ± 500 3300 ± 500 
A l 20 ± 18 195 ± 101 95 ± 60 1400 ± 420 
Si 38 ± 10 580 ± 262 200 ± 60 3800 ± 1000 
S 3744 ± 218 204 ± 187 N A N A 
C l <10 7 ± 4 19 ± 6 330 ± 21 
Κ 40 ± 3 108 ± 30 120 ± 7 180 ± 21 
Ca 16 ± 1 322 ± 73 150 ± 8 3100 ± 160 
T i <6 18 ± 5 <8 48 ± 14 
V <4 <5 N A N A 
Μη N A N A 13 ± 2 23 ± 3 
Fe 28 ± 2 118 ± 9 170 ± 9 730 ± 40 
N i 1 ± 0.5 1 ± 0.5 3 ± 1 5 ± 1 
C u 3 ± 0.7 <5 16 ± 2 14 ± 2 
Zn 9 ± 1 <4 102 ± 6 68 ± 5 
As 2.2 ± 1 <1 N A N A 
Se 1.4 ± 0.3 0.2 ± 0.2 N A N A 
Br 18 ± 1 5 ± 0.4 70 ± 4 39 ± 3 
Pb 97 ± 5 14 ± 1 483 ± 23 127 ± 10 
N O T E : All values are given in nanograms per cubic meter. 
"Samples collected during the daytime. 
bFine and coarse particles were defined in this study as having aerodynamic diameters in the 
ranges 0-2.5 and 2.5-15 μπι, respectively. 
fNot analyzed. 
SOURCE : Reproduced with permission from reference 2. Copyright 1986 Wiley. 

Sampl ing errors associated w i t h these species can result i n measure­
ments that are too h igh or too low and that lead to the frequently used terms 
"posit ive artifact" and "negative artifact". To ensure the accurate measure­
ment of the species to be considered, researchers have focused on deter ­
m i n i n g the sources and magnitude of such errors and on dev is ing strategies 
that e l iminate or m i n i m i z e both posit ive and negative artifacts. 

Sampling of Atmospheric Inorganic Nitrates 

Inorganic nitrates i n the atmosphere inc lude the gaseous species H N 0 3 and 
nitrate salts i n suspended particulate matter. T h e sum of the ir concentrations 
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4 M E A S U R E M E N T C H A L L E N G E S I N A T M O S P H E R I C C H E M I S T R Y 

is referred to as total inorganic nitrate (TIN). T h e composit ion of the par­
ticulate nitrate (PN) may be expressed as M ( N 0 3 ) v , where M denotes N H 4 

or a metal (especially an alkal i metal or an alkaline earth element) and χ 
denotes the valence state of M . O f these, the pr inc ipa l salts that have been 
identi f ied are N H 4 N 0 3 and N a N 0 3 . T h e latter can be formed from the 
reaction of sea salt aerosol w i t h H N 0 3 (3, 4), a pathway consistent w i t h the 
somewhat larger particle size associated w i t h N a N 0 3 . React ion of H N 0 3 

w i t h suspended soil particles, a proposed pathway to coarse particulate n i ­
trate, could involve other cations as w e l l (5). 

M o s t atmospheric studies do not determine the specific composit ion of 
the particulate inorganic materials be ing sampled, although composit ion has 
frequently been inferred from the balance between the pr inc ipa l anions and 
cations. T h e N 0 3 ~ salts other than N H 4 N 0 3 are not significantly volat i le , 
and their sampl ing and analysis should be less problematic a lthough st i l l 
subject to error. Special ized analytical techniques attempting to d ist inguish 
a m m o n i u m from other nitrate salts i n atmospheric particulate samples have 
been devised (4) but are not rev iewed here . 

A m m o n i u m nitrate, found pr imar i l y i n the fine-particle fraction, results 
pr inc ipa l ly from the atmospheric reaction of H N 0 3 w i t h N H 3 according to 
the e q u i l i b r i u m 

N H 4 N 0 3 (s) * = ± N H 3 (g) + H N 0 3 (g) (1) 

where Κ = 9.5 p p b 2 at 20 °C. This value of K , w h i c h applies on ly be low 
the del iquescence relative h u m i d i t y (RH) , increases sharply w i t h increasing 
temperature. A b o v e the del iquescence R H , Κ decreases w i t h increasing R H 
(Figure 1) (6). N u m e r o u s studies, rev iewed by A l l e n and H a r r i s o n (7), have 
compared observed atmospheric concentrations of H N 0 3 and N H 3 w i t h those 
expected from this e q u i l i b r i u m . Grosjean (8) assessed agreement between 
theory and observation both above and be low the del iquescence R H , finding 
generally reasonable agreement for samples i n Southern Cal i f orn ia , a location 
notable for elevated nitrate concentrations. 

P N is often approximated by the N 0 3 ~ retained on a filter, an impactor , 
or other nomina l collector of particulate matter. H o w e v e r , inorganic nitrates 
are subject to part i c le -vapor transformations w h i l e present i n the atmosphere 
as w e l l as after col lection on nonreactive sampl ing media . T h e fo l lowing 
sections discuss the various pathways for such transformations, other sources 
of error , and alternative sampl ing strategies. Because the goal is to measure 
nitrates as they exist at the t ime of sampl ing , only transformations d u r i n g 
and after the sampl ing process and other sampl ing artifacts are discussed. 
I n the S u m m a r y a n d Conclusions section, the methods r ev i ewed and the ir 
sources of error are presented i n tabular form. 
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1. A P P E L Sampling of Selected Labile Atmospheric Pollutants 5 

40 50 60 70 80 90 100 

Relative Humidity, % 

Figure I . NH4NOi dissociation constant dependence on temperature and rel­
ative humidity. (Reproduced with permission from reference 6. Copyright 

1982.) 

Pathways for Particle-to-Gaseous Nitrate Conversions. It is gen­
erally assumed that i f airborne N H 4 N O i 3 , H N 0 3 , and N H 4 are present, they 
are i n e q u i l i b r i u m immediate ly before col lection. H o w e v e r , if, for example, 
the temperature increases before the e n d of the sampl ing per i od without 
partial pressures of H N 0 3 and N H 3 be ing achieved at the sampler inlet at 
least equal to the ir new e q u i l i b r i u m values, dissociation and loss of N H 4 N 0 3 

from the particulate sample should occur. 
In addit ion to dissociation of N H 4 N 0 3 , P N can be lost from the partic le 

phase by reaction w i t h both particulate and gaseous strong acids, y i e l d i n g 
H N 0 3 . Such processes have been demonstrated i n aqueous solutions and 
on inert filter surfaces. In aqueous systems i n c l u d i n g H + , S O / " , N H 4

+ , and 
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N 0 3 " , the partial pressure of H N 0 3 depends on the nitrate-to-sulfate ratio 
(9). T h e same processes are expected to occur i n acidic , suspended S 0 4

2 ~ -
and N0 3 ~-eonta in ing particles before sampling. Laboratory and atmospheric 
sampl ing results w i t h filter-collected samples support the reaction of nitrate 
salts w i t h acidic particulate sulfates (reference 10 and references c i ted 
therein) and w i t h gaseous H C 1 (10), l iberat ing gaseous H N 0 3 . 

Pathways for Real or Apparent Gaseous-to-Particle Nitrate Con­
version. Introduction. T h e retention of gaseous H N 0 3 on many filter 
types is w e l l recognized as a source of artifact P N ( I I , 12). O f those i n 
c ommon use, Teflon filters provide the least H N 0 3 retent ion, less than 2 % 
at 5 0 % R H , and are the most wide ly used fi lter for P N sampling. W i t h 
quartz-f iber filters, such retention increases w i t h increasing filter alkal inity 
and R H (12, 13). Glass-f iber filters, w h i c h are relat ively alkal ine, can ap­
proximate efficient T I N samplers and retain both P N and H N 0 3 w i t h h igh 
efficiency under atmospheric conditions (14). 

In addit ion to retention on sampling media , artifact P N can be formed 
by the retention of H N 0 3 on previously col lected particulate matter. R e l ­
atively few data are available that clearly document the magnitude of this 
p rob l em, and unanswered questions remain . 

Retention of Nitric Acid on Particulate Matter. Teflon filters pre loaded 
w i t h atmospheric particulate matter col lected without particle-size segre­
gation i n Berke ley , Cal i forn ia , showed greatly increased H N 0 3 retention 
compared to c lean Teflon filters (15). A t 5 0 - 8 0 % R H , retention of 300-500 
μ g / m 3 H N 0 3 ranged from about 6 to 22%. W i t h i n this range, retention 
increased w i t h increased partic le loadings vary ing from 7 to 65 μ g / c m 2 . 

T h e specific aerosol constituents responsible for H N 0 3 retent ion were 
not established. T h e reaction of H N 0 3 w i t h C I " salts, y i e l d i n g relat ively 
nonvolati le nitrates, can be assumed to contr ibute ; indeed , this reaction is 
the basis of a method for H N 0 3 sampl ing (16). T h e reaction o f H N 0 3 w i t h 
alkaline soil dust particles is also l ike ly , as shown b y a h i g h correlation 
between nitrate and soi l -related elements i n coarse particles (5). S u c h re ­
actions, i n c l u d i n g that w i t h chlor ide salts, cou ld occur both before and after 
partic le col lect ion, w i t h only the latter causing a sampl ing error . 

T h e mechanisms suggested for P N formation b y reactions w i t h aerosol 
constituents i m p l y that the degree of H N 0 3 retent ion on previously col lected 
particulate matter w o u l d be greatly reduced i f coarse particles were exc luded 
from the sampler, and that the extent of H N 0 3 retention w i t h inert prefi lters 
should generally decrease w i t h decreased sampl ing vo lume . 

Formation of Nitrate on Nylon Filters. Introduction. S ince first 
proposed by Spicer (17), ny lon filters have p layed a prominent role i n mea­
sur ing atmospheric P N and H N 0 3 . T h e i r prominence may be ascr ibed to a 
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1. A P P E L Sampling of Selected Labile Atmospheric Pollutants 7 

h igh efficiency for gaseous H N 0 3 retention and relatively l ow retent ion of 
N 0 2 and peroxyacetyl nitrate (PAN) ; Spicer demonstrated these features that 
were generally conf irmed by others. H o w e v e r , as the state of the art i m ­
proved , and w i t h the finding of significant levels of H O N O i n the atmo­
sphere, the selectivity of ny lon filters has remained an area of active inves­
tigation. T h e change i n the ny lon po lymer used to fabricate filters has also 
prompted some concern for the degree of generality possible w i t h pr i o r 
research results. 

T h e ny lon filter current ly sold as l -μπι pore size Nylasorb (Ge lman 
Sciences), probably the most w ide ly used filter for H N 0 3 sampl ing i n the 
U n i t e d States, was in i t ia l ly marketed by G h i a Corporat ion . U n t i l 1985, these 
filters were fabricated from nylon 6, a polyamide formed from the homo-
polymerizat ion of e-caprolactam. M o r e recently, G e l m a n , Sartorius, and 
other vendors have suppl ied filters fabricated from ny lon 6,6, made by 
polymerizat ion of adipic acid and hexamethylenediamine. 

Potent ia l interferents col lected by ny lon filters inc lude organic nitrates 
(e.g., P A N ) , N 0 2 , and H O N O . E a c h can y i e l d N 0 2 ~ , w h i c h can be ox id ized 
to N 0 3 ~ by 0 3 or other oxidants. A l t h o u g h not related d irect ly to nitrate 
sampling, S O a retention i n vary ing degrees was also of concern. 

Comparison of Nylon Filters from Different Suppliers. Nylasorb ny l on 
6 filters from G h i a Corporat ion exhibited an efficiency of 95 ± 1 1 % for up 
to 3000 μg H N 0 3 (sampling at 20 °C, 5 0 % R H , and 20 L / m i n w i t h 4 7 - m m -
diameter filters) (14). Comparisons of the measured atmospheric H N 0 3 levels 
among different lots of G e l m a n Nylasorb and between G e l m a n Nylasorb and 
a ny lon 6,6 filter from Sartorius F i l t e r s , Inc. showed no significant differences 
(18). 

T h e retention of N 0 2 on ny lon 6 Nylasorb filters (Ge lman Sciences), 
ny lon 6 filters from Sartorius F i l t e r s , Inc . , and ny lon 6,6 filters from 
Schleicher & Schuel l (S&S) was assessed; 0.5 p p m N 0 2 was sampled at 
7 5 - 8 0 % R H and 21 °C for 6 h at 20 L / m i n w i t h 4 7 - m m filters. T h e results 
showed no more than 0 . 1 % retention (19). S imi lar ly , Perr ino et a l . observed 
w i t h 4 7 - m m G e l m a n Nylasorb filters (nylon type unstated) 0 .4% retent ion, 
sampl ing 0.6 p p m N 0 2 for 15 h at 1.5 L / m i n and 6 0 - 8 0 % R H (20). 

T h e degree of retention of S 0 2 on these ny lon filters was also assessed; 
0.14 p p m S 0 2 was sampled at 20 °C, 8 0 % R H , and 20 L / m i n (total dosages 
for each filter, 2600 μg of SOg) (19). A t saturation, the artifact S O / ~ values 
w i t h the S & S filter, 56 ± 1 μg, was lower than that for the Sartorius and 
G e l m a n ny lon 6 filters, w h i c h ranged from 65 to 70 μg. 

Accord ing ly , the change i n ny lon po lymer should not hamper atmo­
spheric H N 0 3 determinations. However , on the basis of the results w i t h 
the acidic gas, S 0 2 , the capacity of ny lon 6,6 filters for H N 0 3 retent ion 
without breakthrough may be somewhat lower than that reported previously 
w i t h ny lon 6 filters. 
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Other Interfèrent Studies with Nylon Filters. Retent ion of H O N O on 
G e l m a n Nylasorb (nylon 6) filters was tested; 0.3 to 1 μ g / m 3 H O N O was 
sampled i n air ( - 5 0 % R H ) at 20 L / m i n w i t h 47 -mm filters for 16-23 h . A t 
saturation, the filters contained 1.8 μ g / c m 2 N 0 2 ~ ; this result indicates less 
than 5 0 % efficiency for H O N O retention (19). Sampl ing 440 μ g / m 3 H O N O 
at 20 L / m i n w i t h 47 -mm G e l m a n Nylasorb filters (nylon type unstated), 
Sickles and H o d s o n reported about 2 5 % retention efficiency, w i t h a s imilar 
saturation value, and noted that such retention was reversible . Substantial 
oxidation of H O N O to N 0 3 " on the filter surface by 0 3 was demonstrated 
i n laboratory and atmospheric trials (21). Perr ino et a l . (20) observed w i t h 
4 7 - m m G e l m a n Nylasorb (nylon type unstated) filters an efficiency for 
H O N O that increased from about 25 to about 9 0 % as the flow rate decreased 
from 12 to 2 L / m i n , w i t h saturation at ~ 5 0 μg/filter. N i t r i t e to nitrate 
conversion on the ny lon filter surface increased from 13% at 45 p p b 0 3 to 
9 3 % at 200 ppb 0 3 . 

Because atmospheric H O N O exhibits nightt ime and early m o r n i n g max­
i m a (22), i n contrast to the midday maxima for H N 0 3 and 0 3 , l i t t le midday 
interference from H O N O w o u l d be expected i n H N 0 3 measured w i t h short-
t e rm samplers. H o w e v e r , w i t h long-term (e.g., 24-h) sampl ing, substantial 
interference from atmospheric H O N O might be observed w i t h techniques 
invo lv ing ny lon filters, depending on details of the sampl ing strategy. 

P A N is a potential interfèrent w i t h daytime concentration maxima that 
can coincide w i t h the H N 0 3 maxima. H o w e v e r , early work by Joseph and 
Spicer (23) and later work by Fahey et a l . (24) indicated that P A N is not a 
significant interfèrent i n H N 0 3 measurements re ly ing on nylon-f i l ter co l ­
lect ion. The change in nylon-f i l ter composit ion introduces a smal l degree of 
uncertainty to this conclusion. 

Talbot et al . reported that 0 3 can react w i t h unwashed ny lon filters to 
produce increased extractable N 0 3 " (25). T h e artifact H N 0 3 was equivalent 
to about 0.1 ppb (0.25 μ g / m 3 ) under the conditions used; this result suggests 
that the artifact w o u l d only be significant at background locations. 

N i t r i t e oxidation to N 0 3 " fo l lowing removal from the sampler can prob ­
ably be m i n i m i z e d by freezing ny lon (and other) filter samples immediate ly 
after col lection and analyzing the aqueous fi lter extracts as soon as possible. 

Common Pathways for Loss of Nitr ic Acid (Without Artifact Par­
ticulate Nitrate Formation). Introduction. Loss of H N 0 3 can result 
from sorption on the surfaces of sampler inlets and in let l ines; this situation 
is c ommon to a l l col lection procedures for atmospheric H N 0 3 . Such inlet 
losses are rarely determined , so it is difficult to assess the accuracy of at­
mospheric H N 0 3 measurements or to p inpo int the source of bias between 
methods i n intermethod comparisons (e.g., see reference 26). I n addit ion to 
sampler-associated losses, N 0 3 " can be lost from samples d u r i n g storage. 
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1. A P P E L Sampling of Selected Labile Atmosphenc Pollutants 9 

HN03 Losses on Tubing and Inlet Surfaces. Several laboratory studies 
have examined the degree of loss of H N 0 3 at l ow concentrations i n air w h e n 
it passes through tub ing of vary ing composit ion. A l l types of tub ing showed 
decreasing loss of H N 0 3 as the surfaces became condit ioned. These studies 
conc luded that Teflon and Pyrex glass tub ing provide the least H N 0 3 r e ­
tention; Teflon is sl ightly better than glass (27, 28). A comparison of tub ing 
fabricated from three types of Teflon, polytetrafluoroethylene ( P T F E ) , fluor-
inated e thy lene -propy lene ( F E P ) , and perfluoroalkoxy ( P F A ) , was made b y 
sampling successive < l - ^ g doses of H N 0 3 i n air. T h e results showed P T F E 
tub ing to produce severe losses of H N 0 3 . Loss w i t h F E P tub ing var ied from 
zero to moderate, depending on the batch tested. A single batch of P F A 
tub ing exhibited no measurable loss (J 9). T h e results suggest that dif fering 
porosities account for the results w i t h the three types of Tef lon; F E P and 
P F A products are prepared by extrusion mo ld ing of the mol ten polymers , 
whereas P T F E products are prepared by compression and s inter ing of a 
powdered po lymer of relatively h igh me l t ing point , a process that results i n 
a substantial, and easily var ied , vo id content i n the finished product . 

A laboratory evaluation (29) of losses of H N 0 3 w i t h i n seven different 
cyclones or impactors used as inlets for H N 0 3 measurements suggested that 
large differences should be observed between atmospheric samplers us ing 
these devices; in i t ia l transmission efficiencies ranged from 28 to more than 
100%. Loss of H N 0 3 w i t h i n the devices var ied inversely w i t h residence t ime 
as w e l l as w i t h the total dose sampled, and loss increased w i t h R H . T h e 
extensive loss of H N 0 3 observed w i t h P T F E tub ing was not reflected i n the 
results w i t h a cyclone fabricated from this po lymer ; this result probably 
reflects the m u c h lower surface-to-volume ratio w i t h the cyclone and , per ­
haps, differing Teflon porosity. A comparison of atmospheric H N 0 3 results 
between samplers equ ipped w i t h these same inlets showed m u c h better 
agreement than that predic ted by the laboratory findings (29). T h e data 
suggested that atmospheric sampling passivated the in let walls for H N 0 3 

sampl ing m u c h more quick ly than sampl ing H N 0 3 i n c lean, h u m i d i f i e d air. 
F u r t h e r work is needed to resolve the discrepancy between laboratory and 
atmospheric results. 

HN03 Losses During Sample Storage. T h e loss of u p to 9 0 % of the 
N 0 3 " from atmospheric particulate-matter- loaded glass and quartz- f iber fil­
ters has been documented d u r i n g 2- to 18-month storage at room temper ­
ature (30, 31). T h e storage container used probably inf luenced strongly the 
degree of loss; i n trials w i t h atmospheric samples col lected w i t h Tef lon filters 
stored i n plastic pe tr i dishes (which had relatively t ightly fitting lids), no 
loss of nitrate was detectable i n 2 months of storage at room temperature 
(32). Loss of nitrate may be partial ly offset by bacterial oxidation of N H 4

+ 

to N 0 3 " , a process that is evident i n aqueous extracts of atmospheric par -
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ticulate samples. Low-temperature storage immediate ly fo l lowing sampl ing 
is the prudent strategy for al l nitrate samples. 

Fil ter Pack Method for Atmospheric Particulate Nitrate and N i ­
tric Acid and Associated Errors. Introduction. T h e sampl ing method 
chosen to determine atmospheric P N and H N 0 3 is usually the simplest 
technique affording an acceptable degree of accuracy for a g iven appl icat ion. 
T h e most w ide ly used technique for atmospheric P N and H N 0 3 uses two 
filters i n tandem (a " f i l ter pack"); the first retains P N , w h i l e the second traps 
H N 0 3 . T h e wel l - recognized prob lem of artifact P N on most filter types has 
l e d to the use of Teflon prefilters as the preferred m e d i u m ; this use can 
nearly e l iminate H N 0 3 retention on the filter itself. H o w e v e r , the apparent 
P N and H N 0 3 measured w i t h such a filter pack st i l l reflects the net result 
of opposing sources of error. Factors m i n i m i z i n g one error source may e n ­
hance others. Therefore, concentrations of the nitrate species measured i n 
this way are approximations. E v e n the observation of relat ively good agree­
ment between such results and those for reference procedures may reflect 
approximate cancellation of errors under the conditions encountered. 

Methodology. Teflon filters exhibit the lowest H N 0 3 retention of those 
i n c o m m o n use (12). F luoropore ( M i l l i p o r e Corporation) and Zef luor P T F E 
filters (Ge lman Sciences) of 0.5- to 2-μπι pore size, are frequently used as 
prefilters i n the filter pack method ( F P M ) . W i t h 47 -mm-diameter filters, 
flow rates w i t h the F P M from 10 to 20 L / m i n are typica l . T h e 2-μπι pore 
size Zef luor f i lter exhibi ted 9 7 % efficiency for 0.035-μιη particles at a face 
velocity of 33 c m / s , w i t h a pressure drop of 1.0 c m H g (1.3 kPa) (33). 

T h e after-filters i n c ommon use w i t h the F P M inc lude ny lon (17) and 
N a C l - i m p r e g n a t e d cellulose (e.g., W h a t m a n 41) filters (13, 16). T h e latter, 
impregnated by the user, have very h igh efficiency and capacity (15, 16), 
l ow cost, and relatively low air-flow resistance. H o w e v e r , the h igh chlor ide 
ion concentration i n aqueous fi lter extracts has hampered N 0 3 " d e t e r m i ­
nation by ion chromatography for some analysts. N y l o n filters (e.g., 1-μπι 
pore size Nylasorb from G e l m a n Sciences) are relat ively expensive and can 
exhibit significant and vary ing N 0 3 " blanks together w i t h vary ing air-f low 
resistance. F i l t e r s impregnated w i t h strongly alkaline tetra-n-butylammo-
n i u m hydroxide have also been used as after-filters (34). Retent ion of N 0 3 ~ 
of less than 5% was demonstrated. H o w e v e r , the probable partial retention 
of P A N and efficient retent ion of H O N O make this and other strong-base-
impregnated after-filters less desirable options for atmospheric sampl ing of 
H N 0 3 under most circumstances. 

Loss of HN03 to Filter Holder Surfaces. T h e walls of f i lter holders as 
w e l l as the pref i l ter support screens are l ike ly sites for H N 0 3 retent ion. 
Polycarbonate filter holders (Nuclepore Corporation) are frequently used 
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1. A P P E L Sampling of Selected Labile Atmospheric Pollutants 11 

because these can be easily assembled into two or more holders i n tandem. 
Significant loss o f H N 0 3 on these filter holders has not been reported but 
w o u l d be expected w h e n H N 0 3 is sampled at very l ow concentrations (unless 
the holders are condit ioned by pr ior sampling). U s i n g an al l -Teflon filter 
ho lder to m i n i m i z e losses, G o l d a n et a l . (28) observed significant losses o f 
H N 0 3 by sampl ing w i t h a ny lon filter preceded b y a Teflon pref i l ter . These 
workers sampled dosages from 2 to 10 μg of H N 0 3 to s imulate sampl ing i n 
a clean air environment , and they observed losses u p to 4 0 % i n d r y air and 
5 5 % i n moist air. T h e lost H N 0 3 was not recoverable from the pref i l ter . 

Discussion of Atmospheric Results. D e p e n d i n g on the aerosol 
composit ion and concentration, the concentration of strongly acidic species 
i n the particle and gas phases, and the meteorological condit ions, the po ­
tential concentration of artifact H N 0 3 f ormed by conversion of the deposited 
P N may be relatively small or very large. In Southern Cal i forn ia , the con­
centrations of particle-phase strong acids are usually re lat ively low, and 
H N 0 3 and N H 3 levels can be relat ively h igh w i t h large d i u r n a l temperature 
changes. Particulate nitrate levels d u r i n g summert ime periods can exceed 
30 μ g / m 3 and can be s imilar i n concentration to H N 0 3 . Consequent ly , a 
large potential error , as a percent of T I N , P N , or H N 0 3 (or i n μ g / m 3 ) , exists 
w i t h the F P M because of N H 4 N 0 3 dissociation fo l lowing col lect ion. Recov­
eries of P N from 2- to 8-h samples col lected w i t h Teflon prefi lters can be as 
l ow as 10% w h e n sampl ing includes periods at or above 30 °C. A t n ight t ime , 
however , under conditions of lower ambient temperatures and h igh R H , 
l i tt le or no net loss of P N is usually found, a finding consistent w i t h the 
decrease i n dissociation constant for N H 4 N 0 3 under these conditions (14). 
In a major intermethod comparison per formed i n Southern Cal i forn ia , F P M 
H N 0 3 results by a l l participants averaged 2 0 % higher than those by a spec­
troscopic technique (26). 

A t the opposite extreme, for atmospheric sampl ing i n the northeastern 
U n i t e d States, where the acidity of atmospheric particulate matter from 
acidic sulfates can be relatively h igh (35), or at rura l or background sites 
w i t h very l ow T I N , a large proport ion of the T I N can be present as H N 0 3 

w h e n sampled. F o r example, at a rura l site i n southwestern Ontar io , Canada , 
nearly 7 0 % of the T I N appeared to be H N 0 3 (36). I n these cases, the 
m a x i m u m potential artifact H N 0 3 , as a percent of T I N or of H N 0 3 , is 
reduced. T h e Canadian F P M H N 0 3 results d i d not exceed those w i t h the 
reference procedure, a tunable diode laser system; indeed , the filter results 
were lower. S imi lar ly , at background sites, w i t h measured T I N levels less 
than a few h u n d r e d parts per t r i l l i on , the potential artifact H N 0 3 concen­
tration has been argued to be reduced for the same reason. A t these back­
ground sites, other sources of error (e.g., contamination of blanks and sam­
ples) were judged to be more significant than loss of N 0 3 " f rom the pref i l ter 
(28, 37) i n both P N and H N 0 3 measurement. 
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12 M E A S U R E M E N T C H A L L E N G E S I N A T M O S P H E R I C C H E M I S T R Y 

I f the pref i l ter contains relat ively l i t t le P N , then retent ion of H N 0 3 on 
the particulate matter of the pref i l ter might dominate over loss of P N . This 
situation is most l ike ly to occur at locations prov id ing a large percentage of 
the T I N as H N 0 3 , accompanied by lower ambient temperatures and h igher 
R H . 

Alternative Integrative Sampling Strategies, The Dénuder Dif­
ference Method. General Description. F i r s t proposed b y Shaw et a l . (38), 
the dénuder difference method ( D D M ) provides a strategy that can measure 
H N 0 3 and fine-particle nitrate ( F P N ) free of a n u m b e r of potent ial errors 
to w h i c h the F P M is subject. T h e D D M samples w i t h two filter packs i n 
paral le l , w i t h each us ing a cyclone or impactor to exclude particles larger 
than 2 or 3 μπι i n aerodynamic diameter. Be tween the in let and filter pack 
of one sampler is a diffusion dénuder, designed to remove H N 0 3 w i t h h i g h 
efficiency. E a c h filter pack consists of a Teflon and a ny lon f i lter as descr ibed 
i n the preced ing section. T h e ny lon filter i n the sampler w i t h the dénuder 
serves to trap (as H N Ô 3 ) any F P N that volatil izes f rom the Tef lon filter. 
T h u s , one sampler collects atmospheric H N 0 3 plus F P N , and the second 
collects F P N only. T h e difference i n the total of the N 0 3 " recovered from 
the Teflon plus ny lon filters of each sampler, together w i t h the measured 
air vo lume, provides a measure of the H N 0 3 concentration. A l ternat ive ly , 
i f particulate S O / " concentrations are not r equ i red , the Teflon filters can be 
omit ted and the ny lon filters used as efficient collectors of both F P N and 
H N 0 3 . Th is strategy provides improved prec is ion, decreases filter and a n ­
alytical costs, and has been recommended elsewhere (39). 

T h e restrict ion of samplers to fine particles and gases is necessitated by 
the frequent presence of coarse P N . Such particles may be co l lected by 
impact ion on the walls of the dénuder, thereby decreasing the recovered 
P N and increasing the calculated H N 0 3 . A n addit ion filter sampler, operated 
without restrict ion to fine particles, is needed to collect T I N and thereby 
to obtain coarse nitrate ( C P N ) : 

C P N = T I N - ( H N 0 3 + F P N ) (2) 

Design Parameters. I n a diffusion dénuder an airstream, i n laminar 
flow, contacts a surface (e.g., the inner wa l l of a tube) coated w i t h a sorptive 
or reactive t rapping m e d i u m for the gaseous pol lutant of interest. F i n e 
particles, w h i c h have diffusion coefficients more than 4 orders of magnitude 
smaller than those for gases, penetrate the dénuder w i t h h igh efficiency. 
Forrest et a l . (40) reported losses of 0 . 2 -2 .2% for particles between 0.3 and 
0.6 μπι and about 4 - 5 % for 1- to 2-μπι particles. 

T h e theoretical efficiency of a diffusion dénuder for a gaseous pol lutant 
can be calculated for various geometries w i t h the assumption of a h igh 
probabi l i ty for reaction and complete retent ion of the pol lutant upon contact 
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1. A P P E L Sampling of Selected Labile Atmospheric Pollutants 1 3 

w i t h the coated surface. T h e G o r m l e y - K e n n e d y equation (41) provides for 
a dénuder constructed from cy l indr i ca l tubes: 

where C is the average concentration leaving the tube, C 0 is the average 
concentration enter ing the tube, Δ = DLTÏ/4Q, D is the diffusion coefficient 
(cm 2 /s) , L is the aggregate total length of the coated section i n each tube 
(cm), Q is the flow rate (cm 3 /s) , and (1 - C / C 0 ) is the fractional dénuder 
efficiency. This expression is va l id i f the flow rate is sufficiently low to ensure 
laminar flow (i.e., the Reynolds n u m b e r is less than 2000). T h e Reynolds 
n u m b e r is de termined from the equation 

where NRe is the Reynolds number , d is the internal diameter of each tube 
(cm), V is the velocity of gas i n the tube (cm/s), ρ is the gas density (g/cm 3 ) , 
and η is the gas viscosity (g /cm · s). 

Di f fusion coefficient values for H N 0 3 ranging from 0.12 to 0.15 c m 2 / s 
have been reported. Trapp ing med ia for H N 0 3 inc lude M g O (38), N a a C C ^ 
(42), N a 2 C 0 3 - g l y c e r o l (43), N a C l (44, 39), N a F (45), and anodized a l u m i n u m 
(46). 

A typical design uses mul t ip l e tubes operating i n paral le l . F o r example, 
11 tubes, each coated for 30 c m w i t h M g O , provide a calculated efficiency 
of 85 .7% at a total flow rate of 20 L / m i n (with D = 0.15 cm 2 / s ) . A laboratory 
determinat ion at R H = 3 0 - 8 0 % and Γ = 21-32 °C y ie lded an efficiency of 
87.8 ± 5 .1% (n = 5), a value consistent w i t h the calculated result (47). 
E x p e r i m e n t a l results can be corrected for dénuder penetrat ion. D e n u d e r s 
for atmospheric nitrate use are normal ly designed for ^ 9 5 % efficiency. 

To develop laminar flow pr ior to H N 0 3 co l lect ion, the in i t ia l section of 
each tube remains uncoated. T h e uncoated length requ i red can be calculated 
(reference 48; see also Chapter 2). F o r example, a dénuder w i t h 24 6 - m m -
i . d . tubes operating at a total f low of 20 L / m i n requires a 6-cm uncoated 
section i n each tube. 

Accuracy and Sources of Error. A comparison of D D M H N 0 3 results 
by separate laboratories using the Te f l on -ny lon and " n y l o n f i lter o n l y " strat­
egies showed agreement, on average, w i t h i n 15% (49). F u r t h e r val idation 
of this alternative w o u l d be requ i red w h e n sampl ing w i t h increased con­
centrations of particle-phase acids. Add i t i ona l ly , ny lon filters ( l -μπι pore 
size Nylasorb) exhibit a greater tendency to p l u g up at h igh partic le loadings 
than 2-μ m pore size Zef luor filters (J. Horrocks , private communication) . 

C / C 0 = 0.82 exp(-15A) + 0.098 exp(-89A) 

+ 0.033 exp(-228A) (3) 

N R e = dV ρ / η (4) 
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14 M E A S U R E M E N T C H A L L E N G E S I N A T M O S P H E R I C C H E M I S T R Y 

T h e D D M method has been extensively compared to other techniques, 
i n c l u d i n g spectroscopic methods (e.g., reference 26). F o r example, F i g u r e 
2 compares 4- to 6-h D D M atmospheric results (without Teflon filters) to 
those obtained w i t h a tunable diode laser ( T D L ) technique; values are about 
3 0 % higher w i t h the D D M (49). T h e T D L method uses a P F A Teflon inlet 
l ine and an in - l ine P T F E Teflon filter to introduce a particle-free air sample 
into an optical ce l l at subambient pressure. T h e T D L H N 0 3 results averaged 
about 16% less than those by F o u r i e r transform infrared spectroscopy, a 
long-path i n situ method considered to be the reference procedure (26). 
Therefore , the above D D M results were inferred to be too h i g h by , on 
average, 14%. 

T h e potential sources of error and imprec is ion i n the D D M inc lude the 
fol lowing: 

1. Retent ion , on ny lon filters as w e l l as on the dénuder, of at­
mospheric species other than H N 0 3 that form N 0 3 ~ . 

2. Volat i l izat ion of N H 4 N 0 3 d u r i n g passage through the dénuder, 
w h i c h w o u l d cause l ow F P N values and correspondingly h i g h 
calculated H N 0 3 concentrations. 

3. Poor precis ion at l ow concentration because the D D M is a 
difference method . T h e l imi t o f detection is , therefore, re la ­
t ive ly h igh . F o r example, w i t h Nylasorb ny lon filters exh ib -

4 7 . 4 - , 

ι — ι — ι — ι — ι ι ι ι ι ι—I 
0.00 6.44 T2.8 19.3 25.7 32.2 

TDL HN03 

Figure 2. TDL HNO3 results plotted against DDM HNO3 results (μ-g/m3). 
(Reproduced with permission from reference 49. Copyright 1988.) 
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1. A P P E L Sampling of Selected Labile Atmospheric Pollutants 1 5 

i t ing a N 0 3 " f ie ld blank of 3.0 ± 0.3 μg per 4 7 - m m filter, the 
l i m i t of detection by the D D M for 5-h samples at 20 L / m i n 
was 0.2 μ g / m 3 , based on twice the standard deviat ion of the 
blanks (49). 

Ni trate formation from retention of H O N O on ny lon filters was discussed 
i n the F o r m a t i o n o f N i t r a t e on N y l o n F i l t e r s section. Ef f ic ient removal of 
H O N O has been demonstrated on carbonate-coated denuders (42), so po ­
tential interference w i t h a l l D D M methods us ing strongly alkal ine denuders 
is l ike ly (but not on denuders coated w i t h N a C l or N a F , as discussed i n 
fo l lowing sections). Posit ive interference i n H N 0 3 measurements due to 
H O N O is l ike ly w i t h the D D M (as w e l l as w i t h the F P M ) d u r i n g n ightt ime 
and early m o r n i n g periods; the magnitude varies w i t h details of sample 
hand l ing as w e l l as ambient H O N O levels. 

To examine volati l ization of N H 4 N 0 3 w h i l e w i t h i n a dénuder, several 
laboratories evaluated the extent of such loss by us ing laboratory-generated 
aerosols. N o n e found evidence support ing significant losses under normal 
dénuder conditions. F o r example, Larson and Taylor (50) fo l lowed the rate 
of evaporation of 0.4-μπι aqueous droplets o f N H 4 N 0 3 . T h e y conc luded that 
for a dénuder residence t ime of 1.0 s the error due to evaporation and loss 
of the nitrate salt averaged 1.8 ± 1.5%. Typ i ca l denuders for H N 0 3 use 
residence times of 0 .2 -0 .3 s, decreasing the antic ipated error . S i m i l a r l y , 
Forrest et a l . (40) found insignificant loss of smaller than 3 ^ m - d i a m e t e r 
N H 4 N 0 3 particles by such evaporation. Pratsinis et a l . (51) deve loped a 
mode l for a dissociating aerosol and conc luded that for N H 4 N 0 3 particles no 
larger than 0.1 μπι in diameter evaporation d u r i n g a 0.2-s residence t ime 
was significant and that such evaporation increased marked ly w i t h t emper ­
ature. H o w e v e r , size d is tr ibut ion measurements for N H 4 N 0 3 , i n c l u d i n g a 
recent report (52) us ing techniques that appeared to m i n i m i z e volat i l izat ion 
fo l lowing col lect ion, support generally larger partic le sizes for this aerosol. 
Thus , on the basis of the Pratsinis mode l as w e l l as exper imental results , 
volati l ization of N H 4 N 0 3 w i t h i n a dénuder should not be a significant factor. 

Annular Dénuder Method (ADM). General Description. B y replac ing 
open-bore tubes w i t h a 1- to 2 -mm annular space between concentric c y l ­
inders , Possanzini et a l . (53) deve loped a dénuder that was about a factor of 
30 more efficient per unit length compared to an open-bore dénuder tube. 
Typica l ly , annular dénuder tubes are used w i t h two or three sections i n 
tandem (Figure 3) and operate at 10-20 L / m i n . As w i t h the D D M , it is 
important to remove coarse P N to m i n i m i z e error i n nitrate measurements 
because of its possible impact ion on the annulus walls or e lsewhere w i t h i n 
the dénuder. T h e system shown i n F i g u r e 3 uses a Teflon-coated glass 
cyclone and glass denuders available from U n i v e r s i t y Research Glassware 
(Carrboro , N o r t h Carol ina) . 
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VACUUM 
Γ SOURCE 

INLET 

FILTER 
HOLDER 

Figure 3. Schematic diagram of an annular dénuder system. (Reproduced with 
permission from reference 22. Copyright 1990.) 

I n contrast to the D D M , i n the A D M H N 0 3 (together w i t h other acidic 
gas) concentrations are obtained direct ly by analyzing aqueous extracts of 
the dénuder coating. I n pr inc ip le , therefore, greater prec is ion at l ow con­
centration should be possible for atmospheric H N 0 3 w i t h the A D M c o m ­
pared to the D D M methods. H o w e v e r , the method is labor- intensive , r e ­
q u i r i n g extraction and recoating of the denuders at the sampl ing site. T h e 
greater potential of the method for operator error (e.g., sample loss) c o m -
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1. A P P E L Sampling of Selected Labile Atmospheric Pollutants 17 

pared to the D D M may d i m i n i s h the observed prec is ion and accuracy. 
F u r t h e r m o r e , the commerc ia l ly available glass denuders are bo th expensive 
and fragile. A Te f l on -ny lon filter pack or a ny lon filter alone downstream of 
the dénuder provides a measure of F P N analogous to the d e n u d e d sample 
i n the D D M . 

Design Parameters. W i t h the assumption that the walls of the annulus 
are coated w i t h a perfect collector for H N 0 3 , the efficiency of an annular 
dénuder can be calculated (53): 

where c is the average gas concentration leaving the dénuder, c 0 is the gas 
concentration enter ing the dénuder, D is the diffusion coefficient of the 
pol lutant, L is the length of the coated annulus, F is the flow rate, and dx 

and d2 are the internal and external diameter of the annulus, respectively. 

Accuracy, Limit of Detection, and Sources of Error with CO ^-Glycerol 
Coated Denuders. 

1. Retent ion Ef f i c i ency o f A c i d i c Cases . A c i d i c gases (e.g., 
H N 0 3 , H O N O , H C 1 , or S 0 2 ) are efficiently t rapped by a 
dénuder coating prepared by using 1% Na2C0 3 - l% glycerol 
i n a 1:1 (v/v) mixture of methanol -water (19, 43, 54). F o r 
example, w h e n sampling 10 to 20 μ g / m 3 H N 0 3 i n c lean air 
at 17 L / m i n , 5 0 % R H , and 20 °C and at 8 0 % R H and 13 °C, 
the col lection efficiency of a single, 21-cm, C O ^ - g l y c e r o l 
coated annular dénuder was 9 9 % or greater (19). 

2. Inter ferents . T h e pr inc ipa l sources of error i n H N 0 3 deter ­
minat ion w i t h the A D M and C O ^ - g l y c e r o l coated denuders , 
inc lude (1) greater than 9 8 % retention of H O N O on the first 
dénuder (55) fol lowed by partial conversion of the result ing 
N 0 2 ~ to N 0 3 " d u r i n g sampl ing and fo l lowing extraction, and 
(2) retent ion, w i t h low efficiency, of other N 0 2 ~ - and N 0 3 ~ -
y i e ld ing species, in c lud ing N 0 2 and P A N . 

Relat ively l i t t le retention of N 0 2 on C O / " - g l y e e r o l coated 
denuders has been observed. F o r example, A p p e l et a l . ob­
served 0 .2% at 8 0 % R H at room temperature (22). H o w e v e r , 
greater retention is possible, because N 0 2 can be converted 
to H O N O by reaction w i t h H z O on inlet surfaces, and H O N O 
is retained w i t h h igh efficiency by this coating. Because at­
mospheric N 0 2 levels can be m u c h higher than H N 0 3 con ­
centrations, such retention cannot be ignored. T h e in let sec-

(5) 
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18 M E A S U R E M E N T C H A L L E N G E S I N A T M O S P H E R I C C H E M I S T R Y 

t ion of commerc ia l annular denuders is Teflon-coated for about 
2.5 c m ahead of the annulus, but Jenkins et a l . (56) noted that 
P T F E - c o a t e d glass was indist inguishable from glass i n p r o ­
mot ing H O N O formation from N O a . 

P A N can be hydro lyzed quantitatively to N 0 2 ~ i n alkal ine 
solution. Thus , at least part ial retent ion of P A N on a lka l i -
coated denuders is l ike ly . F e r m and Sjodin (42) reported u p 
to 10% retention of P A N on an open-tube dénuder coated w i t h 
N a 2 C 0 3 . Fac i le conversion of N 0 2 ~ to N 0 3 ~ on carbonate-
impregnated filters by oxidation w i t h 0 3 has been reported 
(21), so s imilar conversion on alkali-coated denuders is l ike ly . 
T h e use of g lycerol i n the alkaline dénuder coating has been 
shown to decrease substantially the extent of n i tr i te oxidation 
(55). S low oxidation of N 0 2 " to N 0 3 " i n extracts of the dénuder 
coating is also probable , a factor that can probably be m i n i ­
m i z e d by low-temperature storage and by m i n i m i z i n g delays 
before analysis. 

The use of tandem denuders , each w i t h the same coating, 
permits at least part ial correction for these sources of error i n 
H N 0 3 measurement. Species retained w i t h l ow efficiency on 
carbonate coatings (e.g., N 0 2 and P A N ) are col lected i n about 
equal amounts by successive denuders . I f i t is assumed that 
oxidation d u r i n g and subsequent to sampl ing occurs equal ly 
on successive denuders as w e l l as i n their corresponding ex­
tracts, the N 0 3 ~ from the second dénuder extract can be sub­
tracted from that i n the front dénuder extract to obtain a 
measure of atmospheric H N 0 3 . H o w e v e r , this technique does 
not correct for the efficient retent ion (and subsequent ox i ­
dation) of atmospheric or artifact H O N O . 

T h e measurement of F P N from the N 0 3 " recovered from 
a backup Te f l on -ny lon or ny lon filter w i t h the A D M is subject 
to some of the same potential sources of error as w i t h the 
D D M . N o loss of F P N passing through the annular dénuder 
is expected on the basis of particle-loss measurements (55). 
A l t h o u g h H O N O is efficiently removed ahead of the filter or 
filters, nearly a l l of the P A N w o u l d reach the ny lon filter. 
Retent ion of P A N on ny lon filters has been reported to be 
insignificant. Thus , relat ively l i t t le error i n F P N is expected 
w i t h the A D M and C O ^ - g l y c e r o l coated denuders . 

3. Uncertainty in Correcting Atmospheric Data. T h e l eve l of 
uncertainty w i t h this method can be i l lustrated w i t h results 
from atmospheric trials (57). Af ter 4- to 6-h samples were 
col lected i n Southern Cal i fornia w i t h C O ^ - g l y c e r o l coated 
annular denuders d u r i n g a late fall per iod , the N 0 3 " recovered 
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1. A P P E L Sampling of Selected Labile Atmospheric Pollutants 1 9 

from the rear dénuder averaged 14% of that on the front 
dénuder. I f the nitrate on the rear dénuder was due to i n ­
complete retention of H N 0 3 , i n spite of the laboratory results 
showing greater than 9 9 % removal efficiency by the front 
dénuder (19), atmospheric H N 0 3 concentrations should have 
been corrected b y +14%. H o w e v e r , we judged the part ial 
retention of n i t r i te -y ie ld ing species, fo l lowed by oxidation, to 
be the most probable source of the observed N 0 3 ~ on the rear 
dénuder. Thus , subtraction of this N 0 3 ~ from that on the front 
dénuder is the preferred strategy to calculate atmospheric 
H N 0 3 concentrations. 

The simultaneous col lect ion of H O N O and H N 0 3 d u r i n g 
nightt ime and early m o r n i n g periods on the front dénuder, 
fol lowed by partial oxidation of the resul t ing N 0 2 ~ to N 0 3 ~ , 
remains the most significant source of error w i t h the A D M 
and C O / ' - g l y c e r o l dénuder coatings. I n Southern Cal i f orn ia , 
4- to 6-h average H O N O concentrations up to ~ 1 5 p p b (28 
μ g / m 3 as N0 2 ~) were recently observed (22). M u c h lower 
H O N O concentration maxima are the n o r m at other locations. 

T h e efficiency of H N 0 3 col lection w i t h a single annular 
dénuder should be conf irmed by each user w i t h a k n o w n 
source of H N 0 3 , regardless of dénuder coating used. O n the 
basis of laboratory studies, F e r m and Sjodin (42) reported a 
technique that can be used to correct s imultaneously for p e n ­
etration of H N 0 3 through the first of tandem denuders as w e l l 
as for artifact N 0 3 ~ due to atmospheric species retained w i t h 
low efficiency. 

An Improved ADM Strategy for HN03. A n alternative strategy that is 
reported to e l iminate interference from H O N O uses an N a C l - c o a t e d dé ­
nuder . Remova l of H N 0 3 w i t h 9 7 % efficiency on an ini t ia l ly NaCl - c oa ted 
dénuder at 15 L / m i n was reported, without col lect ion of H O N O , and w i t h 
less than 1.5% retention of N O £ (39, 44). A n N a F coating (45) w o u l d also 
provide efficient H N 0 3 col lection whi l e m i n i m i z i n g retention of interferents 
and e l iminat ing interference w i t h N 0 3 ~ determinat ion b y i on chromatog­
raphy due to h igh chloride concentrations. H o w e v e r , N a F is h igh ly toxic, a 
disadvantage for operations. Var iabi l i ty i n its performance was also 
observed (44). Nevertheless , this approach has been recently used b y U . S . 
E n v i r o n m e n t a l Protect ion Agency (EPA) personnel i n atmospheric sampl ing 
(58). T h e N a C l - (or N a F - ) coated dénuder can be fo l lowed b y a second 
dénuder w i t h the same coating to conf irm that the c o m b i n e d effects of 
penetration and artifact N 0 3 " formation are negl igible . W h e t h e r any N 0 3 " 
observed on the second dénuder should be added or subtracted from that 
on the first dénuder remains uncertain. A l ternat ive ly , the front dénuder can 
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be fol lowed by one C 0 3
2 " - g l y c e r o l coated annular dénuder to remove H O N O 

ahead of a Te f l on -ny lon (or ny lon alone) filter pack to determine F P N free 
of error from partial H O N O retention on ny lon filters. I f s imultaneous mea­
surement of H O N O and other acidic gases is des ired , then two 
C O ^ - g l y e e r o l coated denuders to permi t correct ion for part ial retent ion of 
P A N and N 0 2 can be operated downstream of an NaX-coated dénuder (X 
denotes C I or F ) . 

I n addit ion to greatly increasing the sampl ing and analytical r equ i re ­
ments, i f other acidic gases are to be measured the N a C l - c o a t e d dénuder 
may show decreased efficiency at l ow R H . Forrest et a l . (13) observed a 
sharp decrease i n H N O a col lection efficiency w i t h NaCl - coa ted filters at 2 5 % 
R H . S imi lar studies w i t h denuders have not been reported , however . A 
comparison of atmospheric H N 0 3 results w i t h the A D M using NaX-coated 
denuders w i t h those by reference procedures has not been reported , so the 
accuracy of the method remains to be conf irmed. 

S u m m a r y a n d C o n c l u s i o n s . T h e methods discussed and the poten­
t ia l errors associated w i t h specific sampler components are summar ized i n 
Table II . Measurement of the labile atmospheric pollutants H N 0 3 and par­
ticulate N 0 3 " is subject to a mul t ip l i c i ty of errors w i t h a l l methods that re ly 
on the col lect ion of a sample. The method selected w i l l frequently be that 
prov id ing an acceptable degree of uncertainty and may be inf luenced by the 
need to determine other species simultaneously. I n general , the f i l ter pack 
method is the least accurate but simplest procedure. A comparatively new 
technique, col lection of H N 0 3 w i t h an N a C l - or N a F - c o a t e d annular dénuder 
fol lowed by H O N O removal w i t h a C 0 3

2 ~ - g l y c e r o l coated dénuder and fine 
particulate N 0 3 " col lection w i t h a backup ny lon filter, appears to address 
many of the systematic sources of error and may prove to be the integrative 
sampl ing method that provides the greatest accuracy. H o w e v e r , its val idation 
is incomplete . Regardless of the inherent accuracy of the method chosen, 
a l l inlet and sampler surfaces ahead of col lection med ia should be treated 
as potential sources of H N 0 3 loss u n t i l proven otherwise. 

Because of the labor- intensive nature of annular dénuder sampl ing, 
alternative techniques deserve further scrutiny. T h e D D M , re ly ing on 
Te f l on -ny lon filter packs (or ny lon filters alone) and an anodized a l u m i n u m 
annular dénuder ahead of one of a pair of modi f ied dichotomous samplers 
(46), merits evaluation for the influence of potential interferents (e.g., 
H O N O ) . T h e D D M w i t h NaCl - coa ted denuders w o u l d probably be nearly 
free of interference from H O N O , but this conclusion requires evaluation. 
Because coarse particulate N 0 3 " must be excluded to achieve i m p r o v e d 
accuracy for H N 0 3 and fine particulate N 0 3 " , supplementary samplers are 
needed to obtain i m p r o v e d estimates of total as w e l l as coarse particulate 
N 0 3 " . 
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Sampling of Particuhte Organic Compounds and Organic 
Carbon 

I n t r o d u c t i o n . Sampling Problems. T h e vapor pressures of organic 
compounds i n the atmosphere range from more than 1 atm (101 kPa) (i.e., 
complete ly gaseous under ambient conditions) to nearly zero. Semivolat i le 
materials, those w i t h vapor pressure (v.p.) i n the range 10" 4 to 10" 8 torr (10~2 

to 10" 6 Pa), can have significant concentrations i n both the partic le and vapor 
phases. A l though it is relatively easy to determine the total concentrations 
(i.e., particle plus vapor phase) for such semivolati le materials, the accurate 
measurement of the average concentrations existing i n one phase at the 
moment of sampling is difficult. The determinat ion of particulate organic 
compounds (as total C or as ind iv idua l semivolati le species) may be subject 
to positive errors from sorption of species that are i n vapor phase at the 
sampler inlet . Sorption may occur on a sampl ing m e d i u m , usually a filter, 
as w e l l as on previously col lected particulate matter. Converse ly , vo la t i l i ­
zation may occur fo l lowing col lect ion, result ing i n a negative artifact. 

T h e composit ion of the carbonaceous species retained by sorption on 
sampl ing med ia has rarely been evaluated. F u n g (59) reported that the 
carbonaceous materials retained by sorption on quartz- f iber filters were r e l ­
atively polar organic compounds, in c lud ing phthalate esters and n i trogen-
containing heterocycl ic compounds. A d d i t i o n a l studies of this type w o u l d 
be very helpful . 

Sorpt ion on previously col lected particulate matter as w e l l as on filter 
media may be inferred from a comparison of sampler results. F i l t e r samples 
col lected for 14 h were compared to seven successive 2-h samples for r e ­
covered carbonaceous materials taken i n paral le l atmospheric sampl ing i n 
Southern Cal i fornia (60). T h e col lected organic materials were characterized 
by the ir solubi l i ty i n solvents of vary ing polarity. T h e mean ratio of ca l cu­
lated-to-observed 14-h average concentrations was 0.7 (n = 12) for nonpolar 
organic compounds and 1.7 for polar organic compounds. Such results are 
consistent w i t h sorption of nonpolar organic compounds on previously co l ­
lected particles (more significant i n the 14-h samples) and sorption of polar 
organic compounds on blank G e l m a n A E glass-fiber filters (which w o u l d give 
an u p w a r d bias to the 14-h results calculated from 2-h samples). T h e latter 
results are consistent w i t h the more recent work of F u n g . H o w e v e r , the 
nature and significance of sorption on previously col lected particles requires 
addit ional , and more direct , experimental results. 

Exper iments attempting to measure the extent of loss of organic C from 
the particle phase fo l lowing col lection have also been per formed. T h e s i m ­
plest experiment consists of passing carbon-free air through a filter loaded 
w i t h freshly col lected atmospheric particulate matter and d e t e r m i n i n g the 
decrease i n organic C . Such experiments (61, 62) have fai led to show s ig-
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nificant loss of organic C and are i n marked contrast to findings w i t h specific 
organic compounds [e.g., P A H compounds (63)]. 

The problems associated w i t h sampl ing particulate organic C i n the 
atmosphere crude ly paral le l those w i t h sampl ing nitrates. H o w e v e r , the very 
large n u m b e r of carbonaceous species, the range of vapor pressures invo lved , 
and the ubiquitous nature of carbon severely complicate deve lopment of 
i m p r o v e d sampl ing techniques based on total (or organic) carbon measure­
ments. 

Theory of Vapor-F article Partitioning. A theoretical treatment of the 
volati l ization of semivolati le particles fo l lowing col lect ion has dealt w i t h a 
pure , s ingle-component aerosol i n e q u i l i b r i u m w i t h its vapor at the sampler 
inlet (I). P u r e compounds assumed to be retained by adsorption on the 
surface of less-volatile particulate matter (e.g., P A H s ) have been treated 
more empir i ca l ly by Yamasaki et a l . (64) and B i d l e m a n et a l . (65) and re ­
v i ewed by Pankow (66). I n both cases, the d r i v i n g force for volat i l izat ion is 
a decrease i n vapor concentrations be low the e q u i l i b r i u m value for each 
species. This decrease can be caused by a combinat ion of (1) atmospheric 
d i lu t i on or d iurna l concentration change, (2) the pressure drop across the 
aerosol deposit on the sampl ing m e d i u m , (3) the pressure drop across a 
sampl ing m e d i u m that allows particles be low the surface (e.g., a " d e p t h " 
collector such as a quartz- or glass-fiber filter), and (4) the pressure drop 
caused by sampler inlets and inlet tub ing , impactor jets, and so forth. Z h a n g 
and M c M u r r y (I) concluded that for s ingle-component aerosols, losses from 
impactors should be less than those from filter samplers. 

Qual i tat ive evidence of the possible influence of pressure drop can be 
seen by compar ing recoveries of carbonaceous mater ia l , as carbon, wh i l e 
vary ing filter sampling flow rates. F o r example, samplers operating at a face 
velocity (i .e. , flow rate per uni t area of the macroscopic filter surface) of 11 
c m / s y i e lded an average of 3 0 % greater total carbon, i n μ g / m 3 , compared 
to a standard h igh-vo lume sampler operated at 50 c m / s (67). 

Efforts to overcome the problems of sampl ing semivolati le carbonaceous 
materials have dealt w i t h particulate organic C (62, 67, 68) and , more suc­
cessfully, w i t h the measurement of i n d i v i d u a l organic compounds (e.g., ref­
erence 63). T h e part i t ioning of P A H s and pesticides between partic le and 
vapor states has served as the framework for deve loping and testing theories 
and sampl ing techniques. A discussion of these theories and techniques 
follows. H o w e v e r , the use of P A H compounds as models for semivolati le 
carbonaceous materials may be inappropriate for those that can approach 
single-component aerosols. 

W i t h P A H as w e l l as other organic compounds, oxidation reactions, 
i n c l u d i n g reactions w i t h 0 3 and N 0 2 , may be significant i n a l ter ing recoveries 
(e.g., reference 69) of specific compounds. C h e m i c a l reactivity of carbona-
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1. A P P E L Sampling of Selected Labile Atmospheric Pollutants 25 

ceous species is not, however, considered i n this chapter, i n part because, 
on a total C basis, such reactions w o u l d have reduced significance. 

Table III lists the empir i ca l formulas, molecular weights , and , where 
available, bo i l ing points and vapor pressures for P A H compounds. Th i s chap­
ter discusses, i n addit ion to particulate C , both theory and appl icat ion i n 
sampling such compounds as a guide i n deve lop ing i m p r o v e d particulate C 
samplers. 

Table III. Physical Properties of Selected PAH Compounds 

Compound 
Empirical 
Formula 

Molecular 
Boiling, 
Point 

Vapor Pressure (torr) 
for Crystalline Solid at 20 °C 

Bidleman et alh Pupp et alc 

Phenanthrene CMHH) 178.2 338 6.1 X lOr4 

Anthracene C14H10 178.2 340 4.1 X IV4 

Fluoranthene CIBHIO 202.3 383 4.2 X 10- 5 

Pyrene C i e H j o 202.3 393 7.3 X 10-' 
Benz[fl]anthracene CifjHi2 228.3 435RF 

Cyclopenta[c,eflpyrene 226.3 
Perylene C20H12 252.3 
Benzo[Z?]fluoranthene C20H12 252.3 481 
Benzo[/]fluoranthene C20H12 252.3 - 4 8 0 
Benzo[fc]fluoranthene C20H12 252.3 481 3.7 x 10* 1.1 X ΙΟ-7 

Benzo[fl]pyrene C20H12 252.3 496 9.2 X 10-* 7.1 X ΙΟ-7 

Benzo[e]pyrene C20H12 252.3 493 9.6 X 10-* 7.1 X ΙΟ-7 

Benzo[g, h, i ]perylene C22H12 276,3 1.1 X 10-* 
Dibenz[a,^]anthraeene C22H14 278.4 
Coronene C24H12 300.4 525 1.7 X 10- 1 0 

"Reference 79. Boiling points are at 760 torr (1 torr = 133 Pa). 
''Reference 65. 
rCalculated from the experimental data of Pupp et al. (86). 
rfSuhlimes. 

Theory of Vapor-Particle Partitioning of P A H Compounds in the 
Atmosphere. Yamasaki et al . (64) treated semivolati le P A H s as inherent ly 
vapor-phase materials, existing i n the particle phase only because of the ir 
tendency to sorb on nonvolatile materials. U n d e r this assumption, the pro ­
port ion i n each phase should vary w i t h the available surface area for sorption 
and w i t h the ambient temperature. T h e y assumed that sorption fo l lowed a 
L a n g m u i r adsorption isotherm, r equ i r ing that there be only a low fractional 
coverage of the particulate matter w i t h semivolati le material . In this case, 
compet i t ion for sorption sites can be ignored. A t e q u i l i b r i u m , the rate of 
sorption equals the rate of evaporation. T h e y der ived this re lat ionship: 

log ( [ P A H v a p ] [ T S P ] / [ P A H p a r t i c ] ) = - Α / Γ + Β (6) 

where [ P A H v a p ] is the concentration of the P A H i n vapor phase, [TSP] 
is the concentration of total suspended particulate matter i n a sample, 
[ P A H p a r t i c ] is the concentration of P A H sorbed on the particulate matter, A 
and Β are constants, and Γ is temperature (in kelvins) . 
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Test ing of this relationship requ i red the abi l i ty to measure the P A H 
concentrations i n the vapor and particle phases. Yamasaki et a l . used glass-
fiber (GF) filter-collected P A H as an approximation of ΡΑΗρ^. Po lyurethane 
foam ( P U F ) downstream of the filter i n a h igh-vo lume sampler was used to 
trap, and , thereby, operationally define the atmospheric concentrations of 
vapor-phase P A H . F i g u r e 4 shows typical semilog plots for [ P A H v a p ] [ T S P ] / 
[PAHpartfc] against 1/Γ. T h e mean temperature for 24-h sampl ing periods 
was used for these plots; the variabi l i ty of these temperatures was expected 
to increase the scatter i n the result ing l inear regressions. Nevertheless , 
regression fits to equation 6 gave r 2 ^ 0.8 for most P A H compounds (r, 
l inear correlation coefficient). T h e slopes of these l ines correspond to the 
constant A . Thus , this s imple approach seemed consistent w i t h atmospheric 
behavior for a series of P A H compounds. 

This approach was developed further b y B i d l e m a n and co-workers (65, 
70-72) and inc luded the use of filter-collected particles and P U F traps to 
operationally define the requ i red parameters. F o r example, the pred i c ted 
influence of temperature on the vapor -part ic le part i t ion ing of fluoranthene 
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Figure 4. Plot of PAHvap/(PAHpartJTSP) against I / T . (Reproduced from ref­
erence 64. Copyright 1964 American Chemical Society.) 
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( F L ) may be calculated from the regression parameters obtained b y K e l l e r 
and B i d l e m a n (71). A t 0 °C and an assumed 60 μ g / m 3 [TSP] , 4 7 % of F L 
should be i n the particle state, compared to o n l y 2 .2% at 25 °C. 

Sorption Media for Collecting Vapor-Phase P A H Compounds. 
Analogous to sampl ing T I N w i t h the filter pack method , sampl ing w i t h a 
quartz- or glass-fiber filter fol lowed by a sorbent can prov ide a re lat ively 
accurate measure of the total (i .e. , vapor plus partic le phase) concentration 
of specific P A H compounds. Such methodologies were rev iewed b y L e e et 
a l . (73). Select ion of a sorption m e d i u m for col lect ion of vapor-phase P A H s 
is inf luenced by air-flow resistance, col lection efficiency, breakthrough v o l ­
ume , the effort requ i red to puri fy the m e d i u m for use, and the efficiency 
w i t h w h i c h the P A H can be recovered from the sorbent. 

T h e sorbents most frequently used for col lect ion of vapor-phase P A H 
compounds inc lude Tenax G C (74-76), P U F (70, 77), and X A D - 2 (77, 78). 
Comparisons of retention efficiencies and breakthrough volumes indicate 
that Tenax G C and X A D - 2 are more efficient than P U F for more volati le 
P A H compounds (e.g., anthracene). L e e et al . (73) noted X A D - 2 res in to 
be preferable to Tenax G C because of its h igher capacity, especially for lower 
bo i l ing compounds. 

Gas/Particle Ratios for Atmospheric P A H Compounds Estimated 
from Fil ter and Sorbent Sampling. Yamasaki et a l . (79) sampled a m ­
bient air i n Osaka, Japan, us ing a 20 X 25 c m G F filter fo l lowed b y two 
cyl inders of P U F ; face velocity through the filter was 33 c m / s . F o r 28 24-h 
periods, on average, 9 2 % of the recovered benzo[a]pyrene (BaP) and 100% 
of the benzo[gfet]perylene (BghiP) was on the G F filter. T h e four-r ing P A H s , 
in c lud ing benzo[a]anthracene (BaA), chrysene, and tr iphenylene , averaged 
6 2 % recovery from the filter, the balance be ing recovered from the P U F . 

A test of the recovery of 25 μg of P A H s ranging from phenanthrene 
(PH) to B g h i P was performed b y passing clean air through the sp iked filter 
fol lowed by two P U F disks for 24 h (the temperature was unstated). Except 
for P H , P A H s volat i l ized from the G F filter were 9 0 - 9 5 % trapped and 
recovered from the P U F plugs. T h e losses of B g h i P and B a P from the filter 
were 0 and 3%, respectively (79). 

Galasyn et al . (80) made a s imilar evaluation w i t h Pallflex quartz filters 
backed by P U F disks sampling i n N e w H a m p s h i r e . F o r w in ter samples 
col lected w i t h an average temperature of 9 °C, the percentages found on 
P U F for B a A and B a P were 10 and 0%, respectively. D u r i n g summer , these 
percentages were about 75 and 0%, respectively. 

Improved Sampling Techniques for Atmospheric PAHs. Filter 
Verms Impactor Collection. T h e relative degree of volati l ization of P A H 
compounds from filters d u r i n g sampl ing can be in ferred by comparison of 
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results i n w h i c h filter and impactor samplers operated i n paral le l . K a t z and 
C h a n (81) compared the total P A H s col lected w i t h an A n d e r s e n cascade 
impactor operated at 0.57 m 3 / m i n to that retained w i t h the h igh-vo lume 
filter method using a glass-fiber filter operating at 1.5 m 3 / m i n (face velocity 
64 cm/s) . In general , markedly higher P A H concentrations were recovered 
from the impactor. A l t h o u g h this result is seemingly consistent w i t h the 
theory and conclusions of Zhang and M c M u r r y ( I ) for s ingle-component 
aerosols formed by condensation, it is unclear i f this m o d e l should be relevant 
to P A H compounds. 

A Multiple Prefilter Approach. V a n Vaeck et a l . (75) used what they 
t e rmed an " integrated gas phase-aerosol sampl ing system" to d ist inguish 
the material vo lat i l ized after col lection from the in i t ia l ly gas-phase P A H s . 
T h e sampler consisted of a filtration system fol lowed by a Tenax cartridge 
to collect vapor-phase P A H s ; the entire flow passed through this cartridge 
at 18.3 L / m i n . T h e sample vo lume was kept at least an order of magnitude 
be low the breakthrough vo lume for the most-volatile P A H considered, an ­
thracene. Accord ing ly , quantitative retent ion was expected on the sorbent 
for a l l vapor-phase P A H compounds of interest. T h e un ique e lement of their 
design was the filtration system, a standard 20 X 24 c m glass-fiber filter i n 
a holder consisting of two stainless steel plates w i t h ten c ircular apertures 
and V i t o n O - r i n g seals; this design effectively created 10 filter samplers. 
U s i n g solenoid valves and a t imer , they programmed the unit so that a fresh 
filter disk was introduced 10 times per 24-h day into the sampl ing tra in ahead 
of the Tenax cartridge, w h i c h was changed once a day. T h e total air vo lume 
to w h i c h any filter-collected aerosol was exposed was reduced by a factor of 
100-300 i n comparison to a second filter sampler r u n for 24-h periods. As a 
consequence, the Tenax cartridge b e h i n d the short-term filters was thought 
to be relatively free of organic compounds volat i l ized from the prefi lter . 
Accord ing ly , the P A H s on this Tenax cartridge were used to measure those 
i n the gas phase w h e n sampled, PAHg. T h e concentration of P A H recovered 
from the fi lter plus sorbent from the long-term sampler was used as a measure 
of the total gas plus particle-phase concentrations, PAHt. Particle-phase con­
centrations for specific P A H s , P A H p , were obtained by difference: P A H p = 
PAHt - PAHg. 

This approach remains subject to c r i t i c i sm, however, i f sorption of i n i ­
t ial ly gas-phase P A H s onto glass-fiber filters or on previously col lected par­
ticulate matter is significant. The very strategy that reduces posit ive errors 
i n measuring in i t ia l ly gas-phase P A H concentrations might cause significantly 
enhanced negative errors i n such measurements because a fresh pref i l ter 
surface must be saturated w i t h vapor-phase P A H s every 2.4 h . T h e data of 
V a n Vaeck et al . do not permi t assessment of the possible error from this 
source. H o w e v e r , an earl ier study (67) showed less than 1% retent ion of 
vapor-phase P H on a glass-fiber filter. T h e error due to sorption onto the 
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prefi lter of vapor-phase P A H s and other nonpolar organic compounds s imilar 
i n v .p . to P H is, therefore, l ike ly to be small . T h e error due to sorption on 
previously col lected particulate matter remains to be assessed but w o u l d be 
m i n i m i z e d by the frequent filter changes. 

F o r samples col lected at various times of the year, results w i t h the 
relatively volatile P A H s , P H through pyrene (PY), were h ighly variable , 
showing as l i t t le as ~ 2 0 % retention on the prefi lters. H o w e v e r , B a P and 
other five-ring P A H compounds were found only on the f i lter. 

Diffusion Denuders for Specific Organic Compounds. Di f fusion dé ­
nuder techniques have been appl ied successfully to sampl ing i n d i v i d u a l 
organic materials, in c lud ing pesticides (82), nicotine (83, 84), and P A H c o m ­
pounds (63). T h e methodology and results relat ing to P A H compounds are 
detai led here. 

Dif fusion coefficients have been measured for comparatively few m a ­
terials, but they can be calculated (67). Values for vapor-phase naphthalene 
and anthracene of 0.058 and 0.048 c m 2 / s at 20 °C, respectively, are nearly 
a factor of 3 lower than that for H N 0 3 and other inorganic gaseous pollutants. 
Thus , their removal efficiency is lower per uni t length of dénuder. 

F i g u r e 5 shows the sampler components used by Coûtant et a l . (63) for 
sampl ing semivolati le P A H compounds; these components inc lude a dénud­
er, a filter, and a cy l inder of P U F . A second uni t , lacking the dénuder, 
sampled total concentrations of the P A H compounds. T h e dénuder consisted 
of a paral le l bank of seven stainless steel tubes, each 61 c m long w i t h i . d . 
of 1.5 c m . T h e inner surface of each tube was coated w i t h h igh-vacuum 
silicone grease ( D o w Corning) before each sampl ing tr ia l . Dénuder efficiency 
was tested w i t h naphthalene vapor; sampl ing was done w i t h a single tube 
at 2 L / m i n . The observed efficiency, 89%, compares to 9 2 % pred ic ted by 
the G o r m l e y - K e n n e d y equation (equation 3). Capaci ty for the single tube 
was "several tens of micrograms" without significant decl ine i n efficiency. 

A pref ired Pallflex 2500 Q A S T quartz filter (104-mm diameter) d o w n ­
stream of the dénuder retained particle-phase P A H s together w i t h other 
particulate matter at a face velocity of about 3 c m / s . T h e P U F retained 
vapor-phase P A H compounds that penetrated the dénuder, together w i t h 
those volat i l ized from the filter fo l lowing col lection i n the partic le state. T h e 
presence of a dénuder is expected to enhance the extent of volat i l izat ion of 
P A H s from the filter relative to the unit without a dénuder. T h e P A H 
concentrations volat i l ized d u r i n g sampl ing from the uni t wi thout a dénuder 
were referred to as the normal artifact, A n . T h e corresponding concentrations 
from the unit w i t h the dénuder inc luded A n + A e , where A e indicates "excess 
artifact" caused by the presence of the dénuder. T h e possibi l i ty that part ic le -
phase P A H compounds could volati l ize and be retained whi l e w i t h i n the 
dénuder was not addressed. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

99
3 

| d
oi

: 1
0.

10
21

/b
a-

19
93

-0
23

2.
ch

00
1

In Measurement Challenges in Atmospheric Chemistry; Newman, L.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1993. 



Figure 5. A denuder-filter-sorbent system for PAH sampling. (Reproduced 
with permission from reference 63. Copyright 1988.) 
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T h e apparent partiele-phase and vapor-phase P A H concentrations and 
the sampl ing artifacts were de termined from the system of simultaneous 
equations: 

F n d = P - A n (7) 

F d = P - A n ~ A e (8) 

PUFnâ = V + A n (9) 

PUFd = 0.11 V + A n + A e (10) 

where F n d and F d are P A H levels recovered from filters wi thout and w i t h 
the dénuder, respectively; Ρ is the true particle-phase P A H concentration; 
V is the true vapor-phase P A H concentration; A n is the normal volat i l izat ion 
artifact; A e is the excess volati l ization artifact; P l / F n d and PUFd are P A H levels 
recovered from P U F without and w i t h the dénuder, respectively; and 0 .11V 
is a correct ion for the 1 1 % penetration of vapor-phase P A H through the 
dénuder, w i t h subsequent col lection only on P U F assumed. (The degree of 
penetration for naphthalene was assumed relevant to h igher molecular 
weight P A H as well . ) This approach is analogous to that for H N 0 3 and fine-
particle N 0 3 ~ by the D D M after correction for significant penetrat ion through 
the dénuder. (The values of the normal and excess artifact cancel out w h e n 
Ρ and V are calculated.) 

Table I V summarizes results for e leven P A H compounds, i n c l u d i n g m e ­
dian values and ranges for the percent of the total amount o f each c o m p o u n d 
found i n the vapor phase at the moment of sampling. A l so g iven are cor­
responding values for the "arti fact" ( i .e. , A n ) for each compound . T h e three -

Table IV. Summary of P A H Vapor-Phase and Artifact 
Levels 

Ranges Median 

Chemical Vapor Artifact Vapor Artifact 

Phenanthrene 25-87 13-68 39 60 
Anthracene 5-71 14-92 26 71 
Fluoranthene 27-64 7-62 43 47 
Pyrene 5-80 16-83 43 47 
Benz[a]anthracene 19-67 8-45 26 13 
Chrysene 5-65 17-50 28 38 
Benzo[e]pyrene NA NA NA NA 
Benzo[a]pyrene NA NA NA NA 
Indeno[l,2,3-c,£flpyrene NA NA NA NA 
Benzo[g, h, t]perylene NA NA NA NA 
Coronene NA NA NA NA 
N O T E : Ranges and median values are expressed as percentages of the total 
amounts of each compound found. N A denotes not applicable: no evidence 
of vapor or artifact was found. 
SOURCE : Reproduced with permission from reference 63. Copyright 1988. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

99
3 

| d
oi

: 1
0.

10
21

/b
a-

19
93

-0
23

2.
ch

00
1

In Measurement Challenges in Atmospheric Chemistry; Newman, L.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1993. 



32 M E A S U R E M E N T C H A L L E N G E S I N A T M O S P H E R I C C H E M I S T R Y 

and four-r ing P A H s showed substantial vapor-phase components as w e l l as 
volati l ization of the in i t ia l ly particle-phase fraction d u r i n g sampl ing . T h e 
five-ring and higher P A H s were recovered exclusively from the partic le 
phase. Thus , for example, the median percentage of P Y i n the vapor phase 
was 4 3 % , indicat ing that 5 7 % was i n the particle state w h e n sampled . T h e 
4 7 % of the total P Y shown as the median artifact indicates that 8 2 % of the 
in i t ia l ly particulate P Y was volat i l ized after passage through the dénuder 
(i.e., from the filter) d u r i n g sampling. These results suggest that the use of 
filter-sorbent col lection to estimate atmospheric partic le-to-vapor ratios may 
cause substantial errors for more volati le P A H s as w e l l as other materials. 

T h e implications of such dénuder results for the approach of Yamasaki 
(64) r emain to be addressed. H o w e v e r , the findings of Coûtant et a l . (63) 
cannot be accepted uncrit ical ly . T h e i r conclusions rest on the assumption 
that volati l ization of particle-phase P A H s w i t h i n the dénuder is insignificant. 
A d d i t i o n a l control studies on such methodology are essential. 

T h e var iabi l i ty observed i n the percentages shown i n Table I V for the 
three- and four -r ing P A H s was thought to reflect the variabi l i ty i n both the 
temperature and the t i m i n g of these variations w i t h respect to the sampl ing 
cycle. Lesser volati l ization was found i n winter samples. Coûtant et a l . 
r e commended that 24-h f i lter sampl ing for P A H compounds should be 
started and finished d u r i n g early m o r n i n g hours so that only samples co l ­
lected d u r i n g the first 8 to 10 h w o u l d be subjected to rising temperatures 
w i t h i n the sampler, conditions favoring enhanced volati l ization of previously 
col lected P A H s . 

Improved Samplers for Particulate Organic Carbon. Tandem 
Filter Techniques To Correct for a Positive Sampling Artifact. As detai led 
i n the preceding sections, data indicate, although not unequivocal ly , that 
the determinat ion of specific particle-phase organic materials, namely , P A H 
compounds, can be subject to large negative sampl ing artifacts. H o w e v e r , 
there is no s imilar indicat ion that positive sampl ing errors are encountered 
w i t h such materials. T h e situation is somewhat reversed for the sampl ing of 
atmospheric , particle-phase carbonaceous materials de te rmined as carbon. 
Volat i l izat ion d u r i n g sampl ing must be in ferred from such indications as the 
influence of face velocity, an interpretat ion that has been chal lenged recently 
(vide infra). B y contrast, the sampling m e d i u m typical ly used, quartz- f iber 
filters, can easily be shown to retain vapor-phase carbon, w i t h atmospheric 
C 0 2 be ing only a minor contributor. I n a typical exper iment (62), atmo­
spheric sampl ing is done w i t h two or more quartz filters sampl ing i n tandem, 
and the amounts of carbon recovered from backup filters are compared to 
the total carbon (particulate plus sorbed) on the front filter. T h e concentration 
of sorbed carbon on the backup filter, expressed per vo lume of air sampled 
or relative to the front f i lter carbon, increases w i t h decreasing air vo lume ; 
this observation is consistent w i t h sorption of carbonaceous materials on a 
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l i m i t e d n u m b e r of sites on the filter. F o r air vo lumes ranging from 2.4 to 
7.2 m 3 , the ratios ranged from 0.51 to 0.13. 

I n experiments i n w h i c h ambient air was sampled by three quartz filters 
i n tandem, Cad le et a l . (61) proposed to measure the sorption efficiency, E, 
of a clean filter from the equation 

Ε = 1 - A 3 / A 2 (11) 

where A 2 and A 3 are the amounts of adsorbed organic C on the second and 
t h i r d filters, respectively. U s i n g 47 -mm G e l m a n M i c r o q u a r t z filters for 
24-h samples at 20 L / m i n (face velocity 23 cm/s ) , they found, on average, 
Ε = 3 4 % (four trials). I n s imilar experiments (62) w i t h 4 7 - m m Pallflex 2500 
Q A O quartz- f iber filters (24 trials and sample volumes ranging from 2.4 to 
60 m 3 at 20 L / m i n and a face velocity of 26 cm/s ) , the mean ratio A 3 / A 2 was 
0.88 ± 0.17. T h e variabi l i ty i n results prevented a useful estimation of 
average absorption efficiency w i t h equation 11. 

T h e current state of the art i n filter sampl ing particulate C is to use a 
dual- f i l ter strategy to provide an approximate correct ion for sorption of vapor-
phase organics on the particle col lection fi lter m e d i u m . T h e carbon deter­
m i n e d on a backup filter is assumed to be equal to that reta ined by sorption 
on the front fi lter composed of the same material . Two techniques are i n 
use. T h e simplest involves two quartz-f iber filters sampl ing i n tandem and 
subtracting the carbon recovered from the backup quartz filter from the 
organic C de termined on the front quartz f i lter (Q - Q strategy). Th i s ap­
proach is supported by the near equivalence of the carbon on the second 
and t h i r d quartz filters (62). H o w e v e r , this approach cannot correct for any 
hypothetical vapor-phase, organic C sorbed efficiently by the front quartz 
filter. A d d i t i o n a l support for this approach is discussed i n the Diffusion 
Dénuder Techniques section. 

In the alternative method (85), a second sampler, consist ing of a Tef lon 
particle filter fol lowed by a quartz filter, is operated i n paral le l w i t h a quartz -
filter sampler. T h e carbon recovered from the quartz backup filter of this 
second sampler is subtracted from the organic C determinat ion of the first 
sampler (Q - TQ strategy). T h e rationale for this alternative approach is to 
m i n i m i z e the extent of sorption of vapor-phase carbon on the first (particle-
collection) filter, w h i c h , otherwise, might significantly d i m i n i s h the amount 
retained on the backup quartz filter. T h e need for an addit ional sampler and 
very accurate air vo lume measurements is a disadvantage. 

Comparisons of the two strategies permi t dif fering conclusions. O n e 
comparison (62) found the Q - Q strategy to be more accurate at sample 
volumes less than 10 m 3 . H o w e v e r , the exper imental technique prevented 
an unequivocal conclusion. T h e e l iminat ion of the face velocity dependence 
of particulate organic C concentrations was used b y M c D o w and H u n t z i c k e r 
(85) as an indicat ion of the accurate measurement of this mater ia l b y filter 
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sampling. T h e y compared corrections for vapor adsorption on quartz- f iber 
filters by us ing the Q - TQ and Q - Q strategies. T h e organic C on both 
front and backup quartz filters exhib i ted decreasing concentrations w i t h 
increased face velocity. Rather than arguing for an increase i n volat i l izat ion 
of particulate organic C from the front filter, they argue that this decrease 
reflects d imin i shed absorption of vapor-phase C w i t h increased face velocity . 
T h e i r findings showed the Q - TQ correct ion strategy to e l iminate 9 0 % of 
the face velocity dependence of the front quartz-f i l ter organic C compared 
to 4 5 % w i t h the Q - Q strategy. This comparison was per formed at constant 
sample vo lume; face velocities were var ied by a l ter ing the exposed f i lter 
areas. A d d i t i o n a l comparisons of this type should be per formed, but w i t h 
vary ing sample volumes. 

T h e dual- f i l ter technique for particulate C w o u l d not correct for sorption 
onto previously col lected particulate matter. To the degree that this sorption 
is significant, dual-f i lter techniques w o u l d probably prov ide decreasing ac­
curacy w i t h increased partic le loading. 

Diffusion Dénuder Techniques. I n pr inc ip le , a diffusion d e n u d -
er - f i l t e r - sorbent system analogous to that descr ibed for P A H compounds 
can be designed to measure particulate organic C as w e l l as the significance 
of positive and negative sampl ing errors. T h e dénuder must be able to reta in , 
w i t h very h igh efficiency, the carbon-containing materials that are, other­
wise , retained by sorption on the filter or on the particulate matter thereon. 
T h e carbon recovered from the sorbent fo l lowing the f i lter in such a system 
w o u l d provide an upper l i m i t to that lost from the filter d u r i n g sampl ing . 
Eva luat ion of potential denuders for this appl icat ion prov ided efficiencies 
up to - 6 0 % (62) and, i n work by F i t z , 7 8 % (68). 

T h e exper imental system used by F i t z is shown i n F i g u r e 6. D u a l , 47-
m m filters sampled ambient air i n paral le l at 15 L / m i n from a c o m m o n 
cyclone inlet w i t h one of the samplers preceded by a dénuder composed of 
quartz-f i l ter strips. T h e dénuder, w h i c h prov ided an average residence t ime 
of ~ 2 s, was designed for greater than 9 9 % removal efficiency of a material 
w i t h a diffusion coefficient at least that of anthracene i f 100% retent ion of 
species contacting the f i lter strips is assumed. T h e filter mater ia l , Pallf lex 
Q A S T quartz fiber, was ident ical for the dénuder and dual filters. T h e ex­
per imenta l results for 18 12-h sampl ing periods are shown i n Table V. T h e 
organic C (OC) on the front f i lter fo l lowing the dénuder was consistently 
lower by about 12% (~2 μ g / m 3 ) . T h e O C on the back filter fo l lowing the 
dénuder averaged 2 2 % of that on the undenuded side; this value suggests 
an average dénuder efficiency of 78%. E l e m e n t a l C ( E C ) values were about 
equal , a situation consistent w i t h the absence of significant loss of fine par­
ticles passing through the dénuder. 

F i t z conc luded that the O C on the back filter is p r i m a r i l y due to i r r e ­
versible adsorption of gas-phase organics rather than to volat i l izat ion of par-
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Quartz F i l t e r Strips^. 
(15 at 3mm spacing) 

^Aluminum.. 
Dénuder 
Housing 

Quartz 

. | ^ _ Front _ 4 
F i l t e r 

L Back J 
F i l t e r 

Rotameter Rotameter 

Figure 6. A denuder-dual filter system for investigating the organic positive 
artifact on quartz-fiber filters. (Reproduced with permission from reference 

68. Copyright 1990.) 

ticulate C from the front filter and re-adsorption. Accord ing ly , the front filter 
O C should be corrected by subtracting the backfi lter O C . C o r r e c t e d organic 
particulate C values are nearly identical for the d e n u d e d and u n d e n u d e d 
side: 14.0 and 13.8 u ,g /m 3 , respectively. 

F i tz ' s data provide addit ional support for the Q - Q correct ion strategy. 
I f a port ion of the vapor-phase C were efficiently sorbed on quartz f i lters, 
such materials should be efficiently removed by the dénuder. As a conse­
quence, the O C on the front filter fo l lowing the dénuder w o u l d be lower 
than that on the undenuded side. Accord ing ly , the Q - Q strategy should 
undercorrect for sorption on the undenuded side. T h e near equivalence of 
the corrected results from the two sides argues that strongly sorbed O C is 
not significant. 

This experiment does not address possible sorption of O C on the par­
ticulate matter, volati l ization w i t h i n the dénuder, or the degree of vo la t i l i -
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zation following filter col lection. T h e addit ion of a relat ively efficient inor ­
ganic sorbent [e.g., a fluidized b e d of activated A l 2 0 3 (62)] downstream of 
the dual filters shown i n F i g u r e 6 might prove useful i n the assessment of 
the negative artifact and the attempt to more closely approach the elusive 
goal of a true particulate organic C sampler. 

C o n c l u s i o n s . C o m p a r e d to nitrate sampl ing, the sampl ing of part ic ­
ulate organic C remains relatively p r i m i t i v e , w i t h room for m u c h creative 
research effort. A l t h o u g h there is general agreement about the significance 
of a positive artifact due to sorption of vapor phase C on filter media , the 
existence of a negative artifact due to volati l ization of particulate C remains 
unclear. Dual - f i l ter techniques permi t correction of the error due to sorption 
on filter media . Denuder -based sampling techniques may h o l d the key to 
improved particulate C samplers and provide an estimate of the negative 
artifact. T h e quartz-f i lter dénuder developed by F i t z can serve as the starting 
point for developing such improved samplers. 

Glossary 

A D M annular dénuder method 
B a A benzo[û]anthracene 
B a P benzo[a]pyrene 
B e P benzo[e]pyrene 
B g h i P benzo[g/ i i ]perylene 
C P N coarse particulate nitrate 
D D M dénuder difference method 
E C elemental carbon 
F E P fluorinated ethylenepropylene (Teflon) 
F L fluoranthene 
F P M filter pack method 
F P N fine particulate nitrate 
G F glass fiber 
O C organic carbon 
P A H polyaromatic hydrocarbon 
P E R perylene 
P F A perfluoroalkoxy (Teflon) 
P H phenanthrene 
P N particulate nitrate 
P T F E polytetrafluoroethylene (Teflon) 
P U F polyurethane foam 
P Y pyrene 
R H relative h u m i d i t y 
S & S Schleicher and Schue l l 
T D L tunable diode laser 
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T I N total inorganic nitrate 
v .p . vapor pressure 
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Automated Measurement 
of Atmospheric Trace Gases 

Diffusion-Based Collection and Analysis 

Purnendu K . Dasgupta 

Department of Chemistry and Biochemistry, Texas Tech University, 
Lubbock, TX 79409 

The theoretical and practical aspects of automated diffusion-based 
collection and analysis systems are described. The design of ther­
-modenuders, wet denuders, and diffusion scrubbers is discussed. 
Theoretical considerations include the estimation of collection effi­
ciency, inlet length necessary for laminar flow development, and 
particle transmission through the system as well as the choice of a 
given design for the intended application. Practical collection and 
analysis systems are described on the basis of literature accounts of 
thermally cycled denuders, ion-exchange and porous-membrane­
-based diffusion scrubbers, and wet denuders, both of simple tubular 
and annular geometry. 

T H E D E T E R M I N A T I O N O F A T M O S P H E R I C T R A C E G A S E S has represented an 
area of active endeavor since the onset of humanity 's interest i n the chemis ­
try of the atmosphere. Present-day practice ranges from sampl ing the air 
w i t h a l i q u i d absorber contained i n a bubb ler to making direct spectroscopic 
measurements w i t h path lengths of several ki lometers , w i t h obvious attend­
ant differences i n cost, sensit ivity, and re l iabi l i ty . Genera l l y applicable direct 
spectroscopic techniques i n present use re ly ing on absorptiometry inc lude 
tunable diode laser spectroscopy (J), differential optical absorption spec­
troscopy (2), and F o u r i e r transform infrared spectroscopy (3). I n general , 
these methods are relat ively free from interferences and thus represent the 
techniques of choice as reference procedures. H o w e v e r , the ir widespread 

0065-2393/93/0232-0041$13.50/0 
© 1993 American Chemical Society 
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application is deterred by the ir bu lk and cost. Occasional ly , compact ab-
sorptiometric instruments of adequate sensitivity are possible for a specific 
gas, as is the case for ozone (4). O t h e r examples of dedicated affordable 
instruments for specific gases typical ly involve l u m i n o m e t r y , for example, 
pu lsed fluorometry for S 0 2 (5) and chemi luminometry for the determinat ion 
of N O upon reaction w i t h 0 3 (6) or for the determinat ion of 0 3 upon reaction 
w i t h C 2 H 4 (7). I n general , however , i f the gases of interest can be repro -
duc ib ly col lected i n a l i q u i d (typically aqueous) absorber, a great variety of 
analytical alternatives (e.g., co lor imetr i c - f luorometr i c -e lec trochemica l de ­
tect ion fo l lowing wet chemica l manipulations or i o n - l i q u i d chromatography) 
become applicable . In most cases, such approaches al low good specificity 
and respectable l imi ts of detect ion ( L O D s ) at a modest cost. 

Continuous Gas-Liquid Contactors 

Col l e c t i on of an atmospheric trace gas for subsequent wet analysis has been 
classically accomplished by us ing a bubb le r or an impinger . Usua l l y , the 
l i q u i d vo lume is not the l i m i t i n g factor i n the analytical procedure ; i f the 
gas col lect ion efficiency is not seriously sacrificed at the same sampl ing rate, 
the abi l i ty to ut i l i ze a smaller l i q u i d vo lume translates into a greater analyte 
concentration and thus a lower attainable L O D . Several alternatives are 
superior to bubblers and impingers i n this respect. Moreover , these alter­
natives permi t continuous l i q u i d and gas flow, a l lowing continuous analysis 
of the l i q u i d stream. T h e earliest example of such a device is a m u l t i t u r n 
glass co i l i n w h i c h the sampled air causes the s imultaneously p u m p e d l i q u i d 
absorber to form a film on the inter ior walls of the co i l . A g a s - l i q u i d separator 
follows, and typical ly the isolated l i q u i d stream is fed to an air -segmented 
continuous-f low analyzer. F u l l y automated ambient air analyzers based on 
this pr inc ip le were reported more than two decades ago (8), and more m o d ­
ern adaptations have been reported , most notably for the continuous mea­
surement of H 2 0 2 and H C H O (9, JO). 

A continuous gas scrubber can be designed around the V e n t u r i p r inc ip l e 
as w e l l (11). N e b u l i z i n g the absorber l i q u i d by us ing the sample air as 
propel lant is among the most efficient and ingenious strategies u t i l i z ed to 
design continuous g a s - l i q u i d contactors. T h e nebu l i zed l i q u i d is then co l ­
lected by prov id ing e ither an impact ion site (12) or a hydrophob ic membrane 
(13). A l l of these g a s - l i q u i d contactors involve a flow reg imen that is far from 
laminar . Consequent ly , a significant (and variable, depend ing on the design 
of the device) fraction of the simultaneously sampled atmospheric aerosol is 
scrubbed as w e l l , and it finds its way i n the l i q u i d effluent. I f the analyte 
measured is not significantly present i n the aerosol and does not interact 
w i t h any of the aerosol constituents, no particular problems are posed. I f it 
does either, however , a different strategy is needed because removal of the 
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aerosol from the sample gas by pref i l tration is generally unacceptable because 
of filter-induced artifacts. 

Diffusion Denuders 

Indeed , it is often impossible to dist inguish between an analyte or ig inat ing 
from the aerosol and the same analyte or iginating from the gas phase after 
incorporation into a l i q u i d absorber: the inabi l i ty to d ist inguish between 
particulate N H 4

+ and N H 3 (g) or between particulate N 0 3 ~ and H N 0 3 (g), 
once col lected into an aqueous solution, can be c i ted as examples. In such 
cases, diffusion-based col lect ion has proven to be the only approach for 
re l iably measuring a gas i n the presence of an aerosol. 

Because the diffusion coefficient of a gas molecule is typica l ly 4 orders 
of magnitude larger than the smallest atmospheric aerosol of significance (in 
terms of mass contribution) , it is possible to effect essentially quantitative 
removal of analyte gas molecules by diffusion i n an appropriately designed 
system. T h e simplest form of a diffusion-based gas-aerosol d iscr iminator of 
this type is a tube w i t h its inter ior walls coated w i t h some substance that 
serves as an efficient sink for the gas molecules. U n d e r laminar flow con ­
ditions and w i t h a vert ical deployment of the tube to avoid gravitational 
settl ing of the aerosol, the aerosol transmission efficiency can be nearly 
quantitative (14, 15). These devices were suggested or ig inal ly by Townsend 
(16) , and the in i t ia l interest was to remove certain gases to better study the 
associated particles. T h e removal of gases by means of diffusion thus even ­
tually l e d to the t e rm "diffusion dénuder". I n 1949, G o r m l e y and K e n n e d y 
(17) p rov ided a mathematical treatment concerning the diffusion from a 
stream f lowing through a cy l indr ica l tube. Several recomputations of the 
or iginal G o r m l e y - K e n n e d y solution have been made, and the expression of 
B o w e n et a l . (18) is regarded the most accurate (19). T h e fo l lowing expression 
(equation 1) agrees w i t h the results of B o w e n et a l . up to four significant 
figures. 

1 - / = 0.81905 E T 3 6 5 6 8 * + 0.09753 *τ 2 2 3 0 5 μ 

+ 0.0325 «τ 5 6· 9 6 1* + 0.01544 β - Ι Ό 7 Μ μ · (1) 

w h e r e / i s the fraction col lected by the dénuder and μ is a dimensionless 
quantity g iven by 

μ = i r D L / ρ (2) 

where D is the diffusion coefficient of the gas, L is the l ength of the tube , 
and Q is the vo lumetr i c flow rate. F o r most dénuder systems designed to 
collect a gas, / is h i g h , and only the first t e rm on the r ight side of equation 
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1 needs to be used. These pr inc iples are regarded as sufficiently sound to 
permi t rel iable measurements of diffusion coefficients of gases (20, 21). 

T h e first reported application of a dénuder device w i t h subsequent 
chemical analysis invo lved the speciation of gaseous and particulate fluoride. 
This study used a dénuder system containing three concentric tubes (22). 
F e w details were given as to w h y such a design was chosen; denuders of 
annular geometry were not reinvestigated u n t i l the 1980s. U s i n g the s imple 
single-tube geometry, C r i d e r et a l . (23) reported the first continuous 
gas-aerosol d iscr iminat ing analytical instrument . Since this t ime , reported 
designs have inc luded mul t ip l e tubes operated i n paral le l (24), two concentric 
tubes (with the inner w a l l of the outer tube and the outer wa l l of the inner 
tube be ing suitably coated to serve as the sink surface) h e l d together by one 
or two tr ipoint welds w i t h the air be ing sampled through the annular space 
(25), and even a set of 12 concentric tubes operated i n the mul t ip l e annular 
geometry (26). Stevens et al . (27) s imi lar ly descr ibed a concentric dénuder 
w i t h three glass annul i , protected on the exterior by a stainless steel sheath 
so as to render the assembly less fragile. Koutrakis et al . (28) descr ibed the 
design of a compact serial ac id - and alkali-coated dénuder, complete w i t h 
an inlet impactor, for the measurement of acidic aerosols and gases. A n o t h e r 
reported diffusion-based sampler uti l izes flow i n the l a m i n a r - t u r b u l e n t t ran ­
sit ion region (29, 30). A decisive judgment on the advantages and disadvan­
tages of the transition-flow reactor, i n c l u d i n g its general appl icabi l i ty to a 
variety of analytes, awaits further studies. 

Three reviews descr ib ing applications of diffusion denuders have been 
pub l i shed . T h e doctoral dissertation of F e r m (31) reflects considerable ex­
perience w i t h single-tube denuders for the measurement of a variety of 
species. T h e rev iew by A l i et al . (32) is extensive; it provides an excellent 
historical and theoretical background and summarizes the l i terature based 
on the type of analyte gas determined . T h e focus of the most recent rev iew, 
by C h e n g (19), is diffusion batteries used for size d iscr iminat ion of aerosols 
as w e l l as diffusion denuders. Various physical designs are discussed i n some 
detai l i n that review. 

Dif fusion denuders have become a relat ively c o m m o n tool for the pres­
ent-day atmospheric analytical chemist. In a comparison of methods for 
nitrogen species analysis conducted i n urban Los Angeles i n 1985, some 8 
out of 18 instruments deployed to measure H N 0 3 used a diffusion dénuder 
(33). This study also indicated the uncertainties associated w i t h prefi lters 
and filter-based measurements. Desp i te the increasing popular i ty of diffusion 
denuders , the use of a typical diffusion dénuder is very labor- intensive. A 
typical application involves washing and coating the active surfaces of a 
dénuder tube, field sampling, re turn ing to the laboratory, washing and re ­
mov ing the coating under noncontaminating condit ions, analyzing the wash 
solution for the col lected analyte, and then beg inning the cycle anew. Efforts 
have been and continue to be made to ful ly automate diffusion-based co l -
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lect ion and analysis, at least for specific analytes. These devices are discussed 
i n the remainder of this chapter; the c i ted reviews give the general a p p l i ­
cation of diffusion denuders . 

Operating and Design Considerations 

Some considerations common to a l l diffusion-based col lect ion-analysis sys­
tems are discussed in the fo l lowing sections. 

Laminar Flow Development. In a typical appl icat ion, it is not 
generally possible to sample isokinetical ly. Equat ions governing the col lec­
t ion efficiency (e.g., equation 1) apply only under laminar flow conditions. 
It is considered necessary therefore to leave a length of the t u b i n g surface 
at the entrance del iberately uncoated to permi t laminar f low to ful ly develop 
before actual col lection occurs. F o r a s imple tube, the m i n i m u m inlet l ength , 
L j , necessary to ful ly develop laminar flow (within about 98%) is g iven by 
(34): 

L{ = 0.05 dN*c (3) 

where d is the diameter of the tube and N R e , the Reynolds n u m b e r , can be 
expressed as 

N R c = 4 ρ Ρ / Μ η ) (4) 

where Q is the vo lumetr i c flow rate and ρ and η are the density and the 
viscosity of the sample gas, respectively. Equat ions 2 and 4 can be c o m b i n e d 
to 

L{ = 0.2 Qp/(m\) (5) 

This equation shows that at a g iven location (p and η constant), L{ is solely 
dependent on the sampl ing rate Q. F o r dry air at 20 °C and 1 atm and w i t h 
a density of 1.2 g / L and a viscosity of 1.8 Χ 10" 4 P, equation 5 can be 
rewri t ten 

L, = 6.2 ρ (6) 

where L { is expressed i n centimeters and Q i n l iters per minute . Inlet length 
considerations for an annular dénuder are not fundamental ly different. F o r 
most annular geometries in present use, the annular gap is smal l relative to 
the radius of curvature; this situation permits the parallel -plate approxi ­
mation. F o r a set of paral le l plates separated by the distance x, Sch l i cht ing 
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(35) stated that the inlet length necessary for laminar flow deve lopment can 
be approximated by 

L 4 = 0.04 x N R e (7) 

F o r an annular dénuder, 

χ = (dQ + di) /2 (8) 

where d0 and d{ are the inner diameter of the outer tube and the outer 
diameter of the inner tube (rod), respectively, and 

IV R e = 2ρ Ρ / [<ττη (4 + dd] (9) 

C o m b i n i n g equations 7 through 9 gives 

A = 0.04 Q9(d0 - d}jl[mid0 + d$\ (10) 

W h e n the inlet length is expressed i n terms of n u m b e r of "gap w i d t h s " , the 
difference between the flow i n a tube and the flow i n an annulus of narrow 
gap differs only by 2 5 % [(0.05 - 0.04)/0.05]. This situation is an indicat ion 
that the growth of the laminar boundary layers from the w a l l to the center 
of the channel is s imi lar i n both cases. Because duct fr ict ion coefficients, a 
measure of m o m e n t u m transfer, do not vary by more than a factor of 2 for 
ducts of regular cross sections w h e n expressed i n terms of hydraul i c d i a m ­
eters, the use of the inlet length for tubes or paral le l plates can be expected 
to be a reasonable approximation for the inlet lengths of other cross sections 
under laminar flow conditions. I n the annular dénuder, the dimensionless 
inlet length for laminar flow development , L ' , can be expressed as 

V = 2Li/(dQ - di) (11) 

F o r a given flow rate, V is inversely related to the gap w i d t h or to the 
diameter (dQ or d^j at constant gap w i d t h (36). 

Because it may not be possible to provide an in let length sufficient for 
fu l l development of laminar flow i n some applications, the consequences of 
not meet ing this requirement may be worthy of examination. A l t h o u g h the 
lack of a ful ly developed laminar flow profi le may make it impossible to 
compute diffusion coefficients from the overal l fraction of the gas that p e n ­
etrates the dénuder, most practitioners are solely interested i n obta in ing a 
good col lection efficiency for the analyte gas. O v e r the in let region, analyte 
gas col lect ion efficiency is expected to increase sl ightly relative to predict ions 
based on diffusive mass transfer under laminar flow conditions. A c c o r d i n g 
to M e r c e r (37) and Fr i ed lander (38), the length r e q u i r e d for parabolic flow 
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to develop is short compared to the length requ i red for the partic le con­
centration boundary layer to develop. As such, the entrance length should 
have l i tt le influence on the extent of particle deposit ion on the dénuder. 
However , the existence of some uncoated inlet length is important , because 
otherwise particles deposited i n the entrance region w i l l become part of the 
sample analyzed. O n the other hand, leaving long, uncoated lengths of a 
glass tube, from w h i c h denuders are commonly constructed, is hard ly a 
desirable state of affairs. Such a length can easily acquire a static charge 
(particularly at l ow relative humidit ies) and can contribute to significant loss 
of particles (39); the loss, predictably , is even higher w h e n the surface is 
poly(tetrafluoroethylene) ( P T F E ) , k n o w n to be part icularly susceptible to 
acquir ing an electrostatic charge (40). O n the basis of these confl ict ing con­
siderations, the prudent course of action appears to be to require several 
centimeters of uncoated entrance length, although this l ength may not be 
sufficient to ful ly develop laminar flow. H o w e v e r , this discussion may be 
irrelevant to issues of leaving any uncoated lengths at a l l i n denuders that 
are manual ly washed (with wash l i q u i d be ing subsequently analyzed). I n 
such cases, typical ly both the uncoated and coated port ion of the dénuder 
is washed (41). 

Collection Efficiency. Single-Tube Denuders. F o r the appropriate 
design of a diffusion-based col lection device for an intended application, the 
abi l i ty to estimate the col lection efficiency a p r i o r i is of considerable he lp . 
A l though the theoretical soundness of the G o r m l e y - K e n n e d y equation 
(equation 1) is not questioned, it is based on the assumption that the uptake 
probabi l i ty of the analyte gas at the wa l l is uni ty ; that is, the w a l l is t ru ly a 
"perfect s ink" , and every col l ision results i n uptake. This assumption is 
unrealistic . I n recent years, this issue has been reexamined. M c M u r r y and 
Stolzenburg (42) showed for a l iquid-coated dénuder how the uptake prob ­
abi l i ty (discussed by the authors i n terms of the "mass accommodation coef­
ficient") can be evaluated from col lection efficiency measurements. M u r p h y 
and F a h e y (43) u t i l i zed the mathematical solution or iginal ly developed for 
hemodialyzers by Cooney et a l . (44); this treatment assumes a constant 
uptake probabi l i ty that may be less than unity . To use the M u r p h y - F a h e y 
approach, however, this probabi l i ty must be precisely known . 

W h e n the dénuder active surface is an inert porous membrane such that 
the analyte molecule must diffuse across the pores to be trapped by an 
absorber l i q u i d , only a fraction of the membrane surface is porous, and the 
pores may also be tortuous. Consequent ly , co l l is ion at the membrane surface 
is not synonymous w i t h uptake. C o r s i et al . (45) deve loped a numer i ca l 
solution for the col lection efficiency observed for such a membrane-based 
diffusion dénuder, hereinafter referred to as a diffusion scrubber (DS). B o t h 
groups of researchers dealing w i t h the issue of less than un i ty uptake prob ­
abil i ty reached the conclusion that this value must be very m u c h less than 
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unity before a significant departure from G o r m l e y - K e n n e d y behavior be ­
comes experimental ly discernible . T h e col lect ion efficiency de te r mined by 
Dasgupta et al . (46) for a hydrophobic porous P T F E membrane tube (2-μηι 
pores, 5 0 % surface porosity, 0 .4 -mm-thick wall) co l lect ing S O s (dilute H 2 0 2 

f lowing as scrubber l i q u i d outside the tube) indeed agrees w i t h i n 1% w i t h 
values computed direct ly from the G o r m l e y - K e n n e d y equation at sampl ing 
rates lower than 2 L / m i n (89 to 100% col lection efficiency). A t h igher sam­
p l i n g rates, however, experimental col lection efficiencies were lower than 
G o r m l e y - K e n n e d y values. O v e r a l l , for most practical single-tube denuders , 
whether membrane-based or not, the G o r m l e y - K e n n e d y equation provides 
a rel iable starting estimate for device design. A gradual decrease of col lect ion 
efficiency d u r i n g sampling due to surface saturation is possible w i t h typical 
sorbent-coated denuders (47); w i t h automated diffusion denuders -scrubbers 
this decrease w o u l d not appear to be an important issue inasmuch as the 
col lect ing m e d i u m is e ither continuously or cycl ical ly renewed. 

Annuhr Denuders. C o m p u t i n g the col lect ion efficiency of annular 
d e n u d e r s — w h i c h are becoming increasingly popular because of the ir abi l i ty 
to maintain near-quantitative col lection efficiencies at h i g h sampl ing rates 
w i t h i n a compact des ign—is less straightforward. Possanzini et a l . (25) i n ­
troduced the annular geometry to the present-day practice of diffusion-based 
sampl ing and suggested an empir i ca l equation to calculate the col lect ion 
efficiency / : 

1 - / = Α ^ Δ (12) 

where A and α are empir i ca l constants and Δ is g iven b y 

Δ = μ(ά0 + di)/(d0 - dù (13) 

A l t h o u g h the precise values of A and α were said to be dependent on the 
exact physical design of the device , under conditions where the radius of 
curvature is large compared to the annular gap (dQ » d0 - d j , A and α 
were regarded to be constants. F o r S 0 2 as the test gas i n tetrachloromer-
curate(II)-coated glass annular denuders (Q = 1 to 40 L / m i n , Δ = 0.064 
to 0.272, / = 0.81 to 1.00), they reported A = 0.82 and α = 5.63. I n a 
later study deal ing w i t h the col lect ion of N 0 2 (g) w i t h KI - impregnated a n ­
nular denuders coated w i t h polyethylene glycol , the same value for A but 
a different value for α was reported. T h e m u c h lower value for a , 1.12, was 
attr ibuted to poor sink efficiency (48). A l i et al . (32) have cr i t i c i zed the 
drawbacks of such empir i ca l approaches. O n the basis of the or ig inal work 
of G o r m l e y (49) on diffusion between paral le l plates, they suggested that 
the parallel -plate approximation of an annular dénuder w i l l lead to a form 
of equation 12 where A = 0.91 and α = 3.77. T h e differences i n the actual 
col lection efficiencies result ing from the different values of A and α can be 
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substantial unless the dénuder is operating at nearly quantitative col lection 
efficiency. 

M o r e recently, W i n i w a r t e r (50) has bu i l t on the work of Stephan (51) 
by deal ing w i t h heat transfer i n annular tubes and apply ing a F i c k i a n diffusion 
mode l to compute col lection efficiencies i n an annular dénuder. T h e resul t ing 
differential equations were solved by the R u n g e - K u t t a method . Co l l e c t i on 
efficiencies thus computed for H N 0 3 , H C O O H , and C H 3 C O O H agreed 
w e l l w i t h the experimental data obtained by Rosenberg et a l . (52). W i n i ­
warter prov ided tabulated data and graphs to enable computat ion of col lec­
t ion efficiencies for specific annular dénuder dimensions and operating con­
ditions. Coûtant et a l . (26) also developed a numer i ca l method ; they used 
the parallel-plate approximation. T h e i r mode l takes into account the n o n -
unity uptake probabi l i ty , w h i c h can be input as a separate parameter. T h e 
software (written i n C programming language for I B M and compatible PCs) 
is available from the authors and permits calculation of col lect ion efficiencies 
for mul t ip le concentric tubes as w e l l . 

N o n e of these approaches are applicable to denuders of the annular 
geometry where only one of the surfaces i n contact w i t h the sampled gas is 
effective i n uptake. Membrane-based D S devices of the reverse geometry, 
introduced original ly by Tanner et a l . (53), ut i l i ze a membrane tube con­
centrical ly suspended w i t h i n an outer jacket tube. T h e gas is sampled 
through the annular space, and the analyte gas is captured b y col lect ion 
through the pores i n the membrane. W i t h this design, only the inner surface 
of the annulus is effective as a sink. Solutions to the paral le l p r o b l e m for 
heat transfer are available. L u n d b e r g et a l . (54) presented an extensive set 
of numer i ca l solutions for cases where either the outer or the inner surface 
of the annulus is the sink. These results can be d irect ly used, w i t h the 
l imitat ion that the treatment assumes the probabi l i ty of uptake to be uni ty . 
T h e fraction col lected, / (referred to as the parameter 6 m i

( 3 ) by L u n d b e r g et 
al.), is calculated as a function of the dimensionless axial posit ion X , where 
X i n this application w o u l d be g iven by 

- d0 + dj . . 
x = ( 1 4 ) 

F i g u r e 1 graphically depicts the numer ica l data relevant_to our appl icat ion 
l isted by L u n d b e r g et a l . Dif ferent sets of curves o f / v s . X are p rov ided for 
ind iv idua l values of d{ld0. Discrete data were prov ided i n the numer i ca l 
tables of the or iginal work; to produce the continuous traces i n F i g u r e 1, a 
cubic spline fitting was used. 

The experimental col lection efficiencies for H 2 0 2 (estimated Graham's 
law diffusion coefficient is 0.18 cm 2 / s ) for an aqueous scrubber Naf ion (per-
fluorinated ionomer) membrane D S (L = 40 c m , d0 = 0.5 c m , and d{ = 
0.06 cm) have been experimental ly de termined b y two independent ap-
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Figure 1. Collection efficiency (f)for a dénuder of annular geometry in which 
only the inner surface of the annulus is a sink as a function of axial position 
X (see equation 14). The curves are based on numerical data in reference 54. 
From top to bottom, the traces correspond to d,/d 0 = 1.0,0.5, 0.25, 0.1, 0.05, 

and 0.02. 

proaches (40). H e r e the sink surface is expected to be efficient i n uptake, 
a n d / h a s been observed to be 0.944 ± 0.017, 0.838 ± 0.013, 0.732 ± 0.006, 
and 0.638 ± 0.002 at Q = J ) .5 , 1.0, 1.5, and 2.0 L / m i n , respectively. 
T h e corresponding values for X are 0.86, 0.43, 0.29, and 0.22, respectively. 
T h e djd0 value for this D S is 0.12; interpolat ing between the curves for 
dJdQ = 0.1 and 0.25 i n F i g u r e 1 reveals that the theoretical predict ions are 
in excellent agreement w i t h the experimental data. 

W i t h porous membrane D S devices of this geometry and for t h i n m e m ­
branes w i t h low-tortuosity pores (i .e. , where the diffusion distance w i t h i n 
the pores is very smal l compared to the radial diffusion distance i n the D S ) , 
good predict ions for the col lect ion efficiencies can be obtained i f the nomina l 
X and dJdQ values are both m u l t i p l i e d b y the fraction of the surface that is 
porous. F o r example, w i t h a diffusion scrubber based on such a membrane 
tube (L = _40 c m , d0 = 0.5 c m , dv = 0.045 c m , fractional porosity 0.4), the 
corrected X values for H 2 0 2 as sample gas are 0.32, 0.16, 0.11, and 0.08, 
respectively for Q = 0.5, 1.0, 1.5, and 2.0 L / m i n , and the corrected dJdQ 

value is 0.036. T h e col lect ion efficiencies pred ic ted from F i g u r e 1 ( inter­
polating between dJdQ values of 0.02 and 0.05) are i n good agreement w i t h 
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the experimental results (40): 0.661 ± 0.017, 0.371 ± 0.013, 0.310 ± 0.001, 
and 0.234 ± 0.024 at the respective flow rates. 

T h e efficient sink cr i ter ia cannot be overemphasized, however . W h e n 
the exper imental data for formaldehyde for e ither of the two different m e m ­
brane scrubbers are considered, the theoretical predict ions significantly ex­
ceed the experimental col lection efficiencies. T h e uptake of formaldehyde 
at an aqueous interface is control led by its rate of hydrat ion to methylene 
glycol , a process that is ac id - or base-catalyzed. T h e col lect ion efficiency 
significantly increases i n going from pure water to 0.1 M H 2 S 0 4 as a scrubber 
l i q u i d (55), but the uptake probabi l i ty st i l l remains a contro l l ing factor i n 
de termin ing the col lection efficiency. Obv ious ly , i n such cases theoretical 
predictions mere ly establish an upper l imi t . 

Particle Transmission. Coarse particles ( > ~ 2 . 5 μηι) are present i n 
al l atmospheric samples. I f a diffusion-based col lect ion system is not 
equ ipped w i t h an impactor or cyclone at the front e n d to remove the coarse 
particles, some coarse particle deposit ion w i l l occur i n the system. This is 
especially true for annular denuders (in w h i c h the inner m e m b e r must have 
some physical means of attachment to the outer m e m b e r and such structural 
supports are obligatori ly present i n the flow path) and D S devices w i t h T-
type air inlets. Larger particles are often der ived from crustal sources and 
display significant ac id-neutral iz ing capacity. I f total acidity is to be deter­
m i n e d i n the atmospheric sample, significant errors can be introduced unless 
such particles are first removed. P T F E - c o a t e d cyclones as an integral part 
of the sample inlet appear to be the best choice for remov ing the coarse 
particles (27, 56). Relat ive to a more polar surface l ike glass, the adsorption 
of sticky gases l ike H N 0 3 is m i n i m i z e d on a P T F E or P T F E - c o a t e d surface. 
A l though such a surface is more prone to promote electrostatically i n d u c e d 
fine-particulate deposit ion (vide infra), the residence t ime w i t h i n the cyclone 
is typical ly be low 1 s, and significant losses of fine particles have not been 
observed (27, 56). In this connection, maintenance requirements of any 
instrument w i t h a coarse-particle removal system at the in let need to be 
po inted out. A l though the rest of the system may w e l l be configured to be 
complete ly automated, without per iodic c leaning of the cyclone the resul t ing 
data may be subject to significant error . Because of d i u r n a l temperature 
variations, errors may accrue, for example, from cycl ic deposit ion and evap­
oration of NH4NO3 as w e l l as from loss of acid gases due to gas-partic le 
interactions w i t h deposited coarse particles. 

F o r fine particles, despite the fact that the major rationale b e h i n d dif­
fusive sampl ing of a gas is to achieve d iscr iminat ion from the concurrent ly 
present atmospheric aerosol, relatively l i t t le attention has been pa id to ac­
tual ly characterizing the particle transmission through these systems. A s u m ­
mary of existing data has been presented (40). T h e only thorough charac-
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terization of particle losses that has appeared i n the l i terature concerns the 
H a r v a r d - E n v i r o n m e n t a l Protect ion Agency annular dénuder system (39, 
57). T h e system is equ ipped w i t h an integral in let cyclone or impactor . T h e 
first study (57) suggested that total particle losses are < ~ 3 % for the partic le 
size 1.50 to 2.77 μπι. T h e more recent and more extensive study (39) dealt 
w i t h particles over a m u c h greater size range and w i t h different degrees of 
charge: neutral , w i t h B o l t z m a n n charge, or w i t h a single charge. F u r t h e r , 
the glass dénuder surfaces were e i ther uncoated or coated w i t h N a C l or 
c i tr ic acid. T h e loss increased i n going from the neutral to the charged aerosol 
and was somewhat h igher for an uncoated dénuder surface compared w i t h 
the coated surface, presumably because of the greater tendency of the u n ­
coated surface to acquire a static charge. Typ i ca l losses i n a single-stage 
uncoated dénuder i n the 0.10- to 0.86-μιη size range ranged from 0.9 to 8% 
for an aerosol w i t h Bo l t zmann charge d is tr ibut ion ; an addit ional 1.8 to 5 .3% 
was lost on essential system components. A l t h o u g h the overal l extent of the 
loss is st i l l reasonably smal l , i t may not be insignificant i f the intent is to 
measure the aerosol composit ion. 

T h e effect of electrostatic charging cannot be overemphas ized—dramat i c 
increases i n partic le deposit ion occurred w h e n the dénuder was d r i e d w i t h 
a vigorous flow of compressed air. W i t h P T F E tubes, m u c h more susceptible 
to acquir ing a static charge, as m u c h as 3 to 15% of the aerosol, 0.1 to 1.09 
μιχι i n diameter and w i t h a Bo l t zmann charge d is tr ibut ion , can be lost under 
dry conditions mere ly by passage through a 70-cm-long straight P T F E tube 
(40). C l e a r l y , l ong inlet l ines must be avoided to measure partic le compo­
sit ion along w i t h gases. Unfortunately , tub ing materials that are considered 
inert are also more susceptible to acquir ing a static charge. T h e choice of 
the sample conduit material is also dictated by the adsorption characteristics 
it displays toward the analyte gases of interest. F o r a variety of polar gaseous 
analytes, for example, H N 0 3 , H C 1 , and H 2 0 2 , glass in let l ines are unac­
ceptable. E v e n w h e n the conduit is electrical ly conduct ive , for example, 
stainless steel, the extent of aerosol deposit ion is acutely dependent on the 
charge on the aerosol (58); l i t t le control can be exercised over this situation. 

I n any ful ly automated instrument operating unattended, it is also h igh ly 
desirable that the instrument periodical ly zeros and calibrates itself. Thus , 
aside from the sample air , zero and calibrant gases must be accessible to 
the col lect ion system inlet by some automated va lv ing arrangement. T y p i ­
cally, P T F E or perfluoroalkoxy ( P F A ) solenoid valves are used to switch 
sample streams. H o w e v e r , v i r tual ly a l l available commerc ia l valves have 
right-angled passageways inside the valve, and deposit ion of ambient par­
ticulate matter occurs at the bend . O v e r a per iod of t ime , this b u i l d u p 
compromises sample integrity. Some valves also become sufficiently w a r m 
upon energization to cause significant loss of labi le analyte gases l ike H 2 O a 

(55). A three-posit ion electropneumatic s l ider valve w i t h no sharp angular 
bends (59) min imizes these problems. A n altogether different and possibly 
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superior approach is to provide a T-connect ion at the very beg inn ing of the 
inlet l ine . Zero or calibration gases are introduced through this T - a r m as 
desired by appropriate valves connected to these sources. T h e zero or ca l ­
ibrat ion gas flow is made greater than the sample flow. T h u s , d u r i n g zero 
or cal ibration periods, no ambient air is drawn into the system; rather, excess 
zero or cal ibration gas is vented through the inlet . 

Annular Geometry: Preferred in A l l Applications? T h e annular 
geometry is rapid ly replacing the single-tube geometry i n most applications. 
C l e a r l y , the annular design is capable of co l lect ing a greater analyte mass 
per uni t t ime. F o r automated col lect ion-analysis systems that operate on a 
cycl ic sorpt ion-desorpt ion protocol (e.g., thermodenuders and v ide infra), 
the col lected analyte is generally desorbed as a p l u g w i t h i n a f ixed t ime 
window. Greater col lected mass therefore translates to better L O D s or t e m ­
poral resolution or both. O n the other hand, for a wet dénuder i n w h i c h a 
flowing scrubber l i q u i d continuously wets the active surfaces and the effluent 
is then taken for analysis, the advantages of an annular geometry, i n v i ew 
of its more complex construction, are less clear-cut unless the scheme i n ­
volves concentration of the dénuder l i q u i d effluent pr ior to analysis. Th i s 
situation arises because most continuous flow-through analytical detectors 
are concentration-sensitive rather than mass-sensitive. T h e abi l i ty of the 
annular geometry to collect a greater analyte mass is associated w i t h a larger 
active surface area. W i t h the reasonable assumption that the m i n i m u m nec­
essary scrubber l i q u i d flow rate to effectively present a continuously renewed 
col lection surface is d irect ly proport ional to the active surface area, most of 
the advantage of the annular geometry disappears. F o r the example of the 
isoefficient dénuder trio c i ted by Possanzini et a l . (25), the co l lect ion effi­
c iency of a single-tube dénuder—L = 50 c m , d = 0.3 c m at Q = 1.7 L / 
m i n — i s ident ical to that of two annular d e n u d e r s — L — 10 c m , d{ = 1.0 
c m , dQ = 1.3 c m at Q = 3.8 L / m i n and L = 20 c m , d{ = 3.0 c m , and 
d0 = 3.3 at Q = 20 L / m i n . T h e differences i n the analyte mass col lected 
per uni t t ime is reflected i n the ratio of the flow rates, 1:2.23:11.8. T h e 
corresponding ratio of the active surface area, *n(d0 + d,)L, is 1:1.52:8.4. 
The col lected mass per uni t surface area ratio, the superiority factor, is then 
obtained by d i v i d i n g the first set of numbers b y the second and is 1:1.45:1.20. 
This degree of improvement is hardly wor th the added complexity of the 
annular design. H i g h e r sampl ing rates are sometimes considered desirable 
to m i n i m i z e inlet losses. H o w e v e r , a h igh flow dénuder is not essential for 
this purpose. A n inlet manifo ld can be set up w i t h a h igh flow rate and smal l 
residence t ime , and the dénuder, w i t h its own aspiration source, is then 
connected w i t h a very short conduit to this manifold. 

These considerations pertain largely to automated systems. I n systems 
ut i l i z ing manual col lection and analysis, the annular geometry does have 
advantages, as evident from its current widespread use. 
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Automated Collection-Analysis Systems 

T h e existing systems can be broadly classified into two groups: systems that 
deal w i t h a gaseous analyte, and systems that deal w i t h the analyte i n the 
l i q u i d phase. To date, the first group is composed solely of thermodenuders , 
devices that re ly on thermal ly cyc led sorpt ion-desorpt ion steps. T h e second 
group includes wet diffusion denuder -scrubbers and devices that are c y c l i ­
cally sorbent-coated and washed. 

Thermodenuders 

Sampl ing ambient air through sorbents l ike d ipheny lpheny lene oxide (Tenax) 
and thermal ly desorbing the adsorbed compounds for gas chromatographic 
analysis are among the most established and useful practices for the deter­
minat ion of organic compounds in ambient air. Thermodenuders represent 
the equivalent approach w i t h diffusion-based sampling. 

Braman et a l . (47) reported the first such device for the measurement 
of atmospheric N H 3 and H N 0 3 , and application to ambient air analysis was 
reported by M c C l e n n y et al . (60). Tungsten(VI) oxide ( W 0 3 , often referred 
to as tungstic acid) is coated on the inside walls of porous glass (Vycor) or 
quartz tubes by electrical ly heating a concentrical ly suspended tungsten 
wire . T h e po lymer ic b lue W(IV) oxide in i t ia l ly f ormed is converted to the 
preferred ye l low W(VI ) form by heating the tube to 500 °C w h i l e passing 
oxygen through it . In the automated instrument (60), the sampler inlet 
a l lowed, by appropriately connected solenoid valves, the choice of sample 
air , calibrant, and a purge gas (20% 0 2 i n H e , used d u r i n g the desorption 
step). T h e sample air is drawn through a W 0 3 - c o a t e d dénuder tube con ­
taining an integral heating co i l and then through a catalyst tube containing 
a gold catalyst, also prov ided w i t h a heating co i l . A typical operational cycle 
involves (1) 10-50 m i n of sampl ing of ambient air (Q = 1 L / m i n ) ; (2) in te ­
gration of the baseline signal of a chemiluminescence-based N O A . moni tor 
for 10 m i n (this is considered blank, and step 1 continues d u r i n g this t ime ; 
(3) ceasing sampl ing, switching to purge gas, and connect ing the converter 
tube exit to the N O v monitor by appropriate va lv ing , contro l led electr ical 
heating of both the dénuder and the converter, and record ing of the resultant 
signal from the N O A . monitor (10 min) ; and (4) cool ing (10 min) before the 
cycle is begun anew. D u r i n g step 1, sampled N H 3 and H N 0 3 are taken up 
by the dénuder. W h e n it is heated i n step 3, H N 0 3 first comes off as N 0 2 , 
and at a h igher temperature N H 3 comes off without decomposit ion. I n the 
presence of the heated A u catalyst, both are converted to N O and are thus 
measured by the NOx monitor . T h e i n d i v i d u a l signals from H N 0 3 and N H 3 

are temporal ly separated; although they are not basel ine-resolved, the sep­
aration is considered adequate. T h e L O D for N H 3 or H N 0 3 was 70 parts 
per t r i l l i on by vo lume (pptrv) for a 20 -min sample. Co l l e c t i on of particulate 
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a m m o n i u m and nitrate w i t h a packed co lumn of W 0 3 - c o a t e d sand and anal ­
ysis by s imilar thermal desorption techniques are also ment ioned i n these 
papers (47, 60), although few details are g iven. 

A l though the tungstic oxide thermodenuder i n pr inc ip le is an attractive 
means of measuring two analyte gases of considerable interest, field studies 
have indicated that unknown interferences can seriously compromise the 
re l iabi l i ty of the data generated for e i ther N H 3 or H N 0 3 . In intercomparison 
studies, the data generated by this technique have been i n error by as m u c h 
as a factor of 2 to 6. [See Fox et a l . (61), Roberts et a l . (62), and A p p e l et 
a l . (63)]. I n a more detai led subsequent study, Roberts et a l . (64) made a 
n u m b e r of important observations regarding this technique as app l i ed to the 
measurement of background levels of N H 3 . T h e y found that ne i ther the b lue 
W(IV) oxide nor the ye l low W(VI) oxide is best suited for the purpose ; rather, 
the b lue-green oxide, presumably of an intermediate oxidation state, is the 
most desirable form. A lky lamines l ike ethylamine were also found to be 
taken up by such a dénuder. A l t h o u g h such amines are desorbed at a t e m ­
perature significantly lower than N H 3 under ideal ized test condit ions, s ig ­
nificant amounts of the amines are converted to N H 3 on the active surface 
of the dénuder at relative h u m i d i t y levels greater than 2 5 % . Consequent ly , 
it is doubtful that such compounds can actually be differentiated from N H 3 

under actual measurement conditions. M o s t important ly , cont inued rel iable 
performance of the dénuder is very susceptible to overheating; the recovery 
of N H 3 decreases and the peak becomes i l l -de f ined for an overheated dé ­
nuder . W i t h frequent cal ibration to ensure accuracy, the authors measured 
N H 3 levels in isolated regions in the Colorado mountains and coastal C a l i ­
fornia to be 200 ± 80 and 360 ± 170 pptrv , respectively; these are among 
the lowest N H 3 concentrations reported for N H 3 i n continental air . Desp i te 
the apparent appl icabi l i ty , Roberts et al . d i d not endorse the technique . 
Because desorption of N H 3 occurs at temperatures near those that alter the 
surface, they conc luded that the performance is susceptible to slow evo lu ­
tionary and occasionally catastrophic failure and that other alternatives should 
be sought. M u c h more favorable results were later reported w i t h a m o l y b ­
d e n u m oxide dénuder of annular geometry (65); this dénuder is descr ibed 
i n a later section. 

Interestingly, m u c h of the early interest in deve lop ing automated ther -
modenuders centered on the determinat ion of aerosol-phase analytes rather 
than gases. L i n d q v i s t (66) descr ibed a system for the determinat ion of aerosol 
H 2 S 0 4 i n w h i c h the analytical and regeneration step of the dénuder was ful ly 
automated but the transfer of the dénuder tube between the col lect ion 
system and the analyzer was manual . As discussed subsequently , this step 
is not difficult to automate. The strategy b e h i n d the col lect ion of aerosols 
by a dénuder typical ly involves the removal of a l l gases that may pose an 
interference by an appropriate predenuder . T h e aerosol is then thermal ly 
converted to a gas (either a phase transition or decomposit ion into gaseous 
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products), and this gas is taken up by a dénuder that is thermal ly desorbed 
d u r i n g the analysis step. In L indqv is t ' s instrument , two serial glass (Pyrex) 
predenuders (one coated w i t h oxalic acid to remove N H 3 , and the other 
coated w i t h a lumina impregnated w i t h A g N 0 3 , H 3 B 0 3 , N a H C 0 3 , and tar­
taric acid) designed to remove S Q 2 , H 2 S , C H 3 S H , C H 3 S C H 3 , and C H 3 S S C H 3 

are used. T h e pr inc ipa l dénuder is a 73.3- X 0.45-em quartz tube , first 
solution-coated w i t h an acetone solution of M n ( N 0 3 ) 2 and P d C l 2 and later 
heated to 800 °C i n sequential H 2 , air , and H e streams to obtain a coating 
of M n 0 2 - P d O . D u r i n g col lect ion, this tube is mainta ined at 138 °C to v o l ­
ati l ize the aerosol H 2 S 0 4 , w h i c h is col lected as sulfate. D u r i n g analysis, the 
dénuder is suppl ied w i t h a small flow of h e l i u m and heated to 800 °C, 
whereupon the sulfate decomposes to S 0 2 . T h e exit gas from the dénuder 
is merged w i t h a small flow of H 2 that then flows through a quartz tube 
heated to 1000 °C. T h e result ing H 2 S is col lected on a si lver woo l trap. 
W h e n this step is complete , the si lver woo l is flash-heated to 600 °C, and 
the l iberated H 2 S is fed to a gas chromatograph equ ipped w i t h a photo ion-
ization detector. T h e entire analytical cycle requires 12 m i n . Samples of 60 
m i n provide an L O D of 60 n g / m 3 (15 pptrv gas-phase equivalent) i f i m ­
mediately analyzed. Blanks increase upon storage, and the attainable L O D 
increases by an order of magnitude upon 24 h of storage; this observation 
clearly underscores the advantages of a ful ly automated system w i t h no 
elapsed t ime between col lect ion and analysis. U n d e r ambient condit ions, 
the relative standard deviat ion (rsd) of the measurement procedure is re ­
ported to be 17%. 

L i n d q v i s t subsequently descr ibed a s imilar system for the determinat ion 
of H N 0 3 (67). H N 0 3 was col lected on an A l 2 (S0 4 ) 3 - c oa ted quartz dénuder. 
T h e thermal ly desorbed NOx was de termined b y gas chromatogra-
phy-photo ion izat ion detection. Subsequently Tanner et a l . (68) s impl i f ied 
and ful ly automated the overal l system configuration. A 51 - X 0 .4-cm quartz 
dénuder tube was solution-coated w i t h 2 0 % w / v A l 2 ( S 0 4 ) 3 and used at a very 
l ow Q (0.1 L / m i n ) . The desorption step invo lved heat ing to 500 °C for 1 
m i n ; the l iberated N O ^ was de termined by a chemiluminescence monitor . 
A l t h o u g h laboratory results were attractive, field intercomparisons w i t h a 
n u m b e r of other methods indicated l ow and variable results; the reasons for 
this discrepancy could not be identi f ied w i t h certainty. 

T h e Nether lands E n e r g y Research Foundat ion ( E C N ) has made many 
significant contributions to the progress of atmospheric analytical chemistry , 
part icularly i n the area of automated diffusion denuder-based analytical sys­
tems. As early as 1981, the E C N group, i n collaboration w i t h K l o c k o w and 
Niessner , who original ly developed the thermoanalytical strategy for the 
measurement of strong acids, descr ibed a serial seven-section dénuder sys­
tem to perform measurements of H N 0 3 , N H 3 , H 2 S 0 4 , a m m o n i u m nitrate, 
and a m m o n i u m sulfate (69). T h e first section was coated w i t h N a F and was 
reported to retain H N 0 3 (g), the second section was coated w i t h H 3 P 0 4 and 
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retained N H 3 (g), the t h i r d section was coated w i t h N a O H to retain S 0 2 (a 
potential interfèrent), the fourth section was coated w i t h N a F and heated 
to 130 °C to convert H 2 S 0 4 into the vapor phase and retain it as w e l l as to 
dissociate N H 4 N 0 3 and to retain the result ing H N 0 3 , the fifth section was 
coated w i t h H 3 P 0 4 to retain N H 3 evo lved from the fourth section, the sixth 
section was coated w i t h N a F and heated to 230 °C to dissociate a m m o n i u m 
sulfates and retain the result ing H 2 S 0 4 , and the seventh section contained 
an H 3 P 0 4 - c o a t e d tube to collect the N H 3 evo lved i n the sixth section. T h e 
system was not automated; it w o u l d be indeed difficult to automate such an 
invo lved scheme. 

Slanina et a l . (70) subsequently descr ibed a ful ly automated computer -
control led thermodenuder system for the measurement of sulfuric acid and 
a m m o n i u m sulfate aerosol. As i n L indqvis t ' s work, sulfur gases are removed 
by two serial glass predenuders , one coated w i t h K 2 C 0 3 and the other w i t h 
activated carbon. T h e main denuders are 50- X 0.6-cm quartz tubes so lut ion-
coated in i t ia l ly w i t h C u ( N 0 3 ) 2 , d r i e d and then fired at 900 °C i n a nitrogen 
stream to obtain a mixed C u - C u O coating. Two sequential C u - C u O dénuder 
tubes are used: T h e first is maintained at 120 °C and the second at 240 °C 
for the respective col lection of aerosol sulfuric acid and a m m o n i u m sulfates. 
D u r i n g analysis, the tubes are heated, one at a t ime , to 800 °C, and the 
l iberated S 0 2 is measured by a flame photometr ic sulfur analyzer. T h e tubes 
are then regenerated whi l e st i l l hot by inject ing a small vo lume of c lean air , 
and the cycle is started anew. T h e instrument is equ ipped w i t h a second 
pair of C u - C u O dénuder tubes that are used for sampl ing w h i l e the first 
pair goes through the analytical cycle. Provisions for per iodic automated 
calibration w i t h S 0 2 as a cal ibration standard are also prov ided . T h e system 
provides an L O D of 20 n g / m 3 for a 1-h sample and 100 n g / m 3 for a 5 -min 
sample for e i ther H 2 S 0 4 or ( N H 4 ) 2 S 0 4 . 

A l t h o u g h this thermodenuder col lection-analysis system represents an 
interest ing and ingenious advance i n the art of atmospheric analysis, i t d i d 
not meaningful ly solve the intended measurement prob lem. T h e premise 
of the thermal differentiation step is that H 2 S 0 4 and ( N H 4 ) 2 S 0 4 aerosols exist 
as an external mixture . I n l ight of what is presently k n o w n about the het ­
erogeneous oxidation of S 0 2 , this premise is incorrect. Internal mixtures , 
that is, aerosols containing H 2 S 0 4 i n various stages of neutral izat ion w i t h 
N H 3 , cannot be thermal ly differentiated to hypothetical constituent c o m ­
ponents i n the descr ibed manner. O n the basis of subsequent findings, i t is 
doubtful that ( N H 4 ) 2 S 0 4 and N H 4 H S 0 4 , even w h e n discretely present i n 
the same sample, can be thermal ly differentiated. F u r t h e r , the thermal 
decomposit ion of more volatile a m m o n i u m salts (e.g., N H 4 N 0 3 ) can produce 
negative interferences i n H 2 S 0 4 measurements w i t h thermal denuders (41). 
To be fair, science advances on faltering steps; I have been just as gui l ty of 
making the identical erroneous assumption (71, 72). 
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In any case, the development of the automated H 2 S 0 4 - ( N H 4 ) 2 S 0 4 de ­
terminat ion system was clearly an important step toward the subsequently 
reported thermodenuder system for the measurement of S 0 2 (73). I n this 
instrument , a quartz predenuder , solution-coated w i t h N a H S 0 4 - A g 2 S 0 4 , 
removes interfer ing sulfur gases, notably H 2 S . This removal is fo l lowed by 
a C u - C u O - c o a t e d dénuder as described i n a preced ing section. D u r i n g the 
analysis step, the sulfate result ing from the col lected S 0 2 is thermal ly de­
composed to S 0 2 and measured w i t h a pulsed fluorescence instrument . 
U n d e r field conditions, this setup p e r m i t t e d an L O D of 40 pptrv of S 0 2 for 
a 30 -min sample (Q = 0.5 L / m i n ) . A n L O D almost an order of magnitude 
better was attainable w i t h the flame photometr ic detector i n the laboratory. 
T h e reproduc ib i l i ty of the technique was measured w i t h paral le l tr ipl icate 
denuders and ranged from 2 to 5% rsd. 

C o n t i n u i n g applications of thermodenuders typical ly ut i l i ze the annular 
geometry. K e u k e n et a l . (74) descr ibed a vanadium pentoxide coated quartz 
annular dénuder system. T h e dénuder itself and the overal l setup of the 
system are shown i n F igures 2 and 3. T h e dénuder is coated b y an aqueous 
s lurry of V 2 0 5 and d r i e d at 70 °C. T h e dénuder (dQ = 2.8 c m , d{ = 2.5 c m , 
and L = 25 cm) exhibi ted essentially quantitative efficiency for co l lect ing 
N H 3 at Q = 10 L / m i n . F o l l o w i n g the col lection per iod (10-20 min) , a 
motor ized screw dr ive moves a preheated oven (700 °C) around the dénuder 
(Figure 3) and stops w h e n the dénuder is hal f covered (position 1). After 5 
m i n , the oven is moved again, this t ime to cover the entrance hal f of the 
dénuder as w e l l (position 2). D u r i n g sampling, ammonia is essentially re ­
moved completely by the first hal f of the dénuder. U n k n o w n ni trogen-
containing gaseous interferences are, on the other hand , r emoved ineff i ­
c ient ly and are sorbed approximately to the same extent on the first and the 
second hal f of the dénuder. W h e n the dénuder is heated, bo th N H 3 and 
any other nitrogen-containing compounds are converted to NOx and mea­
sured i n turn by a chemiluminescence-type N O x monitor . Thus , the peak 
obtained i n posit ion 1 corresponds to the interferences only, and the peak 
obtained i n posit ion 2 corresponds to both N H 3 and the interferences. T h e 
N H 3 signal is de termined by difference. F o r a 10-min sample, the L O D is 
~ 1 5 0 pptrv w i t h a typical rsd of 5% under ambient measurement conditions. 
I n paral le l measurements w i t h a H 3 P 0 4 - c o a t e d single-tube dénuder, a wet 
annular dénuder (vide infra) and a tunable diode laser spectrometer, very 
good agreement was reported. 

E a r l i e r , a less conventional annular geometry was reported by Langford 
et a l . (65) for the determinat ion of N H 3 . F o l l o w i n g the ir previous work w i t h 
tungstic oxide coated dénuder tubes (62, 64), they sought a more rugged 
and reproducib le means of fabricating metal oxide coated denuders . These 
goals were met i n a geometry i n w h i c h a W or M o rod is concentrical ly 
p laced w i t h i n a quartz tube (d{ = 0.32 c m , d0 = 0.40 c m , and active L = 
30.5 cm); this geometry is analogous to that of the D S descr ibed by Tanner 
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et a l . (53) and reduces the overal l thermal mass of the system. H e a t i n g under 
a flow of 0 2 at 300 to 400 °C produces Mo(IV) oxide w i t h i n 15 m i n , and the 
desired Mo(VI) oxide is produced upon further heating to 450 °C. (The W 
rod produces s imilar coatings of the corresponding (IV) and (VI) oxides but 
at h igher temperatures.) After 1 h , the flow is reversed and the assembly is 
heated for another hour to produce a more even coating. T h e entire pro ­
cedure requires 3 h and produces an o p t i m u m oxide coating 0.25 m m thick. 
Sampl ing is typical ly conducted for 30 m i n at Q = 0.9 L / m i n . 

D e t a i l e d studies of the desorption behavior of N H 3 f rom a l l four oxide 
surfaces [W(IV), W(VI ) , Mo(IV) , and Mo(VI)] were reported (65). T h e W 0 2 , 
M o 0 2 , and W 0 3 surfaces al l desorb N H 3 as N H 3 at respective temperatures 
of —280, 300, and 350 °C and thus require the usual heated A u converter 
for the conversion of N H 3 to N O pr ior to measurement b y a c h e m i l u m i -
nescence-type N O , monitor . I n contrast, the M o 0 3 surface shows two dist inct 
desorption steps at 350 and 380 °C; the first corresponds to the desorption 
of N H 3 as N H 3 , and the second peak has been shown to be N O , the dénuder 
surface itself acting as the necessary oxidative converter. A t the l ow N H 3 

levels of interest, the second peak amounts to ~ 3 0 % of the total N H 3 sorbed 
(the figure is essentially constant for a given dénuder, but ind iv idua l de­
nuders require separate calibrations), and this situation allows sufficient sen­
sit ivity for the system to be operated without an addit ional oxidative con ­
verter . T h e M o 0 3 surface also takes up N 0 2 and H N 0 3 , w h i c h are both 
desorbed as N O at 200 and 200 to 250 °C, respectively. T h e feasibil ity of 
thermal separation of sorbed N 0 2 and H N 0 3 was not investigated i n this 
work; rather, using a program that rapidly heats the dénuder to 250 °C and 
then gradually raises the temperature to 400 °C, a complete separation of 
the N 0 2 - H N 0 3 and the N H 3 peaks (the rejection ratio of the N H 3 peak from 
N 0 2 is greater than 5000:1) is obtained. A flow of N 2 is used d u r i n g the 
desorption and the cool ing steps. 

L i k e the W 0 3 dénuder, the M o 0 3 dénuder is unable to d ist inguish 
between N H 3 and amines; however, the predominance of the former i n most 
measurement situations may make this l imitat ion of l i t t le consequence. T h e 
L O D is estimated to be 10-20 pptrv of N H 3 ; d u r i n g extensive field studies, 
concentrations as low as 50 pptrv were measured and constitute the lowest 
reported gaseous N H 3 concentrations thus far. A t low levels v i r tua l ly every 
surface shows some uptake of N H 3 ; to avoid this situation, the entire train 
is maintained at 50 °C ( including the dénuder, d u r i n g the col lect ion step, 
to prevent adsorption on the quartz walls). Th is practice does cause some 
concern about interference from the potential evaporative dissociation from 
aerosol N H 4 N 0 3 ; however , side-by-side studies w i t h c i tr ic acid coated s imple 
tubular denuders indicate that the evaporation kinetics is slow, and the 
observed extent of artifactual N H 3 is l ike ly less than 3%. O v e r a l l , the M o 0 3 

thermodenuder represents an elegant combinat ion of good design and c lever 
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use of chemistry , and the studies clearly reflect the attention to detai l be ­
stowed by its inventors. 

K l o c k o w et a l . (75) descr ibed two separate automated thermodenuder 
systems for the simultaneous determinat ion of H N 0 3 and N H 4 N 0 3 . O n e 
p r o b l e m i n the determinat ion of H N 0 3 is that most dénuder coatings t r i ed 
for this purpose also take up some other nitrogen-containing compounds, 
presumably organic in nature. A l though such compounds are not col lected 
w i t h h igh efficiency, the NOx evolut ion from these species d u r i n g the thermal 
desorption step cannot be temporal ly separated from that of H N 0 3 b y any 
reasonable programmed temperature steps, and the resul t ing interference 
can be significant. T h e first system devised attempted to solve this p r o b l e m 
by using a train of three serial annular quartz denuders s imi lar to that 
descr ibed earl ier (74). A l l three denuders are solution-coated w i t h M g S 0 4 . 
T h e serial dénuder train incorporates valves at the connect ing point between 
each dénuder such that d u r i n g the desorption step each dénuder can be 
separately heated and its effluent can be analyzed by a chemi luminescence -
type N O x monitor . D u r i n g the col lection step (Q = 5 L / m i n ) , the first two 
denuders , operating at room temperature, separately collect H N 0 3 plus 
u n k n o w n interference and the unknown interference only. T h e t h i r d dé ­
nuder is operated at 150 °C to volati l ize N H 4 N 0 3 and collect the result ing 
H N 0 3 . D u r i n g the desorption step, each tube is heated i n t u r n to 700 °C, 
and the evolved N O ^ is detected. T h e difference between the signals from 
tubes 1 and 2 is taken to be H N 0 3 , and the signal from tube 3 is taken to 
be N H 4 N 0 3 . T h e system is prov ided w i t h provisions for automated detector 
cal ibration w i t h cy l inder N O . A second train of three sequential denuders 
is prov ided to alternate the col lect ion-analysis cycles between the two trains 
and thus improve temporal resolution. W i t h a 30 -min sample, L O D s of 40 
pptrv and 100 n g / m 3 were reported for H N 0 3 and N H 4 N 0 3 , respectively. 

T h e second system descr ibed i n this paper (75) uti l izes single-tube de ­
nuders operating at Q = 0.66 L / m i n . T h e first and t h i r d denuders are made 
of glassy carbon (50 X 0.6 cm) and are coated w i t h a methanol ic suspension 
of B a S 0 4 and a water -methano l solution of N a F , respectively. T h e midd le 
dénuder is a glass tube (50 X 1.5 cm) containing an inserted ro l l ed sheet 
of activated-carbon-impregnated fi lter paper. A c c o r d i n g to K l o c k o w et a l . , 
the B a S 0 4 - c o a t e d glassy carbon dénuder does not collect the u n k n o w n or­
ganic nitrogen-containing interference(s) to a significant extent and collects 
H N 0 3 selectively. T h e nitrogen-containing interferents are removed by the 
activated carbon dénuder, and the N H 4 N 0 3 is then vo lat i l i zed and col lected 
i n the NaF-coa ted dénuder maintained at 140 °C. D u r i n g the analysis step 
denuders 1 and 3 are sequential ly heated to 700 °C, the l iberated N O x is 
measured, and the denuders respectively y i e l d measures of H N 0 3 and 
N H 4 N 0 3 . F o r 24-h samples, respective L O D s of 20 pptrv of H N 0 3 and 60 
n g / m 3 of N H 4 N 0 3 were reported. 
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T h e general advantages of thermodenuder systems inc lude facile p r e -
concentration, automation, and the ease w i t h w h i c h they can be coupled to 
a variety of detectors designed to handle gas-phase samples. T h e fact that 
al l f lowing fluids are i n the gas phase simplifies overal l system design. O n 
the negative side, thermodenuders frequently have h igh analytical b lanks, 
they consume a large amount of electrical power , and substantial cool -down 
times are requ i red for a new sampl ing cycle to beg in unless paral le l sampl ing 
trains are used instead. 

Wet Effluent Denuders-Scrubbers 

W e t effluent diffusion-based col lect ion devices can be subdiv ided into three 
groups—convent ional coated denuders , i n w h i c h the c o a t i n g - w a s h i n g -
analysis steps are ful ly automated; membrane-based diffusion scrubbers; and 
wet diffusion denuders . There is only one report of an example of the first 
type. Bos (76) describes a system i n w h i c h a single-tube glass dénuder is 
coated i n situ w i t h a methanol ic solution of c i tr ic acid, the dénuder is d r i e d 
w i t h clean air , ambient air is sampled for a preset per iod of t ime , the dénuder 
surface is washed d o w n w i t h water, and the washings are sent (for the 
determinat ion of the col lected N H 3 ) to an air-segmented flow analysis system 
re ly ing on the indopheno l b lue chemistry , and then the cycle is begun anew. 
Such an obviously complex arrangement cannot be repl icated from the very 
l i m i t e d descr ipt ion prov ided i n the br ie f paper by Bos (76). Shou ld it be 
possible to operate such instruments rel iably over long periods of t ime , they 
clearly may have many applications. N o further reports on this technique 
have appeared i n the decade since Bos pub l i shed his work, and the method 
is not i n present use. 

Diffusion Scrubbers 

Diffusion scrubbers are membrane-based denuders i n w h i c h the sample air 
flows on one side of a membrane and a suitable scrubber l i q u i d flows on the 
other side. The analyte gases of interest are col lected i n the scrubber l i q u i d , 
and the effluent is subjected to analysis. T h e simplest geometry is that of a 
conventional single-tube dénuder. A i r is sampled through a tubular m e m ­
brane whi l e the scrubber l i q u i d is p u m p e d i n a countercurrent fashion 
through an external jacket tube surrounding the membrane tube. 

Ion-Exchange Membrane DS Devices. T h e first D S reported (77) 
was based on a perfluorosulfonate cation-exchange membrane tube (Nafion, 
wet internal diameter 700 μπι, wa l l thickness 75 μιη, 30 c m long) contained 
i n a glass jacket. D i l u t e H 2 S 0 4 was p u m p e d through the jacket, and the D S 
was used for sampl ing N H 3 . Ion-exchange membranes are hydroph i l i c , and 
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d u r i n g the sampl ing the tube is moist on the inter ior w a l l as w e l l . A m m o n i a 
is captured at the membrane surface as N H 4

+ , w h i c h migrates across the 
membrane to the scrubber l i q u i d . Naf lon is a membrane of considerable 
structural strength and inertness (aside from its ion-exchange properties) . 
Smal l neutral polar molecules, for example, H 2 0 2 and H C H O , and small 
cations show good transport properties across Naf ion. It should be possible 
to sample low-molecular-weight amines, for example, C H 3 N H 2 , but as the 
cations become larger, more hydrophobic , or both , the ir diffusion coefficients 
i n the membrane decrease markedly . A c i d gases, w h i c h lead to characteristic 
anions, cannot generally be sampled w i t h Naf ion because the D o n n a n barr ier 
inhibi ts the transport of anions across the cation-exchange membrane . 

H o w e v e r , acid gases constitute a singularly important class of analytes 
to the atmospheric chemist. It is logical to attempt the ir col lect ion w i t h a 
D S based on an anion-exchange membrane . T h e major p rob l em is the lack 
of the availabil ity of suitable anion-exchange membrane tubes. P h i l l i p s and 
Dasgupta (78) s tudied a D S based on a P T F E membrane tube into w h i c h 
v i n y l b e n z y l chlor ide is radiation-grafted and then quaternized (79). W i t h a 
D S bui l t from a 25-em-long (3000 μΐΏ i . d . , 100-μιτι wall) tube, the col lect ion 
of H N 0 3 was studied w i t h on- l ine U V detection. The D of H N 0 3 de te rmined 
from the dependence of / on Q was i n good agreement w i t h other D H N 0 3 

values in the l i terature. T h e scrubber l i q u i d was a solution of K 2 S 0 4 and 
sulfamic ac id ; the latter was incorporated to m i n i m i z e the interference from 
N 0 2 and H O N O i n the determinat ion of H N 0 3 . (A D S based on an i o n -
exchange membrane cannot be used w i t h pure water as the scrubber l i q u i d 
i f the col lected analyte species is an ion that is bound on the ion-exchange 
sites. T h e scrubber l i q u i d must contain ionic species of suitable displacing 
power i n sufficient concentration to displace the col lected analyte ion from 
the ion-exchange site.) A l though this work proved i n pr inc ip le the a p p l i ­
cabi l i ty of an anion-exchange membrane based D S , it d i d not represent a 
practical means of measuring atmospheric H N 0 3 ; the direct U V detection 
method prov ided neither the necessary sensitivity nor selectivity. O t h e r 
problems may occur i n deal ing w i t h the simultaneous col lection and analysis 
of a variety of acid gases w i t h an anion-exchange membrane based D S . A n i o n -
exchange sites tend to catalyze the oxidation of sulfite to sulfate and ni tr i te 
to nitrate because of the greater affinity of the ion exchanger for the more 
ox id ized form. T h e first oxidation does not present a major p rob l em; col lected 
S 0 2 is often del iberately ox id ized to sulfate before determinat ion. H o w e v e r , 
the second oxidation does complicate the differentiation of H O N O from 
H N 0 3 . 

Ion-exchange membranes are hydrophi l i c . T h e y present an active sur­
face that has the same uptake probabi l i ty for the analyte gas as may be 
obtained w i t h a wet dénuder w i t h the same aqueous scrubber l i q u i d . T h u s , 
w i t h scrubber l iquids that are efficient sinks, these denuders typical ly exhibit 
G o r m l e y - K e n n e d y behavior i n terms of col lect ion efficiency. T h e transport 
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of the analyte from one side of the membrane to the other takes place i n 
the condensed phase. F o r typical analyte species, the relaxation t ime , g iven 
by f/Dm91 be ing the membrane thickness and Dm be ing the analyte diffusion 
coefficient i n the membrane matrix, is of the order of 0.75 to 3 m i n for 50-
to ΙΟΟ-μιη-thick membranes w h e n the analyte species is not retained i n the 
membrane by electrostatic forces. This condit ion may be the de te rmin in g 
factor i n contro l l ing the response times of continuous analyzers based on 
such membrane-based collectors. Nonaqueous or mixed aqueous scrubber 
l iquids can also be used w i t h an ion-exchange membrane , should the ir use 
be deemed beneficial for the col lection of certain analytes. Transport across 
an ion-exchange membrane tube does not re ly on passage through pores; 
the membranes are therefore not easily " fouled" . H o w e v e r , i n designing a 
s imple D S based on tubular ion-exchange membranes , it is difficult to 
achieve the concurrent goals of having a membrane tube large enough i n 
d iameter to sample air under conditions of l ow N R e , th in enough to have 
rapid transport of analytes across i t , and yet structural ly strong enough to 
resist deformation as the scrubber l i q u i d is p u m p e d i n an annular space 
necessarily small to m i n i m i z e the integration vo lume. O t h e r available h y -
drophi l i c membrane tubes, for example, cel lulosic tubes used for dialysis, 
are l ike ly to have the same l imitations. Nevertheless , recent work (40, 80) 
shows that successful designs can indeed be achieved w i t h ion-exchange 
membranes , and response times may actually be better for uncharged a n ­
alytes or analytes that are charged s imilar ly to the membrane matrix rather 
than for analytes that are retained on the membrane by ion exchange. 

Porous Membrane DS Devices. T h e appl icabi l i ty of a s imple t u ­
bular D S based on a porous hydrophobic P T F E membrane tube was d e m ­
onstrated for the col lection of S 0 2 (dilute H 2 0 2 was used as the scrubber 
l i q u i d , and conductometric detection was used) (46). T h e parameters of 
available tubular membranes that are important i n d e t e r m i n i n g the overal l 
behavior of such a device inc lude the fol lowing: F i r s t , the fractional surface 
porosity, w h i c h is typical ly between 0.4 and 0.7 and represents the proba ­
b i l i ty of an analyte gas molecule enter ing a pore i n the event of a co l l is ion 
w i t h the wa l l . Second, wa l l thickness, w h i c h is typical ly between 25 and 
1000 μπι and determines , together w i t h the pore tortuosity (a measure of 
how convoluted the path is from one side of the membrane to the other), 
the overal l diffusion distance from one side of the w a l l to the other. I f uptake 
probabi l i ty at the a i r - l i q u i d interface i n the pore is not the contro l l ing factor, 
then items 1 and 2 together determine the col lect ion efficiency. T h e transport 
of the analyte gas molecule takes place w i t h i n the pores, i n the gas phase. 
This process is far faster than the situation w i t h a hydroph i l i c membrane ; 
the relaxation t ime is w e l l be low 100 ms, and the overal l response t ime may 
i n fact be de termined by l iquid-phase diffusion i n the boundary layer w i t h i n 
the l u m e n of the membrane tube, by l iquid-phase dispers ion w i t h i n the 
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analytical system, or by both. Consequent ly , the response times of porous 
membrane D S based analyzers are un l ike ly to be l i m i t e d by the membrane 
response t ime. 

T h e t h i r d important membrane parameter is the pore size; it is typical ly 
0.02 to 5 μιη. Together w i t h the contact angle of the scrubber l i q u i d on the 
membrane surface (which is a combined measure of the hydrophobic i ty of 
the membrane and the surface tension of the l iquid) , this parameter deter­
mines the pressure at w h i c h the scrubber l i q u i d w i l l undesirably seep 
through the membrane . L i q u i d s w i t h low surface tensions (e.g., methanol) 
cannot be used w i t h porous membranes—they readi ly leak through the 
membrane . W i t h water, the pressure necessary to force it through a 0.4-
mm-th i ck P T F E membrane w i t h 2-μπι pores is —10 ps i ; the necessary pres ­
sure is more than an order of magnitude greater for a m u c h th inner , s imilar 
membrane w i t h 0.02-μπι pores. I n general , membranes w i t h >2 -μπι pore 
size leak m u c h too easily and are unusable for D S applications. A l t h o u g h 
the first porous membrane scrubber was demonstrated w i t h P T F E m e m ­
branes w i t h 2-μπι pores (46), the pressure tolerance toward l i q u i d leakage 
for such a membrane continual ly decreases w i t h use, presumably because 
of soi l ing that compromises the hydrophobic i ty of the membrane surface. 
Consequent ly , the membrane eventually leaks. A l t h o u g h this p r o b l e m has 
been solved independent ly by two research groups as descr ibed i n the fo l ­
l owing section, such solutions were dictated by tubular membranes then 
ava i lab le—a series of inert porous polypropylene membrane tubes w i t h 
many attractive features (0.2-μπι pores, surface porosity 0.7, diameters 0.2^6 
mm) have since become available (Accurel , E n k a A G , W u p p e r t a l , Germany) 
and may permi t the fabrication of attractive porous membrane D S devices 
of the s imple tubular geometry. 

A few other characteristics of a porous membrane D S should be po inted 
out here. T h e col lection efficiency is dependent on the pores be ing open 
and available. Depos i t i on of particulate matter on the membrane , smal l as 
it may be, can reduce the membrane col lect ion efficiency d u r i n g cont inued 
use. F o r essentially the same reason, solutions containing significant amounts 
of dissolved solids cannot be used as scrubber l iquids because of the evap­
orative deposit ion of the sol id i n the pores. O n the other hand , should 
analyte-bearing particles deposit on the membrane (e.g., i f an ( N H 4 ) 2 S 0 4 

partic le is deposited d u r i n g the determinat ion of N H 3 ) , the membrane be ­
haves as a filter, and there is l i t t le probabi l i ty that the contents of the partic le 
w i l l be incorporated into the scrubber l i q u i d (although, admittedly , it w i l l 
interact w i t h the incoming sample gas). T h e fate of the part ic le , i f deposited 
on a wetted membrane surface, w o u l d obviously be quite different. 

A n n u l a r G e o m e t r y D S D e v i c e s . T h e leakage problems associated 
w i t h a 2-μΓη-ροΓβ P T F E membrane tube were solved by Tanner et a l . (53) 
by adopting the annular geometry. A i r flows through the annular space of 
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a jacket tube whi le l i q u i d flows through the concentrical ly p laced membrane 
tube. T h e membrane tube is f i l led w i t h a sol id P T F E filament to reduce 
the inter ior ho ldup vo lume. T h e design is shown i n F i g u r e 4. Th is config­
uration results i n very l i tt le l i q u i d pressure on the membrane and min imizes 
the probabil it ies of leaks. Tanner et a l . (53) used the porous membrane D S 
to collect H 2 0 2 after prereacting the sample air w i t h N O to remove 0 3 (and 
thereby el iminate 0 3 - i n d u c e d artifact H 2 0 2 formation). F i e l d and laboratory 
results were comparable w i t h paral le l impinger col lection. M a n u a l col lect ion 
of the scrubber effluent and off-line analysis was used i n this work; never ­
theless, Tanner et a l . clearly recognized that the D S - b a s e d approach can 
provide a clear advantage only i f the scrubber effluent is coupled to a con­
tinuous analysis system. 

W o r k i n Tanner et al. 's laboratory w i t h the 2-μιη-ροΓβ P T F E membranes 
indicated, on the other hand, long-term reproduc ib i l i ty problems aside f rom 
issues of leakage. T h e y be l ieved that minor changes i n pore structure may 
be occurr ing i n this extremely flexible and pl iable membrane w h e n kept 
under tension; these changes may be reflected i n changes i n col lect ion ef­
ficiency. I n our laboratory, th in -wal led membranes of m i n i m u m tortuosity 
(straight pores) of very small pore size were therefore sought to prov ide 
good and reproducible col lection efficiency and i m m u n i t y from leaks. T h e 
only membrane that met these cr i ter ia (Celgard X - 2 0 , porous po lypropylene , 
surface porosity 0.4, pore size 0.02 μπι, w a l l thickness 25 μπι) was available 
i n a m a x i m u m internal diameter of 400 μπι. T h e amount of air that can be 
drawn through such a membrane is obviously l i m i t e d , and thus the annular 
geometry, s imilar to that descr ibed by Tanner et a l . (53), was also adopted 
(55). 

A glass jacket tube (to maintain a l inear configuration) is l i n e d w i t h a 5-
m m i . d . P T F E tube and terminates i n po lypropylene T-joints at e i ther end . 
A 40-cm length of a 400-μιη i . d . microporous C e l g a r d tube , filled w i t h a 
300-μπι i . d . ny lon monofi lament fishing l ine and prov ided w i t h P T F E con­
nect ing tubes at the t e r m i n i is suspended concentrical ly inside the jacket 
tube by appropriate seals at the T-fittings. A i r flows i n and out through the 
perpendicular arms of the T-joints, and the scrubber l i q u i d is p u m p e d 
through the membrane countercurrent to the airflow. To m i n i m i z e partic le 
deposit ion and permi t laminar flow development , the membrane begins ~ 7 
c m from the T-port . T h e results of some 10 person-years of effort to develop 
automated instruments programmed w i t h per iodic zero and calibrate func­
tions based on such a D S and intended for the measurement of H C H O , 
H 2 0 2 , and S 0 2 have been descr ibed (55) and are summar ized brief ly here . 

E a c h instrument is dedicated to a specific analyte and shares the fo l ­
l ow ing c o m m o n features. T h e sample inlet allows microprocessor-pro­
grammed selection of sample, zero, and calibrant gas. Rather than be ing 
programmed for continuous aspiration of the sampled air , the instrument is 
programmed to alternate between sample and zero w i t h per iod ic (every 4 
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Figure 4. Diffusion scrubber device for H2Oz removal from air, consisting of 
the following: A , Teflon tubing adaptor; B, Teflon Swagelok union; C , 6-mm 
o.d. glass tube; D, air outlet; E, porous Teflon tube (2 mm i.d. x 30 cm, 70% 
porosity); F, 8-mm i.d. glass tube; G, scrubber solution with concentric Teflon 
displacement rod; H, air inlet; and I, Teflon tube connection to porous Teflon 
tube. Cross section inset: a, 8-mm o.d. (6-mm i.d.) glass tube; b, air stream; 
c, porous Teflon tube; d, H20 scrubber solution; and e, Teflon displacement 
rod. (Reproduced from reference 53. Copyright 1986 American Chemical So­

ciety.) 
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h or longer) eal ibrant-zero cycles. T h e sample periods are not quite long 
enough to reach plateau response; the signal for each analytical cycle is 
therefore represented by a peak fol lowed by a re turn to the baseline, w h i c h 
establishes the l iquid-phase zero. T h e scrubber l iquids used are 0.1 M 
H 2 S 0 4 , water, and 5 μ Μ H C H O for the H C H O , H 2 0 2 , and S 0 2 instruments , 
respectively, and they are p u m p e d through the D S at flow rates of 40 -85 
μΐ^/τηίη. Total evaporative loss of the scrubber l i q u i d ranges up to a max i ­
m u m of 6 μ ί /ητ ίη for completely dry air (Q = 2 L / m i n ) . Appropr ia te 
reagents are added v ia T-joints at microf low rates to the scrubber effluent. 
I n each case a fluorescent product is formed and moni tored w i t h a filter 
f luorometer. F o r formaldehyde, the reaction w i t h acetylacetone and a m ­
m o n i u m acetate to produce d iacety ld ihydrolut id ine i n an in - l ine heated r e ­
actor is used (81). F o r H 2 0 2 , the peroxidase-mediated oxidation of 4-hy-
droxyphenylacetate fol lowed by the introduct ion of ammonia through a 
permeative membrane reactor is used (82). F o r S(IV), the reaction w i t h 
alkaline 9-IV-aeridinylmaleimide i n a water~IV,]V-dimethylformamide m e ­
d i u m to produce the corresponding fluorescent sulfonate is used (83). T h e 
operational and performance characteristics are shown i n Table I ; typical 
calibration runs and f ie ld data are shown for the H 2 0 2 instrument i n F igures 
5 and 6. Various calibration sources have been developed for p rov id ing 
calibrant gases to the D S instruments (84-87). N o meaningful interferences 
for any of the techniques were found except for that from 0 3 for H 2 0 2 — t h i s 
interference does not occur i n the laboratory w i t h clean calibrant gases and 
a clean D S , but it occurs w i t h ambient air and clearly increases w i t h the 
degree of soi l ing of the entire inlet system. A l t h o u g h none of the instruments 
underwent a field intercomparison study after the ir deve lopment was c o m­
plete, the H C H O and H 2 0 2 instruments have been used i n various inter -

Table I. Typical Operating Parameters and Performance Specifications 

Analyte 

Sample (Calibrate)/ 
Zero Periods 

(min) 
Lag Time" 

(min) 
Rise Timeb 

(min) 

Detection 
Limit0 

(pptrv) 

Linearity 
Limit 

(ppbv) 
H C H O 3/7 6.3 1.7 100 S00d 

H 2 0 2 1/4 1 0.8 30 30* 
S 0 2 3/6 1.6 1.9 175 300rf 

N O T E : All values were obtained with 40-em-long scrubbers (jacket tube i.d. 5 mm) at sampling 
rates of 2.0 L/min. 
"Time between the valve switching from zero to calibrate gas and the onset of change at 
instrument output. 
*Time required for signal output to change from 10 to 90% of the plateau value. 
cBased on three times the noise level when zero air is being sampled. Experiments were 
conducted in all cases at concentrations less than or equal to three times the quoted detection 
limit. 
^Highest concentration tested; linearity may extend further. 
eResponse was less than linear at higher concentrations. 
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Figure 5. A calibration sequence for the H202 instrument. (Reproduced with 
permission from reference 55. Copyright 1988 Pergamon Press.) 

comparison studies at different stages i n the ir deve lopment and have gen­
eral ly fared w e l l (88-91). 

T h e lessons of the f ie ld studies deal ing w i t h the sampl ing of ambient 
air a l l have to do w i t h the deposit ion of particulate matter and how such 
deposit ion affects col lect ion efficiencies i n the porous membrane D S devices 
and analyte losses i n the inlet l ines and the valves. A strategy for the facile 
field determinat ion of col lect ion efficiencies us ing two serial D S devices has 
been developed (55). H o w e v e r , although per iodic recal ibrat ion, a part o f 
the routine protocol , can to a large extent correct for any analyte loss or loss 
of col lection efficiency i n the scrubber itself, losses pr ior to the scrubber 
cannot be corrected for. 

A un ique D S w i t h two C e l g a r d tubular membranes was used b y Sigg 
(92) to collect two independent l i q u i d effluents for the simultaneous mea­
surement of organic peroxides and hydrogen peroxide; Sigg used a differ­
ential analytical scheme s imi lar to that reported i n reference 90. S u c h devices 
have been used successfully i n a n u m b e r of bal loon flights (92). 

Recent ly , the annular geometry porous membrane D S coup led to a 
fluorometric detect ion system was shown to be appl icable to the sensitive 
measurement of ambient ammonia (59). T h e detect ion scheme is based on 
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the reaction of ammonia w i t h o-phthaldialdehyde and sulfite i n a heated i n ­
l ine reactor to produce 1-sulfonatoisoindole (93). G e t t i n g an analyte into the 
l i q u i d phase often permits a greater latitude i n manipulations than is o th ­
erwise possible. F o r example, the selective destruction of H 2 0 2 over organic 
peroxides w i t h a M n 0 2 catalyst has been demonstrated (91, 94). T h e work 
on ammonia also i l lustrated a facile in - l ine preconcentration procedure gen­
eral ly applicable to DS-based analyzers. T h e l iquid-phase port ion of the 
analytical system is shown i n F i g u r e 7. C a r r i e r water (W) is de ion ized b y a 
smal l in - l ine ion exchanger (C) that flows through the D S . T h e o -phthald i ­
aldehyde reagent (O) and buffered sulfite reagent (B) are added to the D S 
effluent. T h e stream flows through mix ing co i l (M) and then through reaction 
co i l (R) i n heated block (H). T h e stream, debubb led b y tubular porous 
membrane (T), is detected by fluorescence detector (F). Inset a shows the 
conventional mode; b shows the preconcentration mode. T h e D S is con­
nected between the points A and A ' . In the preconcentration mode , a six-
port loop valve (V) is instal led between A and A ' and the D S is contained 
w i t h i n its loop. D u r i n g the concentration step, the flow (W) bypasses the 
D S and establishes the system l iquid-phase blank. M e a n w h i l e , air is sampled 
through the D S , any evaporative loss be ing made up b y the l i q u i d i n the 
reservoir (W). D u r i n g the measurement mode, the valve is switched and 
the contents of the D S are flushed to the system. F o r a 3 - m i n - 2 - m i n 
load- inject cycle, the L O D is 45 pptrv of N H 3 , a lthough accuracy at these 

Figure 7. The DS-based ammonia analyzer liquid-phase schematic. Insets a 
and b show in-line or in-loop (preconcentration) configurations, respectively. 
(Reproduced from reference 59. Copyright 1989 American Chemical Society.) 
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levels can be compromised by major variations i n relative h u m i d i t y unless 
corrections are made. Instrument performance at l ow levels is shown i n 
F i g u r e 8. 

A DS-based N H 3 instrument , s imilar to that just descr ibed , was among 
several others tested i n a E u r o p e a n intercomparison study i n R o m e i n 1989 
and was found to perform w e l l (95). 

M a n y specific and h ighly sensitive f luorometric and e lectrochemical 
detection methods for various analytes are available. T h e combinat ion of 
such detection schemes w i t h a DS-based col lect ion system provides a c o m ­
binat ion of sensitive and affordable instrumentat ion for atmospheric mea ­
surements. A step-by-step construction and operation manual for a D S - b a s e d 
f luorometric H 2 0 2 analyzer is available (94). W i t h a change i n the reagents, 
the cal ibration source, and the conditions of the fluorometric measurement , 
such an instrument is readily reconfigured for a different analyte. T h e 1992 
fabrication cost of a complete D S instrument that uti l izes fluorometric de ­
tection and includes a thermostated cal ibration source from commerc ia l ly 
available components is approximately $12,000. 

Diffusion Scrubber Coupled-Ion Chromatography. O v e r the 
past decade, ion chromatography (IC) has become the technique of choice 
for the determinat ion of anions. E v e n w i t h conventional sorbent-coated de -
nuders for acid gases, the actual determinat ion is most commonly conducted 
by I C . T h e recognit ion of this fact l e d to the coupled D S - I C system (96). 
T h e system is shown schematically i n F i g u r e 9. Items A through H constitute 

1.0 ppbv 

Figure 8. Performance of the DS-based 
ammonia instrument at low levels ofNH3 

(g). (Reproduced from reference 59. 
Copyright 1989 American Chemical So­

ciety.) 
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A 

. ® — u 

Figure 9. Configuration of the DS-IC system: A , clean air input; B , mass-flow 
controller; C , permeation device chamber; D and H, vents; E, needle 
valve-rotameter; F , needle valve; G , mass-flow meter; I, diffusion scrubber; 
/, scrubber liquid reservoir; K , needle valve-rotameter; L , suction pump; M , 
injection valve; N, peristaltic pump; O , eluentflow; P , downstream chromato­
graphic components; and Q, sample loop. (Reproduced from reference 96. 

Copyright 1989 American Chemical Society.) 

the cal ibration source. Sample -zero - ca l ibrant gas is d rawn through the D S 
(Celgard membrane and annular geometry). A m i l d l y pneumatica l ly pres­
sur ized (1-2 psi) reservoir (J) contains 1 m M H 2 0 2 , the scrubber l i q u i d . It 
is connected to the D S membrane , and the effluent l i q u i d is aspirated by 
peristalt ic p u m p (N) through the ΙΟΟ-μΙ, loop (Q) of chromatographic injec­
t ion valve (M) at a rate of 16 μΙ-./πιΐη. This arrangement is preferred over 
p u m p i n g the l i q u i d through the D S because it maintains a constant effluent 
flow rate from the D S even w h e n the extent of the scrubber l i q u i d evapo­
ration varies because of variable inlet air h u m i d i t y . E v e r y 6 m i n (the ap­
proximate t ime requ i red to perform the chromatography), valve M switches 
for a long enough per iod (30-60 s) to complete ly inject the col lected sample 
into the chromatographic system. Thus a new chromatogram, represent ing 
the preceding col lect ion per iod , is obtained every 6 m i n . T h e r e is ~ 1 0 % 
l iquid-phase carryover from one sample to the next. T h e actual integration 
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t ime can be effectively larger than the nomina l t ime resolution for sticky 
analyte gases l ike H N 0 3 because of adsorpt ion-desorpt ion on in let surfaces. 
In the or iginal work (96), the system performance was p r i m a r i l y i l lustrated 
w i t h S O a as the test gas, and the L O D was reported to be better than 20 
pptrv of S 0 2 . M u c h work has been done w i t h this system i n the analysis o f 
ambient air. T h e use of d i lute H 2 0 2 as a scrubber l i q u i d ensures the complete 
oxidation of col lected S(IV) to S(VI) and thereby improves the L O D for S 0 2 . 
A t the same t ime this scrubber l i q u i d does not significantly oxidize col lected 
nitr i te to nitrate. A representative ion chromatogram of ambient air is shown 
i n F i g u r e 10— identit ies of peaks a through g are due to unreso lved organic 
acids, H C 1 , H O N O , C O a , u n k n o w n , S 0 2 (320 pptrv) , and H N 0 3 ( - 7 0 0 
pptrv) , respectively. C l ear ly , the system is applicable for the simultaneous 

Figure 10. An ambient air ion chromatogram (A) is shown in comparison with 
a standard liquid-phase ion chromatogram (B). (Reproduced from reference 

96. Copyright 1989 American Chemical Society.) 
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determinat ion of a n u m b e r of acid gases. I n airborne applications where 
significant changes i n the inlet pressure relative to the cal ibration conditions 
are invo lved and sampling is conducted at a constant mass flow rate, pressure 
corrections are necessary; the method has been reported (97). T h e D S - I C 
instrument has undergone airborne intercomparison studies for the deter­
minat ion of S 0 2 w i t h satisfactory performance (98). 

M o r e recently, L i n d g r e n (99) u t i l i zed a s imilar conductometr ic D S - I C 
instrument for the measurement of atmospheric H Q ; an L O D of 20 pptrv 
was reported. T h e rap id response t ime of the instrument could readi ly d e m ­
onstrate the washout of H C 1 by precipitat ion. T h e detect ion of certain an­
alytes (e.g., N0 2 ~) is more sensitively accomplished w i t h U V detection than 
w i t h conductometry. Tandem conduct ivity and U V detect ion were used for 
the determinat ion of H O N O (100); particulate nitr i te does not commonly 
occur, and this work ut i l i zed a 1-m-long C e l g a r d membrane co i led into a 
0.3- X 40-cm hel ix suspended inside a 6 -mm-diameter jacket tube. T h e 
longer membrane length permits a greater col lection efficiency, and its he ­
l ical form maintains the compactness, although it does increase the extent 
of particle deposit ion. T h e L O D for H O N O is 24 to 16 pptrv at Q = 0.5 to 
2.1 L / m i n , respectively. T h e interference from N 0 2 is ~ 0 . 0 2 5 % on a molar 
basis, w i t h or without added N O or S 0 2 . T h e instrument has been used 
extensively for ambient measurements. H O N O maxima at the measurement 
location were c learly associated w i t h traffic. Persistent daytime concentra­
tions of 100-500 pptrv were also observed, m u c h higher than cou ld be 
accounted for by interference from N 0 2 . B o t h the H C 1 and H O N O i n s t r u ­
ments used integral cal ibration sources based on the e q u i l i b r i u m vapor pres­
sure of the acid over the corresponding a m m o n i u m salts. 

Miscellaneous Diffusion Scrubber Applications. Dasgupta et a l . 
(101) compared two DS-based schemes for de termin ing S 0 2 , both invo lv ing 
reactions i n w h i c h the col lected analyte is converted by appropriate c h e m ­
istry into some other more detectable compound. I n the first system, the 
Celgard-membrane-based annular geometry D S is used w i t h a water scrub­
ber. T h e col lected S(IV) i n the scrubber effluent is ox id ized to sulfate by 
the enzyme sulfite oxidase w i t h the simultaneous product ion of an equivalent 
amount of H 2 0 2 . Th is H 2 O z is then detected by the previously ment ioned 
fluorometric procedure invo lv ing the oxidation of 4-hydroxyphenylacetate. 
Obv ious ly , the H 2 0 2 must be removed from the sample gas for this technique 
to work; this was successfully accomplished w i t h an internal ly s i lvered glass 
tube (catalytic decomposit ion predenuder for H 2 0 2 ) wi thout r emov ing the 
S 0 2 . T h e second system used a s imple tubular D S w i t h a 2-μΓη-ροΓβ P T F E 
membrane . This scheme is unique i n that the measured analyte remains i n 
the gas phase and the jacket vo lume through w h i c h the l i q u i d flows is not 
constrained; leakage problems are obviated for these reasons. A 2.5 μ Μ 
solution of H g 2 ( N 0 3 ) 2 flows i n the jacket, and S 0 2 reacts w i t h H g 2

2 + at the 
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gas - l i qu id interface to produce Hg(II) and Hg(0). T h e latter is present i n 
the exit gas from the D S and is col lected on a gold coi l . After col lect ion for 
any desired per iod of t ime, the co i l is flash-heated electrical ly , and the 
l iberated H g is measured by a commerc ia l conductometric gold f i l m H g 
sensor. L O D s for the two systems were comparable (80-170 pptrv for system 
1 and 60 -150 pptrv for system 2), and no major interferences were found 
for e i ther (as long as H 2 O z was preremoved i n system 1). Paral le l ambient 
measurements i n the 400- to 1000-pptrv range correlated w i t h an r 2 of 0.88 
(r, l inear correlation coefficient). I f used as a solution, the enzyme is relat ively 
expensive, and the H 2 0 2 - t r a n s l a t i o n system can be more practical i f an i m ­
mob i l i zed sulfite oxidase enzyme is used. W i t h the Hg-translat ion system, 
diffusion of the Hg(0) i n and out of the l i q u i d phase increases the instrument 
response t ime to ~ 5 m i n , even though only 1 m i n of sampl ing t ime was 
typical ly used. 

T h e D S represents an attractive col lection interface to devise cont inu­
ous-flow analytical systems even w h e n discr iminat ion between gas and par­
ticles is not a part icularly important issue. I n unpub l i shed work, a C e l g a r d -
membrane-based annular geometry D S was used w i t h an absorbance 
detector (based on a green- l ight-emitt ing diode emit t ing at 555 nm) to de ­
termine N 0 2 ; the we l l -known Gr iess -Sa l t zman chemistry was used (102). 
T h e Gr i e ss -Sa l t zman reagent was direct ly p u m p e d at 13 μΐ^/ππη through 
the D S , and the absorbance of the D S effluent was monitored. N o r m a l l y it 
w o u l d not be permiss ib le to p u m p a reagent w i t h a significant amount of 
dissolved solids because of evaporative deposit ion as ment ioned . H o w e v e r , 
the uptake of N 0 2 by pure water is essentially negl igible ; thus, complete 
humidi f icat ion of the inlet sample -zero air can be achieved by passing i t 
through a porous membrane immersed i n water without significant loss of 
N 0 2 . A t the same t ime , H O N O is removed. T h e h u m i d i t y of the air stream 
precludes any evaporation of the scrubber l i q u i d and permits the very l ow 
flow rate. Otherwise , evaporative losses and consequent variation i n blank 
values w o u l d greatly compromise the rel iabi l i ty of the data. T h e l ow flow 
rate and the intr ins ic sensitivity of this color imetric method allows, w i t h 
inexpensive equipment , an L O D of 250 pptrv of N 0 2 w i t h 10-min t ime 
resolution. 

Diffusion-Scrubber-Based Analyzers; Limitations and Future 
Considerations. As may be evident from the foregoing discussion, C e l -
gard-based porous membrane annular geometry D S devices have thus far 
been the mainstay of DS-based analyzers. Co l l e c t i on efficiency of porous 
membrane devices does decrease w i t h particle deposit ion. I n the short t e r m , 
the l u m e n of the fiber needs to be flushed w i t h a wet t ing solvent and d r i e d 
thoroughly before reuse every 24-48 h , depending on the partic le loading 
of the air sampled. O v e r a longer t e r m , the inside of the jacket needs to be 
washed as w e l l to remove deposited material . T h e D S construction descr ibed 
i n reference 96 uses a demountable membrane that can be replaced i n 
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minutes . Some, however , maintain that per iodic c leaning is sufficient and 
that membrane replacement is not necessary even i n year- long field use 
(103). I n any case, the need for per iodic c leaning does deter from long- term 
unattended use. A l l ambient air studies carr ied out thus far w i t h D S - b a s e d 
analyzers have been carr ied out without any attempts to remove coarse 
particles from the sample, for example, w i t h a cyclone or an impactor , p r i o r 
to entry to the D S . Exper ience indicates that the large majority of the 
particles deposited i n the D S are coarse particles, and partic le deposit ion 
experiments (40) conf irm this t rend . Preremova l o f coarse particles may 
greatly reduce the frequency of c leaning necessary. T h e effect of the in let 
geometry was also studied for 0 .1 - to 3-μπι particles i n these e x p e r i m e n t s — 
as may be intu i t ive ly guessed, the extent of loss is larger w i t h a T- type than 
a Y - t y p e air in let geometry. M u c h of this deposit ion occurs i n the entrance 
region and not on the membrane itself. T h e only commerc ia l vers ion of the 
D S presently available (Analytek, Umeâ, Sweden) uti l izes P T F E e n d fittings 
i n w h i c h air flows i n - o u t through ports at an angle of 45° relative to the main 
body of the D S . This geometry should have deposit ion losses equal to or 
less than those of the Y- in le t s . However , m i n i m u m deposit ion was observed 
w i t h a straight inlet system where the tubes connect ing to the t e r m i n i enter 
and exit through the jacket walls (Figure 11). This design has become the 
one of choice i n m y laboratory. 

FEP 
PTFE 

Naff on Polymer Jacket 

f i l l 

Figure 11. The straight inlet DS. 

F r e q u e n t l y , a major l imitat ion of DS-based col lect ion systems is that 
they operate at substantially subquantitative col lect ion efficiencies at the 
typica l sampl ing rates used. This situation increases the probabi l i ty o f error 
because of large thermal variations that affect diffusive transport. F o r these 
reasons, should wet denuders (vide infra) prove to be viable continuous 
col lect ion devices, they may w e l l replace D S - b a s e d systems. T h e i r abi l i ty 
to more quantitatively remove gases may also spur the deve lopment of 
combined gas-particle analyzer systems i n w h i c h , for example, the acid gases 
are removed by the dénuder and analyzed; the particles are then col lected 
by the impactor equivalent of a wet dénuder, and the acidity associated w i t h 
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the aerosol is de termined . Desp i te the bounties promised by the wet dé ­
nuder , i n certain cases, the D S may remain superior. Naf ion-membrane-based 
D S systems of the geometry shown i n F i g u r e 11 can collect gases l ike H 2 0 2 

or H C H O w i t h efficiencies comparable to those attainable by a single-tube 
wet dénuder of same length, display no change i n col lect ion efficiency over 
t ime (no pores to be blocked), and are more easily interfaced to the l i q u i d -
phase analyzer system. U s i n g sl ightly larger Naf lon membrane tubes and a 
geometry where the air is sampled inside the membrane and the scrubber 
l i q u i d is f lowing outside, L i n d (80) showed excellent col lect ion efficiency for 
H N 0 3 (g), coupled such a D S to an automated I C system, and has used it 
successfully i n field experiments. 

Wet Denuders 

As the name impl ies , wet denuders are devices i n w h i c h the dénuder active 
surfaces are continuously wetted by the scrubber l i q u i d , and i n a true con ­
tinuous analyzer the effluent is continuously removed . I n many ways, the 
wet dénuder represents a l l of the desirable features—a continuously re ­
newed surface, the possibi l i ty of us ing any scrubber l i q u i d , and the best 
col lection efficiency that a given scrubber l i q u i d w i l l a l low for a g iven ge­
ometry. F u r t h e r , i f the l i q u i d film is indeed always present, the dénuder 
w a l l for a l l practical purposes is composed of the l i q u i d , and relat ively few 
restrictions are placed on the construction material of the dénuder. W i t h a 
conductive scrubber l i q u i d , electrostatic partic le losses are also expected to 
be m i n i m u m . I n its simplest form, a wet dénuder is a tube w i t h the scrubber 
l i q u i d flowing down as a uni form f i lm along its inner w a l l and the l i q u i d 
be ing col lected at the bottom without a major d isrupt ion of the boundary 
layer of the air flow, w h i c h proceeds from the bottom up. Water or an aqueous 
solution is most commonly the scrubber l i q u i d of choice for de te r min ing a 
variety of atmospheric gases of interest. Water has a relat ively large surface 
tension, and it is part icularly difficult therefore to maintain a uni form film. 
F u r t h e r , un l ike the l i q u i d flow w i t h a D S , the l i q u i d flow is not i n a closed 
system; there may be attendant difficulties i n mainta ining an inf low-out f low 
balance i n the face of a variable extent of evaporative loss. 

Significant progress has already been made toward a continuous-f low 
wet dénuder. T h e wetted wa l l c o lumn ( W W C ) of F e n d i n g e r and Glot fe l ty 
(104), based on the or iginal work of E m m e r t and Pigford (105), uti l izes a 
mechanical ly etched glass tube and U-shaped copper wi re pieces along the 
upper inter ior walls to disrupt the surface tension of the water p u m p e d from 
the top and make a uni form film. T h e air in le t -out le t geometry, i n regard 
to potential particle losses, was far from that des ired i n a wet dénuder 
(although it was of l i t t le consequence to these authors, who were solely 
interested i n achieving gas - l i qu id equil ibration) . M o s t important ly , the 
a i r - l i q u i d flow-rate ratio i n the F e n d i n g e r and Glot fe l ty W W C was of the 
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order of 100 (air flow rate 50-200 m L / m i n and water flow rate 1.4-2.0 m L / 
min) , whereas i n a wet dénuder a i r - l i q u i d flow rate ratios 2 orders of mag­
nitude greater (air flow rate 1000-2000 m L / m i n and l i q u i d flow rate 100-200 
μι,/min) w o u l d be desirable to achieve meaningful preconcentration factors. 
I have attempted to adapt a chemical ly or mechanical ly etched glass tube 
to air in le t - out le t geometries that have l ow probabi l i t ies of partic le loss. 
W i t h desirable a i r - l i q u i d flow-rate ratios as stated, the integrity of a cont in ­
uous film cover ing the surface, i f formed i n the first place, was short - l ived . 
Invariably , w i t h i n a few hours dry areas w o u l d be apparent, and i n the worst 
case a single narrow stream of water w o u l d flow d o w n one w a l l . 

I f the deposit ion of particles was not a factor or was i n fact des ired , the 
design w o u l d be m u c h s impler . M o s t l ike ly , such a device w o u l d operate 
i n the turbulent flow mode; the theoretical aspects have been discussed by 
L u c e r o (106) i n exemplary detai l for a hypothetical device i n w h i c h gaseous 
sample molecules, particles, or both from a turbulent gas stream are d is ­
solved into a laminar film l i q u i d stream that flows i n t u r n to a chromatograph 
sampl ing valve. 

T h e first reported wet dénuder operated i n discrete cycles and was of 
annular geometry; analysis of the scrubber l i q u i d was carr ied out off-line 
(107). T h e dénuder (dQ — 4.5 c m , d{ = 4.2 c m , and L = 30 cm) is shown 
i n F i g u r e 12, and the complete setup is shown i n F i g u r e 13. T h e two 
concentric tubes are he ld together by P T F E spacers, and d u r i n g operation 
the annular space is charged w i t h 25 m L of scrubber l i q u i d and the outer 
tube is rotated at 40 r p m by a motor -dr iven belt . Th is operation results i n 
an aqueous film, —0.5 m m thick, on the surfaces def in ing the annulus. A 
pair of denuders is used i n paral le l i n the field instrument , each w i t h Q = 
32 L / m i n . O n e scrubber l i q u i d is a 0.5 m M H C O O H - H C O O N a buffer of 
p H 3.7, and the other is a phosphate-buffered ( p H 7) solution containing 4-
hydroxyphenylacetate, peroxidase, and formaldehyde. T h e first solution is 
used for the col lection of H C 1 , H N 0 3 , and N H 3 , and the second is used for 
the col lect ion of S 0 2 and H 2 0 2 . A t the complet ion of the sampl ing cycle (40 
min) , the dénuder pair is t i l t ed by an electric jack, and the dénuder effluents 
are p u m p e d out to ind iv idua l autosampler tubes by a peristalt ic p u m p . T h e 
denuders are washed w i t h 2 m L of the appropriate scrubber l iqu ids before 
they are charged w i t h the new scrubber solutions, and then the sampl ing 
cycle is repeated. A l l of these operations are ful ly automated. T h e first 
dénuder inlet is equ ipped w i t h a cyclone to remove coarse particles. T h e 
second dénuder inlet is equ ipped w i t h provisions for p r e m i x i n g N O w i t h 
the sampled air to e l iminate 0 3 interference i n H 2 0 2 measurement (53). A t 
the stated flow rate, a l l of these analyte gases are col lected w i t h 9 0 % + 
efficiency, and the attainable L O D s are stated to be 290, 80, 130, 190, and 
7 pptrv for N H 3 , H N 0 3 , H C 1 , S 0 2 , and H 2 0 2 , respectively. I n field inter -
comparison w i t h other techniques, no major interferences for any of the 
analytes of interest were apparent. 
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Exper iments have been conducted i n m y laboratory on various s ingle-
tube wet dénuder designs (108). These devices have been coupled to an I C 
for semicontinuous analysis. T h e basic system design is largely the same as 
that descr ibed i n reference 96, except that an eight-port dua l stack s l ider 
valve is used for chromatographic inject ion. Such a valve is conf igured to 
have two injection loops; wh i l e one is i n the load mode , the other is i n the 
inject mode. E a c h of the loops contains a short preconcentrat ion c o l u m n . 
T h e effluent from the wet dénuder is p u m p e d by a peristalt ic p u m p through 
the preconcentration column(s). T h e typical input l i q u i d flow rate is 100-700 
μί«/ηπη. (Unl ike i n reference 96, the flow resistance of the loop containing 
the preconcentrator c o lumn is too h i g h for the col lected effluent to be as­
pirated through it . T h e co lumn must be p u m p e d , and some losses of labi le 
analytes l ike N 0 2 " on passage through p o l y v i n y l chloride) ( P V C ) p u m p t u b ­
ing have been observed.) I n the face of variable evaporative losses (up to 30 
μ ί / η π η for d ry air at Q = 2 L / m i n ) , the choice is e i ther to let some of the 
effluent l i q u i d be wasted and p u m p an air-free stream to the preconcentrator 
or to p u m p the ent ire effluent l i q u i d and some air through the preconcen­
trator. T h e latter alternative was chosen because it was found that as l ong 
as the I C eluent was degassed, the smal l amounts of air on the p r e c o l u m n 
are dissolved under pressure i n the e luent and do not cause any quantitat ion 
or reproduc ib i l i ty problems i f sufficient restrict ion is added to the detector 
ce l l exit to prevent bubb le formation. T h e use of the preconcentrator columns 
also allows relatively large l i q u i d flow rates through the dénuder, and this 
design facilitates complete wett ing of the dénuder surface. A l t h o u g h the use 
of preconcentrators is generally applicable for ionic analytes, this setup is 
not applicable to analytes l ike H 2 0 2 and H C H O . 

T h e wet dénuder designs are shown i n F i g u r e 14. F i g u r e 14a shows an 
internal ly threaded (7 m m , one thread per mi l l imeter ) dénuder that was 
fabricated from a glass-filled P T F E tube (1 /4- inch i . d . , 1 /2- inch o.d.). L i q u i d 
p u m p e d i n through the wa l l at the top follows the thread and is col lected 
b y aspiration at the bottom. It is not k n o w n i f the uneven w a l l h inders 
laminar flow development . T h e second dénuder, shown i n F i g u r e 14b, con ­
tains a porous po lypropylene membrane (5.5-mm i . d . , 1 .5-mm wall) jacketed 
by a P V C tube. L i q u i d is forced through the membrane wal ls , collects at a 
w e l l at the bottom, and is aspirated from there. T h e design shown i n F i g u r e 
14c contains a ro l l ed sheet of a t h i n polycarbonate membrane (Nuclepore) 
w i t h i n a 9 .4 -mm- i .d . P V C or P F A Teflon tube. T h e l i q u i d is in t roduced 
simultaneously through four symmetr ical ly p laced needle apertures at the 
top per iphery of the tube and col lected at the bottom i n a fashion s imi lar 
to that i n F i g u r e 14b. N o n e of these designs are wetted w i t h pure water 
re l iably over long periods. H o w e v e r , a solution of a nonionic fluorocarbon 
surfactant (0.3% Z o n y l F S N ) passed through a mixed -bed i on exchanger is 
satisfactory. T h e L O D s attainable b y the I C system suffer b y a factor of 2 
to 3 w i t h cont inued inject ion of the surfactant-containing samples, relative 
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(a) (b) (c) (d) 

Figure 14. Experimental wet dénuder designs. (Reproduced from reference 
108. Copyright 1991 American Chemical Society.) 

to pure ly aqueous samples, because of increased baseline noise. It was pos­
sible to use pure water i n the dénuder shown i n F i g u r e 14c w i t h the po ly ­
carbonate f i lm replaced by a tissue paper. However , this setup was not 
studied i n depth because of concerns about the integrity of col lected samples. 
T h e response t ime from dénuder c was excellent (<2 min) even at l ow l i q u i d 
flow rates. I n comparison, dénuder a and especially dénuder b showed 
substantially longer response times. T h e ho ldup vo lume in device a p re ­
sented by the threads is not insignificant. I n device b , diffusion i n and out 
of the pores of the relatively thick w a l l makes, i n effect, a very thick film. 
A t a flow rate of 100 μΣ,/πιίη, up to 30 m i n is r e q u i r e d to obtain a plateau 
response. 

T h e design shown i n F i g u r e 14d exhib i ted the best performance. It 
consisted of a glass tube (8-mm i.d.) first treated w i t h tr iethylorthosi l icate , 
w h i c h bonds to the glass. Before this coating is complete ly cured , the tube 
is filled w i t h f ine-mesh, t h i n layer chromatographic grade si l ica gel that bonds 
i n t u r n to the surface. After overnight cur ing , the excess si l ica gel is removed , 
and then the inter ior is c leaned w i t h compressed air and repeatedly washed 
w i t h water. T h e result ing si l ica surface is readi ly wet ted by water. Water is 
p u m p e d into a space between the air in let tube and the glass tube and is 
sealed w i t h a r i n g of filter paper at the bottom per iphery and w i t h adhesive 
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at the top. T h e effluent is col lected at the bottom as i n denuders b and c. 
A fitting was designed subsequently (108) to facilitate the introduct ion and 
aspiration of the scrubber l i q u i d . T h e system was extensively tested w i t h 
S 0 2 as the test gas and di lute H 2 0 2 as the scrubber l i q u i d . A m b i e n t air 
measurements were also made. W i t h a length of 40 c m , the device exhib i ted 
col lect ion efficiencies that agreed w i t h i n exper imental error w i t h equation 
1. W i t h Q = 1 L / m i n and a l i q u i d flow rate o f700 μί,/πιίη, a 7 -min sampl ing 
cycle prov ided an L O D of 4 to 5 pptrv for S 0 2 . 

Vecera and Dasgupta (109) descr ibed a different wet dénuder, also of 
the s imple tubular design. M a l e halves of a fitting are permanent ly g lued 
to the dénuder tube and threaded into appropriate female halves for in t ro ­
duct ion and removal of the scrubber l i q u i d . A wettable , h igh ly porous soft 
glass layer is created w i t h i n a glass tube by coating the tube w i t h sod ium 
silicate solution and excess sil ica and then heat ing it to h i g h temperatures . 
T h e dénuder was used i n a system expressly designed to measure Η Ο Ν Ο 
and H N 0 3 . M o s t of the dénuder effluent was aspirated and preconcentrated 
on a 1.5- X 3 -mm ion-exchange co lumn for 12 m i n and then e luted onto a 
1.5- X 10-mm co lumn that separated nitrate and nitr i te . T h e co lumn effluent 
proceeded through a cadmium reductor that reduced nitrate to n i tr i te . 
G r i e s s - S a l t z m a n reagent was added continuously to the c o l u m n effluent, 
and the resul t ing azo dye formed was detected co lor imetr ical ly at 555 n m . 
This inexpensive low-pressure (peristaltically pumped) system prov ided an 
L O D of 20 and 200 pptrv for H O N O and H N 0 3 , respectively. I n field 
experiments , persistent dayt ime presence of H O N O was again noted. 

M o r e recently , S i m o n and Dasgupta (110) used a parallel -plate wet 
dénuder i n w h i c h the scrubber l i q u i d is made to flow d o w n two closely 
spaced silica-coated paral le l plates facing each other w i t h the air sample 
flowing u p w a r d i n the gap. Exce l l ent col lection efficiency (90% + ) was es­
tabl ished for S 0 2 even at flow rates of 15 L / m i n . T h e dénuder effluent was 
preconcentrated and chromatographed as i n reference 108. O n the basis of 
signal-to-noise data observed at S 0 2 test concentrations of 19 pptrv , the 
calculated L O D of the system is on the order of 0.5 pptrv . 

Summary 

It is t empt ing but admittedly unwise to make predict ions i n an area where , 
m u c h as the r e d queen informed A l i c e , " i t takes a l l the r u n n i n g one can do 
to keep i n the same place. I f you want to get somewhere else, you must 
r u n at least twice as fast as that!" Regardless, not only are diffusion-based 
col lect ion systems coupled to automated analyzers expected to make i n ­
creasing contributions to meet ing the measurement challenges i n atmo­
spheric chemistry , wet dénuder technology w i l l l ike ly mature before the 
m i l l e n n i u m ends. I f an equivalent "wet impactor" can be designed i n w h i c h 
impact ion rather than diffusion vectors are used for col lect ion, then aerosol 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

99
3 

| d
oi

: 1
0.

10
21

/b
a-

19
93

-0
23

2.
ch

00
2

In Measurement Challenges in Atmospheric Chemistry; Newman, L.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1993. 



86 M E A S U R E M E N T C H A L L E N G E S I N A T M O S P H E R I C C H E M I S T R Y 

composit ion, at least i n terms of its readi ly soluble constituents, can be 
de termined by us ing the same technology. It is conceivable that chromato­
graphic instrumentat ion can be t ime-shared by sequential gas and aerosol 
col lect ion devices. T h e recent work of L i n d (80) i n c ombin ing membrane -
based diffusion scrubbers to collect H N 0 3 (g) and i n examining a bead-packed 
continuously wetted glass co i l to collect particulate nitrate has c learly es­
tabl ished the feasibil ity and attractiveness of such an approach. T h e r e is 
relat ively l i t t le extant data on the occurrence of many organic compounds 
i n the ambient atmosphere and on the ir d is tr ibut ion i n the aerosol versus 
the gas phase. W e t denuders are capable of us ing any scrubber l i q u i d , and 
at a m i n i m u m the effluent can be semicontinuously analyzed b y l i q u i d chro ­
matographic analyzers. T h e technology for true high-reso lut ion , h igh-sen­
sit ivity analysis exists today; the extraordinari ly h igh separating power ob­
tained by subjecting each effluent l i q u i d chromatographic peak to capi l lary 
zone electrophoresis (111) and the abi l i ty to sensitively identify both inor ­
ganic and organic eluates from a capil lary system by electrospray ionizat ion 
mass spectrometry (112) have already been demonstrated. Shou ld even a 
fraction of this technology come to be deployed i n a systematic study of 
atmospheric chemistry , it may reveal m u c h about trace atmospheric con­
stituents. 
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Fast-Response Chemical Sensors Used 
for Eddy Correlation Flux 
Measurements 

A. C. Delany 

National Center for Atmospheric Research, P.O. Box 3000, Boulder, C O 80307 

The requirements for chemical sensors suitable for use in eddy cor-
relation direct measurements of surface fluxes are examined. The 
resolution of chemical sensors is examined and defined in terms of 
surface flux and commonly measured micrometeorological parame­
ters. Aspects of the design and operation of sensor systems are con­
sidered. In particular, the effects of the inlet ducting, the sensing 
volume, and the signal processing on the ability to measure surface 
fluxes were analyzed. 

MAJOR LIMITATION τ ο RESEARCH on surface-exchange and flux mea­
surements is the lack of sensitive, re l iable , and fast-response chemica l species 
sensors that can be used for eddy correlation flux measurement. Therefore 
we recommend that cont inued effort and resources be expended i n d e v e l ­
op ing chemical species sensors w i t h the responsiveness and sensitivity re ­
q u i r e d for direct eddy correlation flux measurements . " This recommenda­
t ion (J) was assigned the first pr ior i ty i n the report of the recent G l o b a l 
Tropospheric C h e m i s t r y workshop jo int ly convened by the Nat ional Science 
Foundat i on , the Nat iona l Aeronautics and Space Admin is t ra t i on , and the 
Nat ional Oceanic and Atmospher i c Admin is t rat i on . T h e authors of the report 
recognized that the l i m i t e d availabil ity of fast, accurate chemica l sensors is 
a major measurement challenge i n the field of atmospheric chemistry . 

O n e of the greatest uncertainties i n the understanding of the mechanisms 
that control the chemical composit ion of the atmosphere concerns the ex­
change of trace species between the atmosphere and the surface. These 
surface exchanges inc lude both emission and deposit ion and are int imate ly 

0065-2393/93/0232-0091$06.00/0 
© 1993 American Chemical Society 
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connected to processes invo lv ing the biosphere. T h e d r y deposit ion of at­
mospheric acids and oxidants, the natural emission of biogenic hydrocarbons, 
the anthropogenically per turbed cycles of nutr ients , and many other i m ­
portant aspects of surface exchange are invo lved i n these processes. To 
investigate surface exchange, measurements of emission and deposit ion 
fluxes must be made over selected representative sites. Several techniques 
to measure these chemica l fluxes have been developed. H o w e v e r , the most 
direct technique for measuring the emission or deposit ion is eddy corre la­
t ion . This method is a fundamentally direct technique that has the added 
advantage of not d is turb ing the nature of the surface. 

T h e concepts invo lved i n the eddy correlation technique and the factors 
invo lved i n the design of appropriate chemical sensors are brief ly examined 
i n this chapter. T h e discussion focuses on surface-layer measurements be ­
cause i t is i n this layer that the atmosphere-b iosphere interaction is most 
readi ly examined. 

Eddy Correlation 

T h e eddy correlation technique direct ly determines the flux of an atmo­
spheric trace constituent through a plane paral le l to the surface. F o r the 
determinat ion of surface emission and deposit ion fluxes, the method is r i g ­
orous w h e n specific cr i ter ia are met. Ideal ly , the meteorological conditions 
contro l l ing the state of turbulence should not vary over the course of the 
measurements. T h e surface v i ewed by the sensors should be hor izontal ly 
uni form, both i n its physical and chemica l -b io log ica l aspects, and should 
stretch for a distance m u c h greater than the height at w h i c h the measure­
ments are made. This height should be m u c h larger than the scale of the 
surface roughness and the intr insic scale of the sensors. T h e extent to w h i c h 
these cr i ter ia can be relaxed w i t h the method remain ing va l id is a subject 
of ongoing debate (2). T h e eddy correlation technique has been examined 
thoroughly, and a considerable l i terature exists that deals w i t h potential 
errors that can result because of flow distort ion (3), inappropriate signal 
processing (4), failure to make the necessary corrections for density effect 
(5), and the chemical reactivity of the measured species (6). Stratagems have 
been designed to make the most advantageous compromise between the 
need to accrue the best statistics and the desire to operate w i t h i n periods 
without significant changes i n meteorological conditions (7). Approaches 
deal ing w i t h the problems of correlated and u n c o r r e c t e d noise have been 
explored (8). H o w e v e r , the basic requirement for the measurement of the 
surface flux of atmospheric chemical species involves the abi l i ty to make the 
appropriate chemica l measurements. 

Because the eddy correlation method may be considered as def in ing the 
instantaneous upward or downward transport of the constituent and then 
averaging contributions to give the net flux, it must take into account the 
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frequency range of the turbulence responsible for vert ical ly transport ing the 
constituent i n the atmosphere. K a i m a l et a l . (9) found that the scalar flux 
cospectra scaled w i t h a nondimensional frequency, η = fz/û, where fis the 
measurement frequency, ζ is the height at w h i c h the measurement is made, 
and ïï is the mean w i n d speed. U n d e r neutral or unstable conditions, such 
as occur d u r i n g most dayt ime circumstances, 9 0 % of the flux is measured 
w i t h η < 1. Thus , for measurements on a tower at 10 m w i t h a 5-m/s w i n d , 
/ n m — (1)(5)/10 = 0.5 H z . The highest requ ired frequency is only 0.5 H z . 
Because of the N y q u i s t requirement the requ i red sampl ing rate is 1 H z . 
F o r stable n ightt ime conditions or i f fluxes must be measured w i t h greater 
than 10% accuracy, then higher frequencies need to be measured. 

K a i m a l et a l . also de termined that the lowest frequency that needs to 
be in c luded is η « 0.01. Thus , for the tower measurements ment ioned the 
lowest frequency that needs to be inc luded is / m i n « (0.01)(5)/10 « 0.005 
H z . This calculation indicates an averaging t ime of 200 s. Unfortunate ly , 
this t ime w o u l d not a l low a sufficient sampl ing of the lowest frequency 
contr ibut ion. F o r such sampl ing to occur a per iod an order of magnitude 
longer is requ i red , and hence a per iod of 30 m i n is generally requ i red . 

T h e technique requires simultaneous fast and accurate measurements 
of both the vert ical velocity and the trace species i n question. For tunate ly 
the technology for the measurement of turbulence w i t h the necessary res­
o lut ion is available. Sonic anemometers can readi ly y i e l d air mot ion data 
w i t h the requ i red resolution (10). L i k e w i s e , the abi l i ty to handle the air 
mot ion and chemical concentration data w i t h modern computer data systems 
is w e l l i n hand (11). Thus these aspects can be ignored, and the major 
l imitat ion can be dealt w i t h : the availabil ity of appropriate chemica l sensors 
w i t h sufficient t ime and chemical resolution. 

Chemical Resolution Required 

T h e effect of a surface flux on the concentration of an atmospheric constituent 
measured at some height is to impose a variance upon that concentration as 
turbulence intermittent ly transports air up from the surface, where the 
constituent is e i ther enhanced or depleted , to the l eve l of the sensor. T h e 
chemical resolution of the sensor defines the extent to w h i c h this fluctuation 
i n concentration, c\ can be assessed. T h e r e q u i r e d resolution for a sensor 
to be used for eddy correlation measurements of fluxes thus depends on the 
intensity of the flux to be measured. A greater flux gives a greater c' and a 
more relaxed requirement for chemical resolution. A smaller flux gives a 
smaller c' and a more stringent requirement for chemica l resolution. T h e 
relationship between the micrometeorological env ironment preva i l ing at the 
specific location and the chemical resolution r e q u i r e d is somewhat more 
complex. In general , atmospheric conditions that tend to dissipate or mix 
out chemica l variabi l i ty w i l l impose a greater stricture on the chemica l res-
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o lut ion , and conditions that al low chemica l var iabi l i ty to persist w i l l ease 
the requirement of chemical resolution. 

Bus inger and D e l a n y (12) examined this p r o b l e m and der ived a re la ­
t ionship that defines the chemical resolution requ i red for sensors used for 
eddy correlation measurements. T h e i r approach was to specify the standard 
deviation of the chemical concentration o c (the root mean square of the 
chemica l fluctuation c') i n terms of the surface chemica l flux, F c , and readi ly 
measured micrometeorological parameters. 

where u* = (-u'wf)m is the frict ion velocity , Θ* = -w'Q'/u* is the charac­
teristic potential temperature , σ θ = (θ ' θ ' ) 1 7 2 is the standard deviat ion of the 
potential temperature , u is the horizontal velocity, w is the vert ical velocity , 
and θ is the potential temperature. 

It was then argued that i f the flux is to be k n o w n to ± 1 0 % there is a 
resolution requirement that Rc — 0. l o c for the worst-case scenario. 

Rc = 0.1 a c = 0 . 1 | F , | - ^ T (2) 
U*\O*\ 

T h e value o f σθ/«*|θ*|, w h i c h Bus inger and D e l a n y t e r m e d the atmospheric 
parameter, is p lotted i n F i g u r e 1 as a function of atmospheric stabil ity, 
z / L , and frict ion velocity , u*. 
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This atmospheric stability versus fr ict ion velocity plot is capable of r e p ­
resenting any atmospheric condit ion except that w h e n the stabil ity is neutral . 
T h e information contained i n F i g u r e 1 and equation 2 allows the relat ionship 
between the value of the surface flux and the requ i red chemica l sensor 
resolution to be estimated for a fu l l range of atmospheric condit ions. 

Chemical Sensors 

T h e factors that influence the chemical resolution of sensors are w e l l under ­
stood and are not discussed here. Th is section reviews the factors that contro l 
the temporal resolution of sensors to be used for eddy correlat ion. I n the 
analysis of the design of chemical sensors to be used for eddy correlat ion it 
is instruct ive to consider the different components of chemica l sensor systems 
separately to determine the influences that they have on the tempora l r e ­
sponse to variations i n the atmospheric concentration of a trace constituent. 
O f course this analysis is an oversimpli f ication because the total systems 
operate i n a more complex fashion, but it is a useful exercise. 

Inlet System. T h e simplest inlet system is that of the open-path i n 
situ sensor. This system is the ideal ; only subtle effects are expected. T h u s , 
flow distort ion can produce air density changes that interfere w i t h the mea ­
surement of molecular density by optical absorption techniques , and size 
fractionation of large aerosol particles can result because of airf low around 
the body of the sensor. F o r many chemical sensors this open path cannot 
be achieved, and atmospheric air must be ducted to the sensor. E v e n w h e n 
optical absorption techniques are used, the need to reduce the pressure 
broadening of absorption lines can necessitate the atmospheric sample be ing 
drawn into a reduced-pressure ce l l for analysis. F o r analysis techniques 
invo lv ing chemiluminescence , flame photometry , e lectron capture, and 
other techniques, it is often imperat ive to enclose the sensing vo lume , hence 
the air must be ducted to the sensor. T h e distance that the sample must be 
ducted depends on several factors. I f the physical size of the chemica l sensor 
system is large or i f it requires special env ironmenta l housing , then i t cannot 
be placed near the turbulence sensor or the flow distort ion w o u l d be too 
severe. H o w e v e r , too great a separation can impose l ine loss and other 
penalties. Considerations of chemistry and turbulence can lead to a c o m ­
promise balancing the disadvantages. 

T h e most obvious result of duct ing the atmospheric sample from the 
v i c in i ty of the sonic anemometer to the chemica l sensor is the introduct ion 
of a t ime delay. Th is t ime lag must be e l iminated before the correlat ion 
between chemical concentration and the vert ical air mot ion variances is made 
to y i e l d the covariance. Several different approaches have been taken to 
determine the length of the delay. O n e s imple method involves sp ik ing a 
balloon w i t h the compound invo lved , and then inf lat ing and burst ing i t i n 
such a manner that the sonic anemometer path is in terrupted at the same 
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instant the sample is released at the chemica l sensor intake. A fast solenoid 
valve may be used to enable the rap id inject ion of the trace c ompound into 
the sample intake. A more sophisticated approach uti l izes the fact that the 
chemica l concentration and the temperature are correlated i n the atmo­
sphere. B y adjusting the t ime lag of the chemical sensor data stream, one 
can determine the m a x i m u m possible correlation (or anticorrelation), and 
the correct value can be obtained. A more serious diff iculty arises i f the 
chemical compound interacts w i t h the material of the duct ing . A l t h o u g h an 
appropriate cal ibration procedure , one that involves the entire in let system, 
w i l l a l low the effect on the mean concentration of the trace constituent to 
be corrected for, the cal ibration may not compensate for the effect on the 
f luctuation. F o r the effect of chemisorpt ion of a c o m p o u n d on the w a l l of 
the duct , for example, elevated concentrations w o u l d cause adsorption of 
molecules that w o u l d be released w h e n the concentration decreased. T h e 
net effect of this smoothing w o u l d be to d i m i n i s h the f luctuation and hence 
the perce ived flux. 

E v e n without chemical interaction the effect of a velocity profi le across 
the section of the duct leads to a s imilar effect. T h e result , again, is an 
attenuation of variance. Lenschow and Raupach (13) investigated this aspect 
and presented the ir results i n terms of the half -power frequency, f05, the 
frequency at w h i c h the variance has been d i m i n i s h e d by 50%. This half-
power frequency is g iven by the expression 

/os = %.5 X velocity / (radius X l e n g t h ) 1 / 2 (3) 

where n 0 5 is a dimensionless frequency w i t h a value of n 0 5 = 0.92/(Re X 
Sc)m for laminar flow and a value of n 0 5 = 0*066Re 1 / 1 6 for turbulent flow, 
Re is the Reynolds n u m b e r (Re = diameter X velocity X density /viscosity) , 
and Sc is the Schmidt n u m b e r (Sc = molecular v iscos i ty /molecular di f fu-
sivity; Sc is approximately 0.5 for c ommon gases). 

T h e best single system to use to duct atmospheric air to chemica l sensors 
used cannot be def ined for eddy correlation measurements because there 
are many parameters capable of adjustment and other considerations of cost, 
available electrical power, and so forth. H o w e v e r , the p r o b l e m can be i l ­
lustrated b y an analysis of a realistic example. 

A fast chemica l sensor that operates at a reduced pressure of 50 torr 
(6700 Pa) and w i t h a flow of 1 standard l i ter per minute must be maintained 
i n an instrument shelter. Considerations of flow distort ion require that 10 
m separate the sensor from its intake on the tower near the sonic a n e m o m ­
eter. Three duc t ing arrangements can be considered. T h e first w o u l d involve 
drawing air along 10 m of 1 /4- inch tub ing (0.2 c m internal radius) and 
contro l l ing the flow and pressure at the sensor itself. T h e second option 
w o u l d place the pressure- f low control ler at the inlet and allow the inlet 
intake to flow at the reduced pressure. T h e t h i r d course w o u l d be to use a 
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high-f low manifold of 2- inch p ipe w i t h a flow of 10 cubic feet per minute 
(2.5-cm internal radius and 4.7 l iters per second) to b r i n g the air to the 
sensor, and then sampling w o u l d be done from the manifold. Table I gives 
the relevant dimensions and calculated parameters. T h e results of us ing each 
of the three options are shown schematically i n F i g u r e 2. 

Table I. Dimensions and Calculated Parameters for the Three Different Inlet 
Configurations 

Inlet Configuration 
Ambient Reduced 

Parameter Pressure Pressure Manifold 
Length (cm) 1.0 X 103 1.0 X 103 1.0 X 103 

Radius (cm) 2.0 x ΙΟ"1 2.0 x ΙΟ"1 2.5 
Density (g/cm3) 1.2 x 10-3 7.9 x 10-5 1.2 x 10-3 

Ambient flow (cm - 3 s_1) 1.7 x 101 2.6 x 102 4.7 x 103 

Time delay (s) 7.4 4.8 x ΙΟ"1 4.2 
Re 3.5 x 102 3.5 x 102 7.8 x 103 

fo.5 (S"1) 7.0 x ΙΟ"2 7.0 Χ ΙΟ"2 1.2 Χ ΙΟ"1 

no.5 ( s _ 1 ) 6.6 x ΙΟ"1 1.0 X 101 5.5 x ΙΟ"1 

DELAY TIME * 75 SECONDS 

S E N S O R 
HALF POWER FREQUENCY • 0.66 HERTZ 

HALF POWER TIME • IS SECONDS 

DELAY TIME « 0.48 SECONDS 

S E N S O R 
HALF POWER FREQUENCY = 10 HERTZ 

HALF POWER TIME « 0.1 SECONDS 

J F L 

DELAY TIME s 42 SECONDS 

S E N S O R tft 
HALF POWER FREQUENCY * 055 HERTZ 

HALF POWER TIME s IS SECONDS 

P U M P 

Figure 2. Three possible options for ducting atmospheric air from the inlet on 
the tower to the sensor in the instrument shelter. 
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S e n s i n g V o l u m e . T h e sensing vo lume of a sensor is the vo lume where 
the air is actually monitored . T h e sensing vo lume is the reaction chamber 
of a flame photometr ic detector or a chemi luminescence device , the field of 
v i e w of an open-path sensor, or the W h i t e ce l l of a reduced-pressure optical 
system. T h e residence t ime of the sample w i t h i n the sensing vo lume u l t i ­
mately l imits the temporal resolution of most chemica l sensors. 

F o r an i n situ sensor the residence t ime for the chemica l constituent is 
def ined by the sensing path of the particular technique. I n the best possible 
case this path is the same as for the sonic anemometer , w h i c h measures air 
mot ion , and hence there is a correspondence w h e n the two factors, c and 
w, are correlated. 

F o r most chemical or optical sensors the size and flow rate of the reactor 
or optical ce l l defines the residence t ime . T h e t ime resolution cannot be 
better than the residence t ime τ, although it can be worse. 

Thus , for a n i t r i c oxide sensor dependent on ozone chemi luminescence , a 
1.5-liter reaction chamber operating at 60 torr w i t h a flow of 1.0 standard 
l i ter per second has a residence t ime of approximately τ = (1.5/1.0) X (60/ 
760) = 0.12 s. 

S i g n a l P r o c e s s i n g . A l though the temporal resolution of a sensor is 
u l t imately l i m i t e d by the residence t ime of the sensing vo lume , resolution 
can be further degraded by the necessity to integrate the signal for some 
longer per iod i n order to accumulate sufficient data for adequate statistics. 
Th is scenario can best be i l lustrated by consider ing a sensor that involves a 
statistically characterized output such as photon count ing . F o r such a sensor 
the smallest change i n concentration that can be re l iably detected is one 
that generates a change of output greater than or equal to the statistical 
uncertainty associated w i t h the total n u m b e r of counts. Th is value may be 
taken as the square root of the total number . Because the n u m b e r of counts 
depends on the integration t ime , the statistical uncertainty depends on some 
specific t ime interval . F o r a sensor i n w h i c h S is the chemica l sensit ivity of 
a sensor, the count rate generated by some concentration of the specific 
chemical species, and Β is the background of a sensor, the count rate that 
is independent of the chemica l concentration, the chemica l resolution of this 
sensor, R T , is the smallest change i n chemica l concentration that can be seen 
against the mean chemica l concentration, c, w h e n the measurement is per ­
formed for t ime τ. 

τ = v o l u m e / a m b i e n t flow (4) 

R T = ( B T + S T C ) 1 ' 2 ^ ) - 1 (5) 

F o r the case w h e n the background is negl igible 

R T = ( S T C ) 1 / 2 ( S T ) - 1 = ( C / S T ) 1 ' 2 (6) 
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T h e detection l i m i t of a sensor, D T , is a special case of chemica l reso­
lut ion . Th is l i m i t is the smallest increase of concentration that can be seen 
against the background w h e n the measurement is per formed for t ime τ. B o t h 
the chemica l resolution and the detection l i m i t are dependent upon mea­
surement t ime . T h e longer the integration per i od , the smaller the chemica l 
resolution and the detection l imi t . Thus 

D T = D ( 1 5 ) ( 1 . 0 / τ Γ (7) 

where D { 1 s ) is the 1-s integration detect ion l imi t . H o w e v e r , the detect ion 
l i m i t (and the chemical resolution) do not decrease indef inite ly . A l i m i t is 
reached w h e n nonstatistical variat ion, in c lud ing drift and artifact response, 
become dominant. L i k e w i s e τ (and the temporal resolution) cannot be de ­
creased indef initely . A detector has a m i n i m u m response t ime that is as­
sociated w i t h the clearance of the sample of air from the sensing vo lume . 

Conclusion 

M o r e information is needed about the surface emission and deposit ion of 
trace atmospheric species. These fluxes can often be best measured b y the 
eddy correlation technique w i t h fast chemical sensors i n conjunction w i t h 
micrometeorological instrumentat ion. As analytical techniques for trace spe­
cies progress, fast and sensitive sensors are becoming available for field 
research. Considerat ion must be g iven to matching the chemica l sensors to 
the eddy correlation technique. 
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Tropospheric Sampling with Aircraft 

Peter H . Daum and Stephen R. Springston 

Environmental Chemistry Division, Department of Applied Science, Brookhaven 
National Laboratory, Upton, NY 11973 

The use of aircraft in atmospheric sampling places stringent require­
ments on the instruments used to measure the concentrations of at­
mospheric trace gases and aerosols. Some of these requirements, such 
as minimization of size, weight, and power consumption, are general; 
others are specific to individual techniques. This review presents the 
basic principles and considerations governing the deployment of trace 
gas and aerosol instrumentation on an aircraft. An overview of com­
mon instruments illustrates these points and provides guidelines for 
designing and using instruments on aircraft-based measurement pro­
grams. 

IN SITU MEASUREMENTS have always been an important component of at­
mospheric chemical studies because of the enormous complexity of the at­
mosphere and the impossibi l i ty of realistically s imulat ing the interactions 
between a l l of the relevant species i n the laboratory. Surface measurements 
are extremely useful i n identi fy ing important species and characteriz ing the 
chemical processes i n w h i c h they are invo lved . H o w e v e r , atmospheric c o m ­
posit ion and chemical reactivity are spatially vary ing quantit ies , and surface 
measurements are not capable of p rov id ing data for the study of many i m ­
portant chemical phenomena. F u r t h e r m o r e , these features of the atmo­
sphere are frequently l i n k e d to static and dynamic meteorological p h e n o m ­
ena that occur over a vast range of scales and cannot be understood by 
sampl ing at a fixed location. 

In theory, spatially resolved measurements of concentrations of atmo­
spheric trace substances could be made by remote sensing from either sur­
face-based or satellite platforms, but remote sensing capabilities have not 
yet been developed for many species. F u r t h e r m o r e , both surface- and sat­
el l ite-based remote sensing methods have dist inct l imitations i n resolving 

0065-2393/93/0232-0101$09.00/0 
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horizontal and vert ical variations i n concentrations on scales that may be 
important to understanding various atmospheric chemica l propert ies . F o r 
these reasons a need for i n s itu sampl ing of atmospheric regimes inaccessible 
to surface- or satellite-based instruments (by alt i tude, geographic, or tech­
nical constraints) w i l l r emain for the foreseeable future. 

Platforms capable of conduct ing such measurements inc lude tethered 
balloons, free balloons such as those deployed for meteorological soundings 
or for stratospheric measurements, and aircraft. A l t h o u g h each of these 
platforms has been used i n atmospheric chemical studies, only aircraft have 
been used by a relat ively broad communi ty because payload and electr ical 
power l imitations or cost (the latter an especially important consideration 
for stratospheric measurements) l imits the use of balloons i n the study of 
phenomena not readi ly accessible by other means. M o r e important ly , h o w ­
ever, balloons sample the atmosphere i n fundamental ly different ways than 
aircraft. Tethered balloons, because they only have access to a narrow c y l ­
inder above the ir moor ing , essentially sample i n a E u l e r i a n framework. F r e e 
balloons essentially sample i n a Lagrangian framework. A l t h o u g h sampl ing 
i n such frameworks is important for the study of specific classes of prob lems, 
such measurement strategies do not prov ide the information necessary to 
understand many of the important chemical properties of the atmosphere. 

A s the atmospheric chemical c ommuni ty focuses more intent ly on issues 
of global concern, a focus that requires the survey of the chemica l compo­
sit ion of the remote atmosphere and the study of chemica l processes occur­
ring w e l l above the surface, a larger n u m b e r of programs w i l l use aircraft 
e i ther as the pr inc ipa l sampl ing platform or to augment measurements made 
b y other means. Because aircraft measurements impose different and fre­
quent ly more stringent sets of requirements on techniques used to measure 
trace atmospheric species than surface measurements, there is a need to 
rev iew these requirements and to show how various measurement methods 
have been designed or altered to meet the needs of aircraft use. Th i s chapter 
focuses on measurement of trace chemical species; this def init ion includes 
trace gases as w e l l as aerosol particles and c loud droplets. Measurements of 
winds , atmospheric state parameters, solar radiation, and s imilar parameters 
are not treated. F u r t h e r m o r e , this rev iew is restr icted to the use of aircraft 
and instruments for tropospheric measurements. Th i s chapter is d i v i d e d into 
two main sections: the first section emphasizes general issues invo lved i n 
sampl ing from aircraft; the second section surveys specific techniques that 
have been used for aircraft measurement of species that have been ident i f ied 
to be of c ommon interest to a large segment of the chemica l c ommuni ty . 

General Considerations 

Aircraft measurement of trace atmospheric species emphasizes several prob ­
lems i n the composite sampl ing-analyt i ca l process that are not rout ine ly 
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encountered to the same degree d u r i n g measurements at a stationary surface 
site. T h e first p rob lem is distortion of sample composit ion d u r i n g the sam­
p l i n g process. F o r aerosol species this distort ion is an especially significant 
prob lem because sampl ing is accomplished at h igh relative veloc i ty (50 -200 
m/s) and fractionation of the aerosol by size due to nonisokinet ic sampl ing , 
turbulence , and inert ia l losses at bends i n the sampl ing l ines can occur. F o r 
trace gases special attention must be paid to design and implementat ion of 
inlet and d is tr ibut ion systems to avoid adsorptive losses or contamination of 
the sampl ing system. Second, there are often important eng ineer ing p r o b ­
lems associated w i t h the use of instruments i n an aircraft that are not usual ly 
encountered i n surface sampl ing applications. We ight , size, and electr ical 
power consumption are frequently severe constraints on aircraft. F u r t h e r ­
more, instruments may be subjected to extreme variations i n temperature 
and h u m i d i t y and to h igh levels of v ibrat ion . T h u s , it is f requently not 
possible to deploy conventional state-of-the-art analytical instruments on 
aircraft without substantial modifications to m i n i m i z e the inf luence of these 
factors on instrument performance. T h i r d , aircraft measurements are fre­
quent ly made over a wide range of altitudes, and instruments w i l l be exposed 
to a range of pressures more extreme than w o u l d ever be encountered d u r i n g 
operation at the surface (depending on whether the aircraft is pressur ized 
and how the sample inlet system is designed). Because instruments fre­
quent ly exhibit large changes i n sensitivity w i t h pressure, us ing a sensor on 
an aircraft requires that the pressure response of the composite i n s t r u m e n t -
sampl ing system be w e l l understood. N o instrument , whether commerc ia l 
or custom-made, can be deployed i n an aircraft without a consideration of 
the effects of this environment . Th is section explores these and related issues 
and gives some guidel ines on how these problems can be resolved. 

C o n c e n t r a t i o n U n i t s . A n y discussion of aircraft measurements must 
begin w i t h a rev iew of various ways i n w h i c h abundances of trace atmospheric 
constituents are specified. Such nomenclature is frequently a point of some 
confusion. I n addit ion, because instruments used on aircraft are operated 
over a range of pressures, the fundamental way that an instrument senses 
a species and generates an output signal that is then converted to a measure 
of abundance is an important issue. T h e latter concern is discussed i n the 
next section. 

Several methods are commonly used to specify the abundance of sub­
stances i n the atmosphere. F o r gaseous constituents c o m m o n practice is to 
specify abundances as mix ing ratios, or equivalent ly as mole fractions of the 
species i n air. Th is quantity is s imply the ratio of the part ia l pressure of a 
substance to the total pressure. T h e advantage of this uni t is that it is i n ­
dependent of pressure and temperature , and for an atmospheric component 
that is w e l l mixed , the mix ing ratio w i l l be constant as the pressure or 
temperature changes. C o m m o n units for specifying m i x i n g ratios are parts 
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per m i l l i o n (ppmv), parts per b i l l i on (ppbv), and parts per t r i l l i on (pptrv), 
meaning ratios of the part ial pressure to the total pressure (or molar ratios) 
of 1 i n 10 6 , 1 i n 10 9 , and 1 i n 10 1 2 , respectively. To d ist inguish from c o m m o n 
usage i n specifying solution-phase concentrations, where ppb and so forth 
indicate the mass m i x i n g ratio, the suffix ν is added to indicate m i x i n g ratio 
by vo lume. 

O t h e r c ommon ways of expressing abundances, part icular ly of so l id or 
l i q u i d particles, is to express them as concentrations i n units of micrograms 
per cubic meter or nanomoles per cubic meter . F o r purposes of consistency, 
concentrations expressed i n these units should be normal i zed to standard 
conditions of temperature and pressure. Because there is some confusion as 
to what constitutes standard conditions i n atmospheric chemistry (273 Κ and 
1.013 bar are commonly used i n chemistry and physics and 293 Κ and 1.013 
bar are used i n engineering), it is important to define the standard condit ions 
that are assumed w h e n report ing data. Th is explic it def init ion is f requently 
not done. Concentrations expressed i n these units can be easily converted 
to m i x i n g ratios by use of the ideal gas law: 

22 4 
MR (ppbv) = C ^ g / m 3 ) x = 0.0224 C (nmol /m 3 ) (1) 

M 

where MR is the m i x i n g ratio, M is the molecular weight , C is the concen­
tration expressed i n the specified units , and standard conditions are assumed 
to be 273 Κ and 1.013 bar. 

Altitude Response. Pressure response is an issue that needs to be 
addressed for every instrument deployed on an aircraft. F i r s t , it must be 
dec ided how chemical abundances are to be reported . I f standard practice 
is fo l lowed and they are reported as m i x i n g ratios, then it must be de te rmined 
whether the instrument is fundamental ly a mass- or a concentrat ion-depen­
dent sensor, because this def init ion determines the first-order means by 
w h i c h instrument response is converted to m i x i n g ratios as a function of 
pressure. I n this context, a mass-sensitive detector is a device w i t h an output 
signal that is a function of the mass flow of analyte molecules ; a concentrat ion-
sensitive detector is one i n w h i c h the response is proport ional to the absolute 
concentration, that is, molecules per cubic cent imeter . 

F o r sensors that are t ru ly mass sensitive and for w h i c h the mass f low of 
sample through the sensing e lement is h e l d constant as a function of pressure 
(for example, by use of electronic mass-flow controllers), instrument response 
is proport ional to the mix ing ratio independent of the pressure. F o r con­
centration-sensitive detectors, such as s imple spectrophotometric i n s t r u ­
ments measuring absorbance or fluorescence, instrument response is a func­
t ion of the absolute concentration, and the response w i l l decrease for a 
constant m i x i n g ratio as the pressure decreases. F o r example, the response 
of a pulsed fluorescence S 0 2 instrument sampl ing air containing a fixed 
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mix ing ratio of S 0 2 w i l l be less at 850 mbar than at 1000 mbar because there 
w i l l be 15% fewer S 0 2 molecules present i n the active vo lume of the detector. 
T h e correct mix ing ratio can be obtained by m u l t i p l y i n g the instrument 
response by the ratio P„/Pj, where F ( ) is the pressure at w h i c h the cal ibrat ion 
was per formed and Fx is the pressure at w h i c h the measurement is made. 
S imi lar f irst-order corrections are adequate for most instruments based on 
concentration-sensitive detectors, such as the U V photometr ic 0 3 , the gas 
filter correlation ( G F C ) C O , and s imilar instruments . T h e response of con ­
centration-sensitive detectors having sensing chambers that operate at con­
stant absolute pressure should not need to be adjusted for alt i tude i f c on ­
centrations are reported as mix ing ratios. 

T h e need for more complicated considerations in conversion of i n s t r u ­
ment response to mix ing ratios usually arises w h e n instruments that are 
based on mass-sensitive detectors are used. C o m m o n reasons are e i ther that 
the mass flow is not h e l d constant or that the process w h e r e b y the flow of 
analyte molecules is converted to an electrical signal changes as the pressure 
changes. These effects are i l lustrated by a discussion of the pressure response 
of two instruments commonly used to measure atmospheric trace gases, bo th 
based on detection schemes that are inherent ly mass sensitive. 

T h e first example is the 0 3 - e t h y l e n e chemi luminescent detector for 
measurement of 0 3 . Such detectors are inherent ly mass sensitive because 
the photomujt ip l ier current is a function of the flow of 0 3 molecules through 
the detector, p rov ided other factors contro l l ing response remain constant. 
Thus , as long as the mass flow of sample is fixed, instrument response w i l l 
be proport ional to the 0 3 m ix ing ratio and independent of pressure. H o w ­
ever, a l l of the commerc ia l ly available 0 3 - e t h y l e n e detectors use flow re -
strictors to control sample flow. If these restrictors operate under choked 
flow conditions, the mass flow w i l l decrease as the pressure decreases, and 
the response of the instrument to a fixed m i x i n g ratio of 0 3 w i l l decrease 
w i t h pressure. If the decrease i n mass flow w i t h pressure is l inear , the 0 3 

detector w i l l exhibit characteristics of a concentration-sensitive detector (re­
sponse to fixed mix ing ratio decreasing w i t h pressure) even though it is 
inherent ly a mass-sensitive detector, and mix ing ratios can be calculated 
from instrument response i n the same way as w i t h concentration-sensit ive 
detectors. (This is the case because the process generating the c h e m i l u m i ­
nescent signal is not a strong function of pressure.) Behavior of a commerc ia l 
0 3 chemi luminescent detector us ing choked flow restrictors to contro l sam­
ple flow was evaluated (reference 1; see also references 2 and 3). U n d e r 
operating conditions of the instrument , response to a fixed 0 3 m i x i n g ratio 
decreased w i t h pressure i n a manner that cou ld be pred i c ted from ideal gas 
law considerations; that is, the change i n response was v i r tua l ly ident ica l to 
the change i n response of a U V 0 3 sensor i n paral le l measurements. If the 
response had been assumed to be proport ional to the m i x i n g ratio (mass 
sensitive), then 0 3 concentrations w o u l d have been reported incorrect ly . It 
was also demonstrated that mainta in ing constant sample mass flow caused 
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the 0 3 sensor response to be proportional to the mixing ratio independent 
of pressure, that is, to respond as a mass-sensitive detector. 

The second example is the commonly used flame photometric detector 
for measurement of S 0 2 and aerosol sulfur. In this detector, sulfur com­
pounds are determined by measuring the light emitted by excited-state S 2 

molecules formed when sulfur compounds are introduced into a hydrogen-
rich flame. Because two sulfur atoms combine to form the emitting species, 
detector response is approximately proportional to the square of the sulfur 
concentration. The detector is mass sensitive in the sense that the signal is 
proportional to the mass flow of sulfur molecules passing through the de­
tector; it is concentration sensitive in the sense that the signal is proportional 
(approximately) to the square of the sulfur concentration in the active region 
of the detector. In the instrument's commercial form, sample flow is deter­
mined by a flow restrictor, and thus mass flow decreases with pressure; it 
would be predicted that the response to a given sulfur mixing ratio would 
decrease with altitude. However, because of the way in which the hydrogen 
flow is controlled, the H 2 - 0 2 ratio in the flame also changes with pressure. 
This situation causes not only changes in sensitivity larger than would be 
predicted on the basis of mass-flow reduction with pressure but also large 
shifts in the background emission of the flame. The dependence of both the 
baseline response and sulfur sensitivity on pressure can be minimized (4) 
by controlling the mass flow of sample and hydrogen. The small residual 
dependence on pressure is presumably a manifestation of the concentration-
sensitive characteristics of the detector due to the reduction in burner pres­
sure with altitude. 

This discussion points out several issues that need to be addressed when 
deployment of an instrument on an aircraft is being considered. First, it 
cannot be assumed that an instrument based on a mass-sensitive detector 
will give a response proportional to the mixing ratio independent of pressure. 
Response may vary, because the flow control system does not maintain 
constant mass flow over a relevant range of pressures. Similarly, it cannot 
be assumed that a flow control system based on restrictors will operate under 
choked flow conditions over the required range of pressures. Pumping ef­
ficiency changes with pressure, and at higher altitudes pumps may not be 
able to maintain the pressure drop required for choked flow. Under these 
conditions, the flow will not be a simple function of the ambient pressure, 
and instrument response cannot easily be converted to either mixing ratios 
or absolute concentrations. For these reasons, it is good practice to use 
electronic mass-flow controllers to control sample flow either directly or by 
difference on any mass-sensitive detector used on an aircraft. 

However, even the use of mass-flow controllers may not be sufficient 
to stabilize instrument response as the pressure changes. For many detec­
tors, chamber pressure varies with altitude even if the sample mass flow is 
maintained at a constant value. This variance may cause a change in the 
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efficiency of the processes convert ing analyte flow to an electr ical or optical 
signal proport ional to concentration. A s demonstrated by the examples m e n ­
t ioned, it is difficult to predict , a p r i o r i , the pressure response of a composite 
sampl ing system-detector . It is thus necessary to characterize instruments , 
part icularly mass-sensitive instruments based on chemi luminescent p r o ­
cesses, before us ing them i n aircraft measurements to assure that the pres ­
sure response is w e l l understood. 

Instrument Time Response. Instrument response t ime is always a 
consideration i n aircraft measurements because aircraft velocities can be 
very h igh , upwards of 200 m/s . Because instruments have a f inite response 
t ime , spatial resolution is often an important consideration w h e n samples 
are be ing taken from an aircraft. A b o u t the slowest speed that can be m a i n ­
tained on a conventional aircraft w i t h any realistic payload capabil ity is 50 
m/s . Thus , i f an instrument has a 10-s response t ime , the spatial resolution 
of the measurement is on the order of 0.5 k m ; for an aircraft sampl ing at 
200 m / s , the spatial resolution is on the order of 2 k m . S low instrument 
response distorts the signal i n regions of strong spatial gradients, decreasing 
peak heights and smoothing the signal. Reconstruct ion of the actual signal 
is not t r iv ia l and w i l l generally require extensive laboratory characterizations 
of instrument response characteristics i n order to provide an adequate dif­
ferential transform. A more complete discussion of this topic is g iven i n 
reference 5 and the references contained there in . 

W h e t h e r response t ime is a significant issue i n an aircraft sampl ing 
program depends on the objective of the measurements. F o r sampl ing pro ­
grams designed to characterize spatially compact regions of the atmosphere, 
such as power plant p lumes or single cumulus clouds, fast instrument r e ­
sponse t ime is of paramount importance because these features may only be 
0.5 to several ki lometers i n extent. Features of interest i n some c loud studies 
may have scales of only a few meters. F o r measurement programs i n w h i c h 
the objective is characterization of remote regional air masses where con ­
centrations are relatively homogeneous, instrument t ime response may not 
be important . 

F o r most measurement techniques a trade-off exists between t ime r e ­
sponse and sensitivity. Instruments can be made to respond more rap id ly , 
but then noise levels and detection l imits increase. To ful f i l l certain mea­
surement objectives for w h i c h sensitivity is not a p r o b l e m , i t may be useful 
to enhance the t ime response of the instrument and accept the decrease i n 
sensitivity. I n any event, careful consideration must be made i n the design 
of any sampling program to ascertain what l eve l of concentrations needs to 
be measured and what t ime-space resolution is requ i red . These issues w i l l 
determine the characteristics of the airborne platform and the instruments 
that w i l l be used and w i l l dictate how they w i l l be deployed. 
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S a m p l e I n l e t s . T h e design and construction of any system for aircraft 
sampl ing involves i m p l e m e n t i n g an inlet that w i l l not alter the composit ion 
of the sample air. F o r trace gases an inlet is r equ i red that w i l l not change 
the concentration of trace gases as they transit the in let system; for aerosol 
sampl ing an inlet is r equ i red that preserves the size d is tr ibut ion of the aerosol 
particles d u r i n g the sampl ing process. F o r trace gases, the type of in let that 
is r equ i red depends strongly on the characteristics of the gases that are be ing 
sampled. F o r substances that are relatively inert , such as C H 4 , C O , N O , 
and so forth, c ommon materials such as glass, Tef lon, and stainless steel w i l l 
suffice; for reactive gases or gases that have a tendency to adsorb on surfaces 
(e.g., H N 0 3 ) , the choice of materials for sample inlet l ines is m u c h more 
cr i t ical . Surface adsorption on the tub ing material is only part of the prob lem. 
C l e a n surfaces, made of even the most inert material , qu i ck ly become coated 
w i t h a layer of moisture and fine particles. Short residence times and laminar 
flow conditions m i n i m i z e the influence of the wal l and a id i n preserv ing the 
integrity of sample components. 

Sampl ing aerosols from an aircraft is inherent ly a difficult process, and 
no generally accepted method for sampl ing over the entire size range of 
interest (0.01-10 μιη) has been developed. T h e p r o b l e m is difficult because 
aircraft sample at a h igh velocity and the aerosol particles must be brought 
to that velocity d u r i n g the sampling process. Because of this requirement , 
distort ion of the size d istr ibut ion (by size-selective sampl ing at the probe 
t ip or by evaporative losses of volatile components due to adiabatic heating) 
and losses at the inlet or i n subsequent turbulent deposit ion or inert ia l 
impact ion are of great concern. 

T h e first requirement for sampling aerosols is to preserve the i r size 
d is tr ibut ion . To accomplish this , sampl ing must be conducted isokinetical ly ; 
that is , the sampl ing rate must be such that the velocity of air relative to 
the probe t ip is the same just inside the probe as it is outside. I f these 
velocities are different, sampl ing is anisokinetic and w i l l lead to a distort ion 
i n the size d istr ibut ion of the sampled aerosol. I f air is sampled subisoki -
netical ly , large particles w i l l be oversampled relative to smaller particles; 
the smaller particles w i l l follow the streamlines around the probe t ip , w h i l e 
the large particles w i l l s t i l l penetrate the inlet . I f sampl ing is superisokinetic , 
smaller particles w i l l be oversampled. This situation is i l lustrated i n F i g u r e 
1. A second requirement is to move the aerosol particles from the probe t ip 
to the sample col lect ion point or to the inlet of an instrument wi thout losses 
e ither by turbulent processes or inert ia l deposit ion at bends i n the inlet 
tub ing . These losses can be m i n i m i z e d by keep ing the in let l ines as straight 
as possible and, where bends are requ i red , by us ing a large radius of cur ­
vature. 

A typical aircraft sampling probe consists of a conical ly shaped t ip w i t h 
sharp leading edges (Figure 2). T h e probe is shaped i n this way to m i n i m i z e 
distort ion of the airstream by the nozzle at the point of sample entry into 
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Figure 1. Representation of an aircraft aerosol sampling inlet showing flow 
streamlines for subisokinetie, superisokineticy and isokinetic sampling. Under 
subisokinetic conditions large particles will be oversampled; under superiso-
kinetic conditions small particles will be oversampled; and under isokinetic 

conditions, the particle size disMbution will be preserved. 

the system. T h e diameter of the probe increases b e h i n d the nozzle (usually 
at an angle of about 7°) to decrease the l inear flow rate, m i n i m i z e losses at 
bends i n the tub ing , and b r i n g the sample into the inter ior of the aircraft. 
T h e radius of curvature of requ i red bends can be quite large, part icular ly i f 
coarse-mode aerosol particles are to be sampled. F o r example, Sher idan and 
Zo l ler (6) used an inlet w i t h a radius of curvature of ~ 7 5 c m to m i n i m i z e 
losses of large particles by inert ia l deposit ion. 

A n alternative probe design using a rounded profi le on the leading edge 
that fo l lowed cr i ter ia developed for aircraft engine intakes at l ow M a c h 
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«4 7 i 1 2 5 « 

Figure 2. Diagram of a typical sharp-edged probe for isokinetic sampling of 
aerosol particles from an aircraft. The probe is sized to provide —500 LI m at 
a sampling velocity of 50 m/s. The 7° expansion of the probe behind the probe 
tip is to slow the air velocity. The interior of the probe is polished to a mirror 

surface. 

numbers has been appl ied to aerosol sampl ing from aircraft (7). Th i s intake 
is reported to avoid distortion of the pressure field at the nozzle t ip and the 
resul t ing problems associated w i t h flow separation and turbulence . Th is 
design has been reported to be m u c h more efficient at co l lect ing coarse 
aerosol particles than isokinetic inlets w i t h sharp leading edges, and p r e ­
sumably because of its shape the design is more forgiving of slight misa­
l ignment w i t h the local airflow. 

T h e abi l i ty of current ly used aircraft probes to accurately sample aerosols 
has been quest ioned. H u e b e r t et a l . (8) conducted a comparative study of 
several different types of aerosol probes, a l l mounted on the same aircraft. 
T h e results suggested that substantial losses of particles occurred i n a l l of 
the in let systems. Because of the l i m i t e d nature of the study, however , the 
causes of the aerosol losses cou ld not be identi f ied. T h e results of the H u e b e r t 
study prompted a workshop to reexamine the entire issue of aerosol sampl ing 
from aircraft (9). A n important conclusion of the workshop was that current ly 
there is insufficient knowledge to "adequately describe important charac­
teristics of airflow and particle trajectories at flight speeds" of aerosol sam­
p l i n g probes used on aircraft. 

A second conclusion was that coarse-mode particles are typical ly u n -
dersampled by current ly used aircraft probes and that although the sampl ing 
efficiencies for accumulation-mode particles seem higher , there is insufficient 
exper imental data to assure that current ly used sampl ing methods are ad ­
equate. It was also suggested that inlet performance is h ighly sensitive to 
both orientation w i t h respect to the local airflow and to location on the 
airframe and that aerosol sampl ing problems are more severe at h igher 
aircraft speeds. 
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T h e workshop report suggested that use of shrouds around sharp-edged 
inlets to al ign streamlines along the probe axis may be an effective means 
of reduc ing turbulent losses of aerosols at the probe t ip . Such in le t systems 
have been used on conventional aircraft and helicopters (9,10) but have not 
been adequately tested at typical aircraft sampl ing speeds. D o u b l e diffuser 
inlets i n w h i c h the sample air velocity is decreased i n two stages also seem 
promis ing . 

Several types of inlets can be used to provide air for trace gas sampl ing . 
I n many instances a forward facing " r a m a i r " in let is used (so ca l led because 
the forward mot ion of the aircraft " r a m s " air into the tube). R a m air inlets 
do not sample isokinetical ly and are not suitable for aerosols, but this situation 
is generally not a p rob l em for trace gases. R a m air inlets are usual ly vented 
to the aircraft cabin to avoid overpressurization of the instruments and con ­
sequent errors i n instrument response. Vent ing also maintains h i g h air ve ­
locities through the sample l ines, m i n i m i z i n g sample losses and i m p r o v i n g 
response speed. V e n t e d inlet l ines can only be used i n unpressur ized aircraft 
because pressurization may cause the airflow to reverse or to be insufficient 
to meet the needs of the instrumentat ion; the result w o u l d be sampl ing of 
cabin air. Reverse flow inlets , i n w h i c h the opening of the inlet faces away 
from the airflow, are also common. Reverse flow inlets are frequently used 
to avoid intake of c l oud droplets and prec ipitat ion into the sampl ing l ine . 
These l ines cannot be vented because the v e n t u r i effect w i l l cause sufficient 
negative pressure i n the l ine to extract cabin air . T h e negative pressure 
generated by such l ines can render certain instruments such as the sulfur 
flame photometric detector inoperable, because the reduced pressure ex­
tinguishes the flame. 

O t h e r more sophisticated sampl ing l ines have also been used. H e i k e s 
et a l . (11) used a constant pressure sampl ing l ine to e l iminate the pressure-
dependent response of a flame photometr ic detector used for S0 2 measure­
ments. I n this system the sampl ing l ine was connected to a high-capacity 
p u m p that evacuated the sampling l ine to a pressure equivalent to the highest 
alt itude at w h i c h measurements were made. A feedback system consisting 
of a pressure sensor and fast-acting valve mainta ined the pressure at the set 
value as the altitude changed. 

Regardless of w h i c h inlet system is chosen for trace gas sampl ing , m i n ­
imizat ion of wa l l losses dur ing the sampl ing process is an important cons id ­
eration. As a general ru le , losses can be m i n i m i z e d by keep ing the in let 
vo lume flow as h igh as possible. A further consideration is construct ing the 
inlet of materials that do not have a h i g h affinity for the species that is b e i n g 
sampled. A common practice is to use various types of Tef lon, e i ther i n the 
form of a tube that is inserted into a metal she l l , together forming the 
sampl ing system, or by coating the Teflon d irect ly on the tube . W h a t e v e r 
material is chosen for the sampl ing l ine should be rigorously tested for 
possible losses i n the laboratory before installation on an aircraft. 
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A n addit ional issue that seems obvious but that is frequently over looked 
i n installations is to ensure that the sampl ing l ine is not i n a posi t ion to 
sample the aircraft engine exhaust or heater fumes and is not d irect ly b e h i n d 
the prope l ler envelope. T h e sampl ing in let should also be p laced sufficiently 
far from the fuselage so that i t is i n the free airstream and not w i t h i n the 
boundary layer of the aircraft. 

Weight, Power, and Size Considerations. O n e of the axioms of 
aircraft sampl ing is that i f an instrument has sufficient sensit ivity and t ime 
response for the intended measurement, then it e i ther weighs too m u c h or 
draws too m u c h power to be used on the available aircraft. S u c h consider­
ations are important w h e n designing an instrument for aircraft use or w h e n 
prepar ing a commerc ia l instrument for use on aircraft. O n e of the typical 
problems that is encountered i n aircraft sampl ing is a l imi tat ion on the 
amount of power available. Th is prob lem is especially significant on smal l 
aircraft (where the power available may be as l i t t le as 3 - 4 k V · A) but is also 
a consideration on large aircraft. N o r m a l l y , aircraft electrical systems provide 
28 -V D C and 4 0 0 - H z A C power. Unfortunately , most laboratory instruments 
operate on 110- or 220-V 6 0 - H z power. Thus , most aircraft set up for at­
mospheric research use 6 0 - H z 120-V A C inverters to meet the electrical 
requirements of research equipment . Because some power loss is invo lved 
i n the invers ion process, it is important w h e n p lanning any aircraft insta l ­
lat ion to m i n i m i z e the amount of 6 0 - H z power that is required . Because 
many measurement techniques (such as filter pack sampl ing systems or 
chemi luminescence detectors for oxides of nitrogen) use high-capacity pumps 
requ i r ing large amounts of power , one way of max imiz ing efficiency is to 
dr ive these pumps w i t h 28 -V D C motors to avoid losses from the invers ion 
process. This is c ommon practice i n aircraft installations. Another source of 
h igh power consumption is instrument heaters (such as those typical ly used 
on gas chromatographs), and i t is important w h e n using these systems to 
m i n i m i z e the capacity of the heater that is r equ i red or to redesign the method 
or instrument so that heaters are not needed. 

T h e electrical power available to equ ipment is subject to interrupt ions . 
These outages may be predictable , such as for takeoffs and landings i n some 
aircraft, or random because of c ircuit overloads or pi lot discret ion. Ins tru ­
ment systems must often operate without lengthy w a r m - u p periods, bo th at 
the beg inning of a flight and after in-f l ight power interrupt ions . D a t a systems 
must be sufficiently robust to recover data taken before unexpected power 
outages. Battery backup for the data system is one alternative but greatly 
adds to the weight. A better solution is to wr i te a l l data to disk or tape 
backup as they are recorded. T h e data processing program must be able to 
recover data streams that terminate unexpectedly. 

We ight and size of instruments are also important considerations. T h e 
first (and most obvious) consideration is that the sampl ing system cannot 
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exceed the payload of the available aircraft. F o r many aircraft, part icular ly 
small twin-engine aircraft, the payload can be quite smal l (<250 kg), and 
w h e n designing a sampl ing system it is important to m i n i m i z e weight w h e r ­
ever possible. E v e n for large aircraft, weight is a consideration because there 
is a trade-off between instrument payload and range. W h i l e this may not be 
an important issue for local sampling of short durat ion , the pay load - fue l 
trade-off may be the l i m i t i n g factor for long-range flights for sampl ing i n 
remote regions. 

E q u i p m e n t installations must meet the center of gravity (CG) r equ i re ­
ments of the aircraft. E v e r y aircraft has a range of C G s that can be tolerated, 
thus an instrument , part icularly a large one, cannot be instal led at an ar­
bi trary posit ion w i t h i n the aircraft. As a first-order approximation, installation 
of the heaviest equipment (e.g., large pumps) should be p lanned to be near 
the normal C G of the aircraft. C e n t e r of gravity considerations can be quite 
cr i t ical for small aircraft and somewhat less so for larger aircraft. 

T h e influence of v ibrat ion on instrument operation must also be con­
s idered i n aircraft installation. I f problems arise, they can usually be solved 
by us ing standard vibrational analysis techniques to select appropriate de ­
vices (such as dashpots) to isolate instruments from the airframe. V ibrat i ona l 
problems w i t h instruments incorporating precisely al igned optical compo­
nents may require more complex solutions, i n c l u d i n g redesign or r emount ing 
of some of the cr it ical components i n the instrument . E l e c t r i c a l noise, aris ing 
from aircraft radio transmissions, is also a frequent p r o b l e m . It is important 
to identify this prob lem early i n an installation so that sensitive instruments 
can be mounted at a location where the potential for these interferences is 
m i n i m a l (away from radios and antennas). It is also good practice to sh ie ld 
all data transmission leads. Installation of instruments on aircraft may also 
require modif ication to strengthen the equipment to the point where it can 
withstand the load requirements imposed by applicable F e d e r a l Av ia t i on 
Admin is t ra t i on regulations. 

Review of Techniques for Measurement of Trace Gases and 
Aerosols from Aircraft 

Techniques used i n aircraft sampl ing can be d i v i d e d into categories: those 
prov id ing concentration information on a continuous basis and those pro ­
v i d i n g such information on a sporadic basis. T h e latter techniques can be 
further d i v i d e d into techniques w h e r e i n the sample is co l lected by some 
means and is re turned to the laboratory for subsequent analysis and tech ­
niques w h e r e i n the sample is col lected and analyzed on the aircraft. 

It is important to measure continuously as many species as possible to 
achieve the m a x i m u m possible t ime-space resolution. H o w e v e r , the c o m ­
plexity of instrumentation requ i red for measurement of certain classes of 
compounds may be such that aircraft installation is not feasible. A l ternat ive ly , 
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the analytical procedure may be so t ime consuming that it is not wor thwhi l e 
to instal l the equipment on the aircraft. I n these cases it w i l l be necessary 
to collect samples for subsequent analysis i n the laboratory. T h e r e are two 
fundamental problems w i t h batch sampl ing techniques: t ime -space reso­
lut ion is l i m i t e d and batch sampl ing requires that the composit ion of sample 
not change between the t ime of col lection and the t ime of analysis. Analysis 
of col lected samples i n a laboratory setting, however , allows appl icat ion of 
a broad array of techniques that w o u l d be impossible to operate i n an aircraft 
environment . 

In selecting instruments for installation on an aircraft it should be noted 
that commerc ia l ly available instrumentat ion should not be used for aircraft 
sampl ing u n t i l the operation of the instrument is understood i n that e n v i ­
ronment . A n equally important consideration is that many commerc ia l i n ­
struments have been designed for the purposes of de te rmin in g whether 
pol lutant concentrations exceed environmental standards. Because these 
concentrations are frequently quite h igh , such instruments may not be able 
to quantify abundances of species at the l ow levels significant for an under ­
standing of atmospheric processes, part icularly those occurr ing i n the remote 
or upper troposphere. F o r these reasons, significant effort has been devoted 
by atmospheric chemists over the last several decades to deve lop ing tech­
niques that can measure low concentrations, and to a lesser extent to adapting 
these techniques for aircraft use. 

T h e fo l lowing section is a rev iew of instruments and techniques that 
have been used and / o r specifically developed for aircraft measurement of 
trace species. To l imi t the scope, focus is restricted to species that we have 
ident i f ied to be of interest to a large segment of the atmospheric chemica l 
community . T h e objective is to give the reader a starting point from w h i c h 
to e i ther choose or develop an instrument or technique for aircraft sampl ing . 
This section is d i v i d e d into two parts: the first covers techniques that are 
used for batch sampl ing or analysis of atmospheric constituents; the second 
is a rev iew of continuous analysis methods. 

S y s t e m s f o r B a t c h S a m p l i n g . Filter Packs. O n e of the most re ­
l iable and adaptable methods for measuring concentrations of atmospheric 
trace gases and aerosols is the filter pack sampl ing system. Indeed , col lect ion 
by fi lter is one of the few methods available for obtaining comprehensive 
information on aerosol composit ion. I n filter methods, sample air is passed 
through a sequence of filter elements, each of w h i c h is designed to collect 
a different species. T h e various col lection elements are designed and pos i ­
t ioned i n the fi lter pack assembly so that each e lement selectively collects 
the des ired components at h igh efficiency and passes components to be 
col lected on downstream filters w i t h equal ly h igh efficiency. T h e exposed 
filters are analyzed i n the laboratory to determine the mass of the col lected 
substances. Atmospher i c concentrations are then computed from the mass 
of material col lected on the filter and the sample air vo lume. 
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A n u m b e r of sequential multistage filter pack sampl ing systems have 
been used i n aircraft. Because many of these systems are s imi lar , it is useful 
to provide a general descript ion po int ing out different approaches for mea ­
surement of various species. T h e first stage i n a l l f i lter pack systems is a 
particle filter for col lect ing aerosol. Several types of materials are used; the 
most c ommon are made of treated quartz (12) or Teflon (6, 13, 14). S i ze -
segregated sampl ing of the aerosol has been accompl ished by use of two 
filters of different pore size arranged sequentially. John et a l . (15) descr ibed 
a system i n w h i c h coarse (>1.0 μιτι) and fine (<1.0 μηι) fractions are col lected 
w i t h an 8-μηι (pore size) Nuc lepore filter, fo l lowed by a 2-μιη (pore size) 
Zef luor Teflon filter. This system has been used i n several aircraft sampl ing 
programs (e.g., references 7 and 16). Subsequent to exposure, the filters 
are re turned to the laboratory for analysis of the col lected materials. Usua l ly , 
aerosol filters are extracted w i t h water and the extract is analyzed for various 
soluble materials, commonly strong ac id , N a + , N H 4

+ , C a 2 + , M g 2 + , N 0 3 ~ , 
S O / " , or C I " . Representative examples of the various extraction and ana­
lyt ical procedures have been pub l i shed (13, 17). 

F r e q u e n t l y , the second e lement i n a sequential system is used to collect 
gaseous H N 0 3 . B o t h N a C l - i m p r e g n a t e d filters (18) and ny lon filters (13, 19) 
have been used for this purpose. B o t h of these filters have been shown to 
exhibit h igh col lection efficiency (>90%) for n i t r i c acid. N y l o n filters have 
an advantage i n that they generally require no pretreatment or impregnat ion 
before use, i n contrast to the N a C l cellulose fi lters, w h i c h require both. 
H o w e v e r , ny lon filters can exhibit h igh and variable blanks that may c o m ­
promise their use i n sampl ing regimes where low H N O i 3 concentrations are 
expected. T h e t h i r d e lement i n a sequential filter system may be a base-
treated cellulose filter for col lection of S O £ or an impregnated fi lter for 
col lection of gaseous N H 3 . S O £ filters are usually pre-washed cellulose filters 
impregnated w i t h an aqueous solution of K 2 C 0 3 w i t h glycerol added as a 
humectant. D a u m and L e a h y (17) and A n l a u f et a l . (13) give preparation 
procedures that call for an impregnat ing solution containing 250 g of K 2 C 0 3 

and 100 m L of glycerol per l i ter . It has been reported that use of a less 
concentrated solution leads to lower detection l imits for S 0 2 w h e n ion chro ­
matography is used as the method for analyzing the filter extract (20). F i l t e r s 
for co l lect ing gaseous ammonia have been fabricated from either cel lulose 
filters impregnated w i t h an aqueous solution of c i tr ic ac id and glycerol (21) 
or w i t h oxalic acid in ethanol (22). 

T h e detection l i m i t for measuring a species by fi lter col lect ion and sub­
sequent analysis is de termined either by the uncertainty i n the filter b lank, 
that is, the variabi l i ty i n the amount of a species i n an unexposed f i lter, or 
by the l i m i t of detection imposed by the analytical method . M o s t frequently , 
the l i m i t of detection is de termined by blank variabi l i ty , thus care i n p rep ­
aration and handl ing of filters is important w h e n using such systems for 
aircraft sampling, part icularly i f sampl ing is conducted i n remote areas where 
concentrations are low. In this regard, it is cruc ia l to establish the blank 
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l eve l or residual material (and its variability) of unexposed filters. T h e blank 
leve l may be established by carrying extra niters on each sampl ing mission 
and exposing them to a l l of the deployment procedures w i t h the exception 
of actual air sampling. It has been our practice to carry at least one such 
filter on every flight. 

T h e t ime-space resolution that may be achieved w i t h filter sampl ing 
techniques is dependent on the col lection rate, l i m i t of detect ion, and a m ­
bient concentrations. I n aircraft applications, filters are typical ly operated 
at h igh flows (100-500 L / m i n ) to maximize the mass accumulat ion rate. A t 
these flow rates, sampl ing times on the order of 20 to 30 m i n are generally 
sufficient for measurement of substances i n the urban troposphere. F o r 
sampling i n the upper troposphere or i n areas remote f rom pol lutant sources, 
col lect ion times of several hours may be necessary to obtain measurable 
quantities of material . 

O n e of the important concerns i n the application of filter methodology 
to aircraft sampl ing is generation of artifacts, part icularly as they perta in to 
measurement of aerosol nitrate, n i tr i c ac id , and ammonia . These species are 
i n dynamic e q u i l i b r i u m , and under conditions where H N 0 3 and N H 3 con­
centrations are sufficiently h igh to form the sol id N H 4 N 0 3 , the possibi l i ty 
of evaporation of this material fol lowed by col lection of artifact H N 0 3 and 
N H 3 should be considered (for a recent discussion of these artifacts, see the 
articles i n reference 23). S imi lar ly , artifact gaseous H C 1 may be formed by 
interaction of H N 0 3 or H 2 S 0 4 w i t h N a C l particles previously col lected on 
an aerosol filter. Such artifacts can be m i n i m i z e d i n the first instance by 
restr ict ing col lection of samples to a single air mass so that the col lected 
sample is not exposed to air that has significantly different concentrations of 
H N 0 3 or N H 3 . In the second instance, artifact formation can be m i n i m i z e d 
by keep ing filter loading as small as possible, consistent w i t h the l i m i t of 
detect ion requirements . 

Cloud Water and Precipitation Collectors. Several methods have been 
developed for col lect ing c loud water samples (24-26). Probably the device 
most commonly used i n w a r m clouds is the slotted rod collector developed 
by the Atmospher i c Science Research C e n t e r at the State U n i v e r s i t y of N e w 
York ( S U N Y ) at A lbany . C o m m o n l y k n o w n as the A S R C collector (25), this 
collector consists of an array of rods constructed from D e l r i n (a form of 
nylon). E a c h rod is ho l low and has a slot located at its forward stagnation 
l ine . T h e rod radius determines the col lect ion efficiency as a funct ion of 
particle size, the rods are s ized to collect c loud droplets but not submicro -
meter aerosol particles, and the 5 0 % cutoff is calculated to be at about 
3 μηι. 

T h e or ig inal design of the collector was ref ined several t imes to enhance 
col lect ion efficiency and to more firmly establish the operational character­
istics of the collector. M a j o r modifications have i n c l u d e d lengthening the 
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collector rods to give a larger col lection area, sheathing the rods i n steel to 
prevent bend ing and the consequent dropping of col lect ion efficiency at 
higher airspeeds, and constructing the rods of Teflon rather than D e l r i n to 
reduce the possibi l ity of losses of sample constituents (particularly nitrate) 
dur ing the col lection process (27). F u r t h e r modifications inc lude mount ing 
the rods i n a single row, not the staggered m u l t i r o w configuration of the 
original collector, to prevent interaction of the aerodynamic flow around the 
rods (28). W i t h this modif ied collector, col lection efficiencies upwards of 
8 0 % have been measured on the basis of the col lection area of the rods, the 
c loud l i q u i d water content, and the mass of col lected water. 

M o u n t i n g of the c loud water collectors on the aircraft is a cr i t i ca l issue 
because flow-field effects can easily distort the size d is tr ibut ion of drops. I f 
at al l possible, the collector should be mounted on a py l on so that the 
collector is i n the free airstream. Substantially greater efficiencies can be 
achieved i f the collector is mounted w i t h a forward inc l inat ion of about 12° 
to 15° relative to a perpendicular from the aircraft longi tudinal center l ine . 
This k i n d of mount ing accounts for the nose-up attitude at w h i c h most aircraft 
fly under cruise conditions and also provides a component of the airstream 
to dr ive impacted c loud droplets down the rod into the col lect ion vessel , 
m i n i m i z i n g losses due to blow-off (28). 

Supercooled c loud droplets can be col lected as ice through the r i m i n g 
process. Isaac and D a u m (29) report the use of several different types of 
collectors. Co l l e c t i on of w a r m precipitat ion from aircraft has generally been 
accomplished w i t h a S U N Y collector consisting of a single large-diameter 
(~8 cm) slotted rod (~2-cm slot width) (V. M o h n e n , private communication) . 
This collector has never been subjected to realistic laboratory or f ie ld testing, 
so neither actual size distributions col lected nor col lect ion efficiency has 
been determined . Co l l ec t i on of snow from aircraft has been attempted, but 
w i t h l i m i t e d success. T h e most promis ing approach is the use of a cyclone 
w h e r e i n the air is requ ired to follow a c ircular path and the snow particles 
are centri fuged out of the air i n w h i c h they are suspended. T h e snow particles 
settle to the bottom of the cyclone and can be drawn off into a col lect ion 
bottle for analysis. Several different types of cyclones have been used to 
collect snow from aircraft (29). 

Gas Samples for Subsequent Laboratory Analysis. Co l l e c t i on of air 
samples for later analysis i n the laboratory is a common technique used for 
aircraft sampling. W h o l e air sampl ing for stable compounds ( C O , C 0 2 , h a -
locarbons, and low-molecular-weight hydrocarbons) is usually accomplished 
by filling a container to a pressure of about 2 atm (203 kPa) w i t h a meta l 
bellows p u m p . Al ternat ive ly , containers may be evacuated i n the laboratory 
to a l ow pressure and filled d u r i n g flight by s imply opening a valve at the 
appropriate t ime . Containers are typical ly constructed of stainless steel that 
has been electropol ished or treated i n some way to reduce surface activity 
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(30-34). Samples have also been col lected i n glass flasks (35) and i n bags 
fabricated from inert materials (36, 37). A n alternative whole air sampl ing 
method involves cryogenic col lect ion by submerging flasks i n l i q u i d nitrogen 
whi l e pressur iz ing the container w i t h sample air (38). 

A n important concern i n apply ing any of these techniques is losses from 
w a l l reactions or other processes either d u r i n g p u m p i n g or i n the container 
d u r i n g the t ime between sampling and analysis. Apparent ly , stabil ity is not 
altogether predictable. O l i v e r et al . (33) reported sample composit ion to be 
unaffected by storage i n steel containers for up to 30 days i n the presence 
of water, C 0 2 , N O v , and 0 3 . S imi lar ly , E h h a l t et a l . (32) reported no mea­
surable loss of l ight hydrocarbons over periods of months. H o w e v e r , other 
studies have indicated the possibi l i ty of substantial losses (30). Mater ia ls that 
have been col lected by cryosampling techniques may experience losses d u r ­
ing the analysis w h e n the col lected sample is heated. T h e basic problems 
of col lect ing gaseous samples for laboratory analysis have been out l ined 
elsewhere (39). 

Other Batch Sampling Techniques. So l id adsorbents, such as Tenax or 
P o r o p a k - Q , have been used to sample higher molecular weight hydrocar­
bons (more than eight carbons) (40-42). Tenax does not trap water or per ­
manent gases, so the subsequent gas chromatographic analysis is s impl i f ied . 
T h e r m a l desorption of these traps can produce artifacts aris ing from deg­
radation of the sample or the trap. T h e presence of 0 3 can further reduce 
sample integrity (43). 

Samples of O C S and C S 2 have been col lected by passing air through 
coils of Teflon tub ing submerged i n l i q u i d argon (44). C o l l e c t i n g the sample 
i n this way concentrated the species of interest. H o w e v e r , blockage of the 
co i l b y ice formed by condensation of ambient water vapor l i m i t e d the 
sampled air vo lume to —600 m L . T h e coils were kept refrigerated b y the 
cryogen pr ior to analysis. G o l d wool has been used to trap d i m e t h y l sulfoxide 
after S 0 2 is first removed (45). T h e sample is later thermal ly desorbed and 
analyzed by gas chromatography w i t h flame photometr ic detection. 

Chromatographic Techniques. These techniques have long been ap­
p l i e d to the problems of separation and analysis of trace atmospheric species. 
F o r stable species, batch samples are usually col lected as descr ibed i n the 
preceding section and transported to the laboratory for subsequent analysis. 
H o w e v e r , some compounds are not sufficiently stable to survive transport 
intact. In situ chromatographic analyses have been used for these samples. 
Usua l ly , chromatography is used on aircraft in a batch mode: samples are 
col lected, preconcentrated, and separated on a c o l u m n , and the i n d i v i d u a l 
species are detected as they elute; the process is then repeated for the next 
sample. Thus , as w i t h other batch techniques, t ime resolution is l i m i t e d . 
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Packed co lumn technology has been used i n airborne gas ehromato-
graphs for the separation and quantitation of sulfur species (46, 47) and 
peroxyacetic n i tr i c anhydride (48). T h e combinat ion of sample preconcen-
tration and sensitive detectors has y ie lded detection l imits that are superior 
to corresponding continuous sensors. F o r S O £ , a detection l i m i t of 25 pptrv 
was c la imed, and for peroxyacetic n i tr i c anhydride the detect ion l i m i t was 
roughly 60 pptrv for an —50-em 3 air sample. Analysis times for samples were 
on the order of 10 m i n . 

Several engineer ing factors have discouraged more frequent ut i l izat ion 
of gas chromatographs aboard aircraft. Laboratory research instruments are 
large, heavy, and have power requirements that exceed the capabilities of 
most aircraft. H o w e v e r , smaller, h igh-qual i ty gas chromatographs are now 
commercia l ly available and can be easily modi f ied to reduce power con­
sumption. 

Some altitude effects on the operation of chromatographic instruments 
are anticipated. To achieve reproducible retention times for ident i fy ing c o m ­
pounds, mobile-phase flows need to be control led so that they are i n d e p e n ­
dent of ambient pressure. Detectors may also respond to changes i n pressure. 
F o r example, the electron capture detector is a concentration-sensitive sen­
sor and exhibits d imin i shed signal as the pressure decreases. O t h e r detec­
tors, such as the flame ionization detector, respond to the mass of the sample 
and are insensitive to altitude as long as the mass flow is control led. 

A l though the modification of existing gas chromatographs for flight is 
not t r iv ia l , no fundamental problems prevent the use of this separation 
technique on aircraft. T h e presence of a chromatographic system aboard the 
V i k i n g mission to M a r s confirms that chromatographic instruments can op­
erate w i t h i n stringent weight , power, and size l imitations i n an inhospitable 
environment (49). As the atmospheric c ommuni ty expands its interest to 
inc lude a larger n u m b e r of species, chromatographic techniques should be ­
come more wide ly used on aircraft. Analysis times can, i n pr inc ip l e , be 
decreased to 1 or 2 m i n (50), a t ime response that is comparable to some of 
the slower continuous sensors. F u r t h e r m o r e , implementat ion of capil lary 
columns, such as those used i n laboratory analyses of air samples (31), w i l l 
greatly enhance the scope of measurements that can be made d u r i n g an 
aircraft sampling program. 

Continuous Measurement Methods for Trace Gases and Aero­
sols. Ozone. Three basic types of ozone instruments have been used i n 
aircraft: the ultraviolet photometric method and two chemi luminescent tech­
niques measuring, respectively, l ight emit ted from the reaction of 0 3 w i t h 
ethylene and l ight emitted from the reaction of 0 3 w i t h N O . Ultrav io le t 
absorption photometry is one of the preferred methods for measuring 0 3 

from aircraft because of the stability and re l iabi l i ty of commerc ia l ly available 
instruments. The method is specific for 0 3 p rov ided there are no immediate 
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sources of aromatic hydrocarbons (51). H o w e v e r , because of the smal l ab­
sorption coefficient of 0 3 at the 254-nm measurement wavelength, c o m ­
merc ia l ly available detectors have t ime responses between 30 and 60 s, and 
fine features of the 0 3 d istr ibut ion cannot be resolved. 

T h e 0 3 - e t h y l e n e chemi luminescent instrument measures the l u m i n e s ­
cent signal at 435 n m result ing from the reaction of a large excess of ethylene 
w i t h 0 3 . T h e chemi luminescent reaction is second order , and, to achieve a 
response that is rapid and l inear w i t h changes i n the 0 3 m ix ing ratio, the 
ethylene concentration is maintained at a h igh value, typical ly by adjusting 
the pressure across a flow restrictor. Sample flow is contro l led by a flow 
restrictor downstream of the reaction chamber. Because the detector is 
inherent ly a mass-sensitive detector, commerc ia l ly available detectors can 
be modi f ied to respond to the 0 3 m i x i n g ratio independent of alt i tude by 
use of mass-flow controllers (see also the preced ing discussion i n A l t i t u d e 
Response). Such modifications are descr ibed by Gregory et al . (3). E t h y l e n e 
chemi luminescent detectors exhibit response t imes that are considerably 
less (typically, lie response times of less than 3 s; lie response t ime is the 
t ime requ i red for a 6 3 % response to a step change i n concentration) than 
those of U V photometric instruments , and they are thus more broadly ap­
pl icable to aircraft measurements. 

T h e final 0 3 measurement technique discussed here is based on the 0 3 -
N O chemi luminescent reaction. Essent ia l ly , this instrument is an N O - 0 3 

chemi luminescent detector for determinat ion of N O operated i n reverse. 
That is, a h igh concentration of N O is used to measure 0 3 as opposed to a 
h igh concentration of 0 3 be ing used to measure N O . Because of the kinetics 
of the o z o n e - N O reaction, this detector responds faster than the ethylene-
based detector, and lie response times less than 0.1 s have been reported. 
D e s i g n and operating characteristics of an instrument capable of p rov id ing 
eddy correlation measurements of 0 3 flux from an aircraft are g iven by 
Pearson and Stedman (52). A revised version of this instrument that uses 
considerably less power and thus places fewer constraints on its use i n aircraft 
was reported (53). T h e instrument uses a smaller reaction chamber than the 
Pearson -Stedman instrument , requires less power, and generates less heat. 
T h e detection l i m i t of this instrument is reported to be 1-2 ppbv , and it 
has & lie response t ime of 0.45 s and a precis ion of about 2 % or 2 ppbv. 
This instrument has been used for airborne 0 3 flux measurements i n the 
A m a z o n (54). 

Sulfur Dioxide. B o t h flame photometr ic and pu lsed fluorescence m e t h ­
ods have been appl ied to the continuous measurement of S 0 2 f rom aircraft. 
I n the flame photometr ic detector ( F P D ) , sulfur compounds are reduced i n 
a hydrogen-r ich flame to the S 2 d imer . T h e emission result ing from the 
transition of the thermal ly excited d i m e r to its ground state at 394 n m is 
measured by using a narrow band-pass f i lter and a photomul t ip l i e r tube. 
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T h e response of the instrument is roughly proport ional to the square of the 
sulfur concentration. Two major problems are associated w i t h the use of 
commerc ia l ly available flame photometr ic detectors on aircraft. F i r s t , major 
changes i n background current and more modest changes i n detector sen­
sit ivity occur as the inlet pressure changes. Second, commerc ia l detectors 
exhibit detection l imits (greater than 1 ppbv , depending on make and model) 
that are too h igh to al low the measurement of ambient concentrations away 
from S 0 2 source regions. 

These problems have been largely e l iminated by modi fy ing commerc ia l 
detectors w i t h the addit ion of mass-flow controllers to mainta in constant 
flows of sample air and hydrogen as the alt itude changes and by us ing S F 6 -
doped hydrogen to enhance sensitivity (4, 55, 56). C o n t r o l l i n g the mass flow 
holds the burner H 2 - t o - 0 2 ratio at a value independent of alt i tude and fixes 
the sulfur mass flow for a given atmospheric sulfur m i x i n g ratio, greatly 
stabi l iz ing instrument response. T h e use of H 2 doped w i t h 60-ppbv S F 6 

decreases the l i m i t of detection. Because the atmospheric signal is measured 
on top of a 60-ppbv background, the response is l inear up to — 15-ppbv 
concentrations of atmospheric S 0 2 , even though the F P D is inherent ly n o n ­
l inear. T h e l i m i t of detection for aircraft measurements w i t h this modi f ied 
detector have been reported to be as low as —0.1 ppbv and up to —0.3 ppbv 
under turbulent atmospheric conditions (57). 

Because the F P D responds to both aerosol and gaseous sulfur species, 
it has also been possible to modify these instruments to continuously measure 
aerosol sulfur by selectively remov ing gaseous sulfur compounds w i t h a 
lead(II) ox ide -g lyeero l coated dénuder (55). Use of such an instrument for 
airborne measurements of aerosol sulfur i n and around broken clouds has 
been reported (57). In pr inc ip le , speciation between aerosol sulfate, d i s u l -
fate, and sulfuric ac id b y selective thermal decomposit ion (58, 59) can also 
be achieved. F l a m e photometric detectors have also been used as selective 
detectors for gas chromatography. Thornton and Bandy (60) reported the 
use of a chromatographic system w i t h a flame photometr ic detector for a i r ­
borne measurement of S 0 2 and O C S w i t h a detect ion l i m i t of 25 pptrv . 

T h e pulsed fluorescence method operates by optical ly s t imulat ing S 0 2 

molecules w i t h a U V source (190-230 nm) and measur ing the resul t ing 
fluorescence. T h e excitation source is pu lsed to achieve h igh excitation i n ­
tensity and to encode the concentration information i n the form of a chopped 
signal. B y chopping the signal, dark current drift of the photomul t ip l i e r tube 
is e l iminated . A scrubber is used to remove hydrocarbon interferences that 
fluoresce at s imilar wavelengths. A commerc ia l ly available vers ion of this 
detector (Thermo E n v i r o n m e n t a l 43S, H o p k i n g t o n , Massachusetts) has a 
detection l imi t better than 0.3 ppbv and a t ime constant of roughly 2 m i n . 
This system has several advantages over the F P D for aircraft use: there are 
no consumable gases as w i t h the F P D , the detector is s imple to operate, it 
exhibits nomina l zero shift w i t h alt itude, and the output is easily converted 
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to mix ing ratios. F o r these reasons, the pulsed fluorescence detector has 
largely supplanted the flame photometric detector for aircraft measurement 
of S 0 2 i n the relatively po l luted lower troposphere. T h e re lat ive ly slow 
response of commerc ia l instruments is not opt imal for aircraft sampl ing but 
can be i m p r o v e d at the expense of sensitivity. T h e instrument does not, 
however , have sufficient sensitivity for measurements i n remote regions or 
i n the upper troposphere. 

A t h i r d measurement technique for S 0 2 that may have future appl icat ion 
i n aircraft measurements was descr ibed (61). In this method gaseous S 0 2 is 
removed from the airstream w i t h a diffusion scrubber containing 1 m M H 2 0 2 . 
T h e scrubber eluant is analyzed i n flight for S 0 4

2 ~ by i on chromatography. 
Because H 2 0 2 quantitatively converts S 0 2 to sulfate i n the scrubber , the 
S O / " concentration is proport ional to the gaseous S 0 2 concentration for a 
g iven set of sampl ing conditions. S 0 2 was measured at concentration levels 
of 20 pptrv w i t h 6 -min t ime resolution. T h e diffusion scrubber method was 
compared w i t h the pulsed fluorescence and filter techniques i n airborne 
tests (20). A l l three techniques operated w i t h no diff iculty i n both pressur ized 
and unpressurized aircraft and were shown to give equivalent response to 
ambient S 0 2 m ix ing ratios, although there was significant scatter be low 200 
pptrv . 

Oxides of Nitrogen. Two h ighly sensitive techniques for de te rmin in g 
odd-nitrogen compounds have been developed that are based on e h e m i l u -
minescence reactions w i t h e i ther N O or N 0 2 . T h e first group of detectors 
measures the chemiluminescence result ing from the reaction of N O w i t h 
0 3 . Three classes of instruments based on this reaction can be considered 
for aircraft use. T h e first class is commerc ia l instruments that typical ly have 
detection l imits on the order of 1-10 ppbv . These instruments are not 
part icularly suitable for aircraft-based moni tor ing of ambient air outside of 
urban areas because of the ir l i m i t e d sensitivity. Re lat ive ly min o r modi f ica­
tions were descr ibed that can improve the sensitivity of these instruments 
by t e n - to a hundredfo ld , thus they are suitable for moni tor ing continental 
air (62-64). This intermediate class of instruments is capable of detect ion 
l imits on the order of 0.1 ppbv . A t h i r d class of instruments has been de­
ve loped for measuring concentrations i n the low parts per t r i l l i on range. 
These instruments typical ly use high- intensity ozone sources, large vacuum 
pumps for h igh sample throughput, cryogenically cooled photomul t ip l i e r 
tubes to reduce background noise, and photon count ing electronics to i m ­
prove measurement statistics. These detectors are custom-made (for ex­
ample , see reference 65) and have been extensively compared i n flight to 
sensors based on other techniques (48, 66, 67). 

Various approaches have been descr ibed to convert other n i trogen spe­
cies to N O before detection by the ozone chemiluminescence reaction. T h e 
most common converter is hot m o l y b d e n u m , w h i c h converts a l l of the h igher 
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oxides of nitrogen, inc lud ing N 0 2 , H N 0 3 , peroxyacetic n i tr i c anhydr ide , 
N 2 0 5 , N 0 3 , and many organic nitrogen species, to N O (collectively these 
species are referred to as NOy). H e a t e d gold catalysts (68) have also been 
used for determinations of N O r T h e conversion efficiency of these hot con­
verters is usually close to 1 but must be per iodical ly checked. Selective 
photolyt ic conversion of N 0 2 to N O by irradiat ion w i t h U V l ight has been 
used to measure N O x (the sum of N 0 2 and N O ) . N 0 2 is then de te rmined 
by the difference (69). T h e conversion efficiency of N 0 2 to N O is less than 
one and must be measured by per forming a gas-phase t i trat ion of standard 
N O mixtures w i t h 0 3 . N O chemiluminescence detectors generally do not 
use expendables but require large pumps to achieve h igh sample throughput . 
This requirement imposes considerable weight and power restrictions on an 
aircraft. 

N 0 2 has also been selectively de termined based on its chemi luminescent 
reaction w i t h l u m i n o l ( L M A - 3 , Sc in t rex /Unisearch , C o n c o r d , Ontario) . I n ­
coming air impinges on a wick containing a proprietary l u m i n o l solution. 
E m i t t e d l ight is then detected by a photomul t ip l i e r tube. T h e instrument 
is mechanical ly s imple , l ightweight , and compact, and it consumes l i t t le 
power so it is practical for use i n aircraft. T h e l u m i n o l reaction is specific 
for N 0 2 ; however, N O can be de termined by ox id iz ing it to N 0 2 . Drawbacks 
associated w i t h the l u m i n o l chemi luminescent detector inc lude nonl inear 
response below a few parts per b i l l i o n , a m inor interference from ozone, 
and part ial response from peroxyacetic n i tr i c anhydr ide . These problems 
can be significant w h e n low concentrations (<3 ppbv) are measured. H o w ­
ever, correction factors can be appl ied to account for their effect. Eva luat ion 
of the use of this instrument for aircraft sampl ing, i n c l u d i n g modifications 
to e l iminate pressure dependence, was reported (70). A commerc ia l i n s t r u ­
ment ( L P A - 4 , Sc in t rex /Unisearch , C o n c o r d , Ontario) is also available to 
determine peroxyacetic n i tr i c anhydride by catalytic conversion to N 0 2 and 
detection by means of l u m i n o l chemiluminescence . I n general , though, the 
low concentrations and wide assortment of i n d i v i d u a l organic odd-nitrogen 
species require sample preconcentration and subsequent analysis by gas 
chromatography. Some of these approaches are discussed i n the previous 
section Chromatographic Techniques. 

Tunable diode laser absorption spectroscopy ( T D L A S ) has been used to 
measure oxides of nitrogen d u r i n g flight (71). B y tun ing the laser to specific 
infrared absorption bands, the technique can selectively measure each c o m ­
pound . Detec t ion l imits are higher (25-100 pptrv for a 3 -min response time) 
than the best chemi luminescent methods, and the instrumentat ion is less 
amenable to aircraft operations than the chemiluminescence techniques be­
cause of weight and size. 

A sensor based on two-photon laser- induced fluorescence has been de ­
scr ibed for detection of N O - N O t - N 0 2 (72). N O is detected d irect ly on the 
basis of its fluorescent properties. N 0 2 is first converted to N O by photo-
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fragmentation at 353 n m w i t h a X e F exc imer laser. Detec t i on l imits approach 
the l ow parts per t r i l l i on l eve l for 2 -min integration t imes. Th i s technique 
is st i l l i n the developmental stage but holds promise for future aircraft mea ­
surements. 

Carbon Monoxide. Methods for de termin ing carbon monoxide inc lude 
detection by conversion to mercury vapor, gas f i lter correlation spectrom­
etry, T D L A S , and grab sampl ing fol lowed by gas chromatograph (GC) anal ­
ysis. T h e quantitative l iberat ion of mercury vapor from mercury oxide by 
C O has been used to measure C O (73). T h e mercury vapor concentration 
is then measured by nameless atomic absorption spectrometry. A detect ion 
l i m i t of 0.1 ppbv was reported for a 30-s response t ime . Accuracy was re ­
ported to be ± 3 % at tropospheric m i x i n g ratios. A commerc ia l instrument 
prov id ing s imilar performance is available. 

G F C spectrometry is based on measurement of the absorption of broad­
band infrared radiation by carbon monoxide. Specif icity for C O is achieved 
by alternating the infrared beam between wavelengths that are absorbed 
and transmitted by C O . I n practice, this process is done by chopp ing the 
l ight w i t h a gas fi lter containing C O . W h e n the fi lter is i n place, a l l of the 
absorption bands are saturated and the beam cannot be further attenuated 
by C O in the sample ce l l . This signal serves as a reference. Absorpt i on of 
the unf i l tered l ight by C O i n the ce l l is measured relative to the reference 
beam to determine the C O concentration. A multipass W h i t e ce l l increases 
sensitivity. Detectors based on this technology are commerc ia l ly available 
but lack sufficient sensitivity for aircraft measurements. Modif icat ions of a 
commerc ia l G F C detector to improve its sensitivity were descr ibed (74). 
This instrument was used i n several aircraft sampl ing programs (75, 76). 

T D L A S measures the absorption of monochromatic l ight by C O i n a 
multipass flow ce l l (77). T h e t ime response is control led b y the flow of air 
through the ce l l . I n theory, the instrument is fast enough for appl icat ion to 
aircraft measurement of C O flux by eddy correlation. A reported prec is ion 
of ~ 1 ppbv or — 1 % is superior to other techniques. T h e instrument is not 
commerc ia l ly available. 

G r a b samples obtained d u r i n g flight can be subsequently analyzed by 
G C . Because C O is stable i n passivated containers, this approach is straight­
forward. Discrete sampl ing l imits the resolution of rap id changes i n con­
centration. T h e T D L A S and two different G C trapping methods have been 
evaluated d u r i n g an airborne intercomparison (78). 

Gaseous Hydrogen Peroxide. Methods for determinat ion of gas-phase 
hydrogen peroxide have been rev iewed (79-81). H y d r o g e n peroxide is de ­
t e r m i n e d by e ither scrubbing air w i t h an aqueous solution and measuring 
the resultant l iquid-phase peroxide or by measuring the peroxide d irect ly 
w i t h a spectroscopic technique. The method that has been most c ommonly 
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used for aircraft sampl ing is the P O H P A A (p-hydroxyphenylacetic acid) tech­
n ique developed by Lazrus and co-workers (82, 83). In the P O H P A A tech­
n ique , peroxides are removed from the air w i t h a scrubber co i l and subse­
quent ly undergo the horseradish peroxidase catalyzed reaction w i t h 
P O H P A A to form a fluorescent d i m e r species. T h e fluorescent intensity of 
the d i m e r is measured and is d irect ly proport ional the peroxide concentration 
i n the air. Because the method is sensitive to al l peroxides, a second channel 
is used i n w h i c h H 2 0 2 is selectively destroyed by catalase; H 2 0 2 is c omputed 
from the difference. T h e accuracy and precis ion w i t h w h i c h H 2 0 2 can be 
de termined w i t h this technique is cr it ical ly dependent on the catalase ac­
t iv i ty . Thus , the catalase activity must be per iodical ly moni tored and a d ­
justed to assure that it is at an appropriate leve l to m i n i m i z e errors i n the 
determinat ion of H 2 0 2 . The method is reported by various aircraft users 
(reference 84 and references therein) to have a detection l i m i t of less than 
0.1 ppbv and a t ime delay of —3 m i n , although the t ime response is con­
siderably faster, ~ 1 m i n . A nonenzymatic method has been deve loped that 
avoids the catalase activity prob lem i n d ist inguishing H 2 0 2 from total per ­
oxide (85). 

Particle Measurements. A variety of instruments is available for mea­
suring the number density and size d istr ibut ion of particles sampled from 
airborne platforms. This discussion is restricted to instruments that measure 
particles smaller than 50 μιτι (cloud droplets and aerosol particles) because 
these particles are of most interest to atmospheric chemists. 

Part ic le Measurement Systems ( P M S ; Bou lder , Colorado) has deve loped 
a series of probes for aircraft measurement of atmospheric particles. Several 
of these probes are discussed here. T h e airborne Ac t ive Scattering Aeroso l 
Spectrometer Probe ( A S A S P - 1 0 0 X ) measures the n u m b e r concentration and 
size d is tr ibut ion of particles i n the (approximate) size range 0.12 to 3.12 μηι 
by measuring the l ight scattered w h e n the particles pass through the active 
cavity of a laser. In this probe, particles are forced into a conical deceleration 
chamber by the mot ion of the aircraft. A p u m p pul ls about 1 c m 3 / s of this 
air into the detection region through a narrow nozzle that aerodynamical ly 
focuses the particle stream to a diameter (150 μιτι) that is smal l w i t h respect 
to the diameter of the laser beam. D u r i n g transit of the laser beam, particles 
scatter radiant energy, w h i c h is sensed by a photodetector. T h e output of 
the photodetector is a series of pulses (one for each particle) w i t h sizes 
proport ional to the scattering intensity. A pulse height analyzer groups the 
pulses into counts by size; the A S A S P uses a pulse height analyzer w i t h 15 
channels. Because scattering intensity is proport ional to partic le size, the 
count i n each channel represents the n u m b e r of particles w i t h i n a specified 
size range. A newer version of this probe, the Passive C a v i t y Aeroso l Spec­
trometer Probe ( P C A S P - 1 0 0 X ) has been introduced . It ut i l izes the same 
sampling techniques as the A S A S P , but the sensing area has been moved 
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external to the laser and the laser has been changed to improve sensitivity 
and stability. 

Scattering intensity measured by the pulse height analyzer is related to 
particle size by cal ibration w i t h monodisperse latex spheres or nearly mono-
disperse N a C l particles. Ca l ibrat ion uncertainties have been studied and 
discussed (86-91). These studies show that the smallest particles that can 
be sensed by the A S A S P probe are somewhat larger than the 0.12 μηι stated 
by the manufacturer. S imi lar ly , it is reported that detect ion of particles larger 
than about 2 μηι is unrel iable because of attenuation of the laser power. 

Dis tor t ion of the particle size d u r i n g the sampl ing process is a concern 
i n the use of this probe on an aircraft. Compress ional heating due to de ­
celeration of the particles may distort the size d is tr ibut ion , because evap­
oration of water from aerosol particles reduces the ir diameters. L i k e w i s e , 
particle sizes can be reduced by use of a heater, incorporated into some 
models of this probe, to prevent i c ing w h e n supercooled clouds are be ing 
flown through. O n e study (88) indicated that the probe heater removes most 
of the water from aerosol particles sampled at relative humidi t ies o f 9 5 % . 
Thus , size distributions of aerosol particles measured w i t h the probe heater 
on correspond to that of the dehydrated aerosol. These results were con­
firmed by a later study (90) i n w h i c h size distributions of aerosols measured 
w i t h a nonintrusive probe were compared to size distr ibutions measured 
w i t h a de- iced P C A S Ρ probe. Measurement of the aerosol size d is tr ibut ion 
w i t h the probe heater on may be an advantage i n certain studies. 

T h e P M S F o r w a r d Scattering C l o u d D r o p l e t Spectrometer Probe 
( F S S P - 1 0 0 ) determines particle size by measurement of the scattering i n ­
tensity over a prescr ibed range of angles d u r i n g partic le interact ion w i t h a 
focused laser beam. In a way similar to the operation of the A S A S P probe, 
scattered l ight pulses are measured by a photosensor and sized w i t h a pulse 
height analyzer; the height of the pulses is proport ional to the partic le size. 
T h e F S S P can measure particles w i t h diameters between 0.5 and 47 μηι i n 
four selectable size ranges. E a c h range divides particles into 15 equally 
spaced size classes. The response of the F S S P is a function of part ic le shape, 
refractive index, and absorption as w e l l as size. F u r t h e r m o r e , the response 
function is mul t iva lued because scattered intensity is not a smooth function 
of the particle diameter. This situation can lead to errors i n determinat ion 
of the size d istr ibut ion of both aerosol particles and c l oud droplets (86, 91). 
Extens ive information regarding cal ibration and operation of this probe has 
been pub l i shed (91-97). 

A newer version of the F S S P - 1 0 0 , the F S S P - 3 0 0 , is current ly available. 
T h e probe is s imilar to the F S S P - 1 0 0 except that the electronics are faster 
and it uses a different laser and slit arrangement. T h e major difference is 
that it is configured to measure particles i n the size range ~ 0 . 3 to 20 μηι 
i n 31 separate size channels (compared to the F S S P - 1 0 0 ' s 15 size channels). 
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The addit ional channels i n the lower port ion of the size spectrum overlap 
the sizes measured by the A S A S P and the P C A S Ρ probes and have a l lowed 
intercomparisons between aerosol size distributions measured by these two 
probes (90). D y e et a l . have evaluated the capabilities of this probe for 
measuring the n u m b e r density and size d is tr ibut ion of atmospheric aerosols 
(98). 

T h e integrating nephelometer (99, J 00) measures the extinct ion coef­
ficient, foscat, due to l ight scattering from gases and aerosols. A sample ce l l 
is i l luminated w i t h a diffuse source, and the scattered l ight is measured i n 
both the forward- and backscattered directions w i t h a photodetector. T h e 
geometry of the system physical ly integrates the intensity of scattered l ight 
and provides a close approximation to the scattering component of ext inct ion. 
Correc t i on for Rayle igh scattering by gases is done by filtering particles from 
the incoming airstream. Cal ibrat ions are per formed by measuring the ex­
t inct ion of pure gases such as carbon dioxide and dichlorodi f luoromethane 
(Freon). 

T h e integrating nephelometer has been used on aircraft for several p u r ­
poses. T h e most common uses are to measure visual range i n atmospheric 
haze studies or to locate atmospheric boundaries such as temperature i n ­
versions by not ing discontinuities i n è s c a t . H o w e v e r , submicrometer aerosol 
mass can also be estimated from bscat measurements because the ratio of l ight 
scattering coefficient to aerosol particle vo lume is approximately i n d e p e n ­
dent of the size d istr ibut ion of the aerosol for particle rad i i comparable to 
the wavelength of l ight used (101-103). It has also been noted that foscat can 
serve as a surrogate measurement of sulfate i n areas where sulfate and 
associated species constitute a fairly uni form fraction by vo lume of the sub-
micrometer aerosol (reference 56 and references c i ted therein). I n these 
applications, the relationship between & s c a t and the mass of an aerosol con­
stituent holds only to the extent that the amount of water associated w i t h 
the aerosol particle is constant. Thus , it is c ommon practice to use a preheater 
i n the fcscat instrument to b r i n g particles to a reference relative h u m i d i t y . 
T h e application of for airborne study of the d is tr ibut ion of sulfate i n 
broken clouds has been described (56). 

Condensat ion nuc le i counters ( C N C s ) measure the concentration of par­
ticles i n the size range 0.001 to 0.1 μηι. T h e y operate by exposing a sample 
of ambient air to a h igh supersaturation by humid i f y ing the incoming air 
and then abrupt ly reduc ing the pressure to cause adiabatic cool ing. Super -
saturations on the order of 400% are achieved and are sufficient to cause 
even the smallest particles to activate and grow. These larger particles are 
then usually detected optically by l ight scattering (104). Because a l l droplets 
are, i n theory, approximately the same size at a g iven t ime fo l lowing the 
expansion, the scattered l ight intensity is d irect ly proport ional to the con ­
centration of condensation nuc le i . 
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Adaptat ion of a C N C for aircraft use is straightforward. U n l i k e larger 
particles, condensation nuc le i are smal l enough that they are not easily 
deposited to walls by inert ia l processes, so the physical shape of the inlet is 
not a significant issue. H o w e v e r , metal rather than plastic tub ing should be 
used for sampl ing lines to avoid electrostatic prec ipitat ion of particles (105). 
Part ic le concentrations ranging from ~ 1 to 300,000 c m " 3 can be measured 
w i t h a C N C ; however , to assure reliable measurements, calibrations should 
be per formed over the range of particle concentrations expected (106). C N C 
count ing efficiency decreases rapidly for particles smaller than 0.01 μηι (J 07). 

Cloud Liquid Water Content. Three different methods have been used 
to measure c loud l i q u i d water content from aircraft. T h e most commonly 
used instrument is the J o h n s o n - W i l l i a m s detector ( C l oud Technology Inc . , 
Palo A l t o , California) . This device uses an electrical ly heated resistance w i re 
mounted perpendicular to the airstream to sense the water content. As c loud 
droplets strike the wire , they evaporate, cool ing the w i re and causing an 
imbalance i n a br idge c ircuit , of w h i c h the w i r e is one arm. T h e magnitude 
of the imbalance is a function of the c loud l i q u i d water content. Another 
w i r e , mounted paral le l to the airstream so that it is not subject to water 
drop impingement , serves to compensate for variations i n airspeed, a lt i tude, 
and air temperature. A l t h o u g h the operating pr inc ipa l of the J o h n s o n - W i l ­
l iams detector is s imple , the device requires cal ibration to y i e l d accurate 
results (108). T h e device begins to underestimate the mass of droplets w i t h 
diameters larger than 30 μηι. A carefully cal ibrated probe has a response 
t ime of less than 0.1 s, a detection l imi t of about 0.03 g / m 3 , and an accuracy 
of about 20%. 

T h e operating pr inc ip le of the C S I R O (Australian C o m m o n w e a l t h Sc i ­
entific and Industr ia l Research Organization) K i n g probe (Particle M e a s u r i n g 
Systems Inc . , Bou lder , Colorado) is s imilar i n concept to that of the J o h n s o n -
W i l l i a m s probe. T h e K i n g probe measures the amount of power necessary 
to maintain a heated wire at a constant temperature , whereas the J o h n s o n -
W i l l i a m s probe measures the change i n resistance due to cool ing of the w i r e 
by water evaporation. The probe consists of a heated co i l of w i r e that is 
maintained at a constant temperature. T h e amount of excess power r e q u i r e d 
to maintain the w i re at this temperature w h e n it is impacted by water 
droplets is measured and is proport ional to the c loud l i q u i d water content. 
T h e nomina l response t ime of the instrument is 0.05 s, and it has an accuracy 
of 20%. This instrument uses less power than a J o h n s o n - W i l l i a m s probe , 
an important consideration i n aircraft applications. 

A t h i r d commonly used method for de te rmin ing c loud l i q u i d water 
content is integration of the droplet size spectrum as measured by a P M S 
F S S P probe. Est imates of c loud l i q u i d water content us ing this technique 
are subject to large errors due to uncertainties i n de te rmin ing the n u m b e r 
concentrations of droplets i n the largest size ranges. 
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In situ measurements of the abundances of reactive trace gases have 
been essential to the understanding of stratospheric photochemistry. 
The measurement of those gases that directly affect the abundance 
of ozone—NO, NO2, OH, HO2, ClO, Cl, BrO, Br, and O—are of 
particular interest. The stratospheric environment, with its low tem­
peratures, large range in pressure, and solar ultraviolet light, offers 
many measurement challenges. Simultaneous measurements of a 
number of trace gas species are required to develop an understanding 
of their distributions, and some of these measurements have been 
made from instruments mounted on helium-filled balloons and high­
-altitude aircraft. Although much has been learned about the workings 
of the stratosphere and, in particular, the mechanisms affecting the 
distribution of ozone, a truly predictive understanding has yet to be 
developed. 

THE IMPACT OF ANTHROPOGENIC ACTIVITY on stratospheric photochem­
istry has been an important motivation for the measurements of stratospheric 
trace gases for the last 20 years. A l t h o u g h the stratosphere is remote , the 
changes induced i n the ozone layer by these changing reactive trace gases 
and the resultant increase i n ultraviolet radiation are of concern for a l l l i v i n g 
things on the surface of the earth. Thus , m u c h stratospheric research has 
been focused on ozone deplet ion. Those reactive trace gases that have direct 
impact on o z o n e — N O , N 0 2 , O H , H 0 2 , C I O , C I , B r O , B r , and O — a r e of 
part icular interest. T h e photochemical systems are h igh ly interact ive, how-

0065-2393/93/0232-0133$13.80/0 
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ever, and many components not direct ly related to ozone loss are nonetheless 
important for understanding what that loss is now and might be i n the future. 

T h e strategy for research i n the stratosphere has been to develop c o m ­
puter simulations to predict trends i n photochemistry and ozone change. 
Incorporated i n these simulations are laboratory data on chemical kinetics 
and photolyt ic processes and a theoretical understanding of atmospheric 
motions. A n important aspect of this approach is k n o w i n g i f the computer 
models represent the conditions of the stratosphere accurately enough that 
the ir predictions are va l id . These models are made credib le by comparisons 
w i t h stratospheric observations. 

Measurements either from the ground or from satellites have been a 
major contr ibut ion to this effort, and satellite instruments such as L I M S 
( L i m b Infrared M o n i t o r of the Stratosphere) on the N i m b u s 7 satellite (I) 
i n 1979 and A T M O S (Atmospheric Trace M o l e c u l a r Spectroscopy i n s t r u ­
ment), a F o u r i e r transform infrared spectrometer aboard Spacelab 3 (2) i n 
1987, have produced valuable data sets that st i l l challenge our models . B u t 
these remote techniques are not always adequate for resolving photochem­
istry on the small scale, part icularly i n the lower stratosphere. I n some cases, 
the alt itude resolution prov ided by remote techniques has been insufficient 
to provide unambiguous concentrations of trace gas species at specific a l t i ­
tudes. Insufficient altitude resolution is a handicap part icular ly for those 
trace species w i t h large gradients in e i ther alt itude or lat itude. Of ten only 
the most abundant species can be measured. M a n y of the reactive trace 
gases, the key species i n most chemical transformations, have smal l a b u n ­
dances that are difficult to detect accurately from remote platforms. 

I n situ measurements of stratospheric reactive trace gas abundances 
provide an opportunity to test the fundamental photochemical mechanisms 
(3). T h e advantage of such measurements is that they are local , so the s i ­
multaneous measurements of trace gases place a true constraint on the pos­
sible photochemical mechanisms. These measurements are also able to re ­
solve small-scale spatial and temporal structure in the trace constituent fields. 
T h e disadvantage of i n situ measurements is that they do not capture the 
global or perhaps even seasonal v i ew of photochemical transformations be ­
cause they are seldom done frequently enough or i n enough places to prov ide 
that information. A n o t h e r disadvantage of i n situ measurements is that they 
must be made from platforms i n the stratosphere, and these remote obser­
vational outposts have the ir l iabi l i t ies . 

O n e of the success stories of i n situ measurements i n the stratosphere 
is the confirmation that the rap id loss of ozone over Antarct i ca each October 
is indeed caused by photochemistry related to the release of chlorof luoro-
carbons at the surface of the earth. Ground-based measurements of the 
pr imary chlor ine culpr i t , C I O , and 0 3 have given a s imilar p ic ture (4), but 
not w i t h the fine detai l possible from the i n situ techniques, as shown i n 
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5. B R U N E & S T I M P F L E In Situ Measurements of Stratospheric Trace Gases 1 3 5 

F i g u r e 1. Th is graph shows the rap id variation of C I O and 0 3 as the edge 
of the chemical ly per turbed region in the Antarct i c polar vortex is penetrated 
by the Nat ional Aeronautics and Space Admin is t ra t i on ( N A S A ) E R - 2 h i g h -
alt itude aircraft over the Pa lmer Peninsu la of Antarct i ca on September 16, 
1987 (5). It is one of a series of 12 snapshots, or ind iv idua l fl ights, d u r i n g 
the A i r b o r n e Antarct ic Ozone E x p e r i m e n t ( A A O E ) that show the deve lop­
ment of an anticorrelation between C I O and 0 3 that began as a correlat ion 
i n mid -August . W h e n these two measurements are c ombined w i t h a l l the 
others from the E R - 2 aircraft, the total data set provides a provocative 
picture of how such chemistry occurs and what it is capable of do ing to 
ozone. 
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Figure 1. Simultaneous measurements of ClO and 0:i over Antarctica on Sep­
tember 1 6 , 1 9 8 7 , during the AAOE mission. The boundary of the chemically 
perturbed region at 69°S is clearly shown by the rapid increase in the ClO 
mixing ratio and the rapid decrease in the 03 mixing ratio. There is an anti-

correlation between ClO and 0:i near the boundary. 

T h e measurements i n the midlat i tude stratosphere d u r i n g the last four 
years have been equal ly successful because more related species are be ing 
measured simultaneously, and these data sets are p lac ing serious constraints 
on photochemical models (2). This situation is dramatical ly different from 
that i n the mid-1970s through the mid-1980s, w h e n confirmation that certain 
trace gas species were present in the stratosphere i n approximately the 
correct abundances was st i l l an issue (6). Analyses of more recent measure-
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merits indicate that the current understanding is not complete , however . 
B u t efforts to measure the major components of a l l the trace gas families, 
especially d u r i n g d iurna l or seasonal variations, are sol idi fying the under ­
standing of stratospheric photochemistry at the midlat i tudes . 

T h e challenges that face the scientist studying the stratosphere are the 
same as those that face scientists i n other fields. F i r s t is the challenge of 
knowing what needs to be measured to better understand the natural system 
be ing studied. In the stratosphere, this understanding includes not on ly the 
trace gas abundances and their spatial and temporal variations, but also the 
transport of those species on both short and long t ime scales. Dis t r ibut ions 
of and correlations among long- l ived trace gases have prov ided the best clues 
for how stratospheric transport works. Second is the challenge of h o w to 
make these measurements. This sk i l l includes k n o w i n g not only how to 
measure the abundances of ind iv idua l trace gas species, but how to combine 
several instruments or measurements together and how to deploy those 
instruments throughout an experiment. 

T h e goal of this chapter is to ins t i l l an understanding of i n s itu mea­
surements of stratospheric reactive trace gases and of how the challenges of 
knowing what measurements to make and how to make them are be ing met. 
Because most of the other chapters i n this book concern measurements in 
the troposphere, a br ie f overv iew of the characteristics of the stratosphere— 
its physical state and its trace gas composit ion and photochemistry—is first 
presented. This discussion contains a general statement of the current u n ­
derstanding of stratospheric photochemistry and the areas where the lack of 
knowledge is cr i t ical . Some general guidel ines are presented of what the 
challenges i n stratospheric measurements are, and examples of these cha l ­
lenges are given from instruments that have been f lown either on h e l i u m -
filled balloons or on high-alt i tude aircraft. 

The Stratospheric Environment and Trace Gas Distribution 

T h e stratosphere, beg inning at roughly 10 k m above the earth and extending 
up to 50 k m , contains 10% of the air i n the atmosphere and 9 0 % of the 
ozone. It and the mésosphère are the regions where m u c h of the solar 
ultraviolet l ight deposits its energy as heat; this situation results i n a posit ive 
temperature gradient that maintains vert ical dynamic stability. T h e strato­
sphere thus evolves i n relative isolation from the troposphere, where t u r ­
bulent mix ing occurs, and only a slow exchange occurs between the two 
regions. A l though the processes of exchange between the troposphere and 
stratosphere are not completely understood, it is k n o w n that air and a few 
trace constituents that are not col lected and prec ipi tated out of clouds enter 
the stratosphere predominant ly i n the tropics, can be chemical ly trans­
formed, and exit a few years later i n midd le to h igh latitudes. T h e admission 
of only a relat ively few trace gases into the stratosphere, the exposure of 
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gases to the ultraviolet l ight that is screened from the troposphere by ozone 
and to the resultant photochemistry, the mix ing , and the po leward transport 
produce a trace gas composit ion that is significantly different from that i n 
the troposphere. 

T h e temperatures i n the stratosphere range from a l ow of 200 Κ at 14 
k m to 250 Κ at 50 k m for typical midlat i tude conditions (7). I n the polar 
regions, part icularly over the South Pole , temperatures can fall to as low as 
185 Κ over the entire height of the stratosphere (8). T h e average temperature 
profile for midd le latitudes has higher temperatures than those observed at 
70°S d u r i n g the A i rborne Antarct ic Ozone E x p e d i t i o n i n August 1987 or at 
75°N d u r i n g the A i r b o r n e Arc t i c Stratospheric E x p e r i m e n t i n January 1989 
(Figure 2). F o r comparable altitudes and seasons, the A r c t i c is sl ightly 
warmer than the Antarct i c (9). I n general , the coldest regions are the lower 
equatorial stratosphere just above the tropopause and the winter t ime lower 
polar stratosphere, and these regions exhibit temperatures at or be low 
200 K . 

T h e air pressure i n the stratosphere ranges from 100 mbar near 15 k m 
to 0.1 mbar near 50 k m , fal l ing off exponential ly w i t h alt i tude as shown i n 
F i g u r e 2 (9). As i n the troposphere, alt itude and pressure are used as vert ica l 

60 

40 

20 

— US Std Atm (45°) 
— AAOE (70°S) 
---AASE(75°N) 

210 240 
Temperature (K) 

101 102 103 

Pressure (mbar) 

Figure 2 . The temperature and pressure distribution of the stratosphere. The 
solid line is from reference 7, and the dashed lines are from measurements 
made by the Meteorological Measurement System (MMS) instrument on the 
NASA ER-2 high-altitude aircraft during the AAOE mission in 1987 (S) and 

the AASE mission in 1989 (9). The Arctic was colder in 1989 than usual 
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coordinates throughout the stratosphere, but potential temperature becomes 
the most meaningful coordinate i n the lower stratosphere, where heat ing 
and cool ing rates are small . Potential temperature is the temperature that 
an air parcel w o u l d have i f it were adiabatically compressed to 1 atm (101 
kPa). A i r parcels tend to fol low isentropic trajectories (constant potential 
temperature) , so the goal of measurements is often to fol low constant-po­
tential trajectory surfaces to map out the mer id iona l and zonal components 
of a trace gas constituent field. Th is approach impl ies that both pressure and 
temperature w i l l vary along the path. Such trajectories are meaningful for 
about a week, after w h i c h diabatic effects become important and m i x i n g of 
air parcels from different trajectories creates a new air parcel w i t h a new 
average trajectory. 

T h e vert ical distributions of some trace gases for some regions of the 
stratosphere w o u l d be expected to be smooth and slowly varying . F o r other 
trace gases i n other regions, extreme vert ical stratification and h igh temporal 
variabi l i ty w o u l d be more l ike ly . A n example of this latter case is the Antarct i c 

Figure 3. Abundances of gases in the stratosphere (12). The abundances of 
source gases marked by heavy vertical bars are the abundances at the base of 
the stratosphere, with the exception of H20. The thick vertical bar indicates 
the range of H20 abundances throughout the stratosphere. Shaded bars rep­
resent ranges of observed or calculated reactive or reservoir trace gases for 

midday midlatitude conditions. 
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ozone hole , where extreme gradients i n trace gas abundances are established. 
As the polar air mixes w i t h midlat i tude air , h igh ly variable three-d imensional 
structures i n the trace gas distributions evolve (10, 11). 

T h e trace gases i n this h ighly variable physical env ironment can be 
grouped into chemical families. T h e four most prominent i n photochemistry 
are those of oxygen, nitrogen (other than N 2 ) , hydrogen, and chlor ine and 
bromine (Figure 3). Gases emit ted i n the troposphere that migrate to the 
stratosphere are the pr imary sources for these chemical families. T h e m a i n 
source gases for nitrogen are N a O and to a lesser extent N O and N O £ ; for 
hydrogen H 2 0 or C H 4 ; and for the halogens C H 3 C 1 , chlorofluorocarbons, 
halons, and G H 3 B r . These stable gases are broken down i n the stratosphere 
by e ither sunlight or chemical products of sunlight and become the reactive 
species that interact w i t h each other but also destroy ozone. F i g u r e 3 shows 
the long- l ived source gases as sol id bars, and the range of the resul t ing 
reactive gases—inc luding everything from free radicals to ac ids—is g iven 
by the shaded bars. 

H o w trace gases are d is tr ibuted w i t h alt itude can be i l lustrated for 
midlat i tude conditions. T h e abundances of trace gases i n the stratosphere 
as a function of altitude are given i n F i g u r e 4 i n terms of vo lume m i x i n g 
ratio and i n F i g u r e 5 i n terms of concentration. T h e concept of m i x i n g ratio 
is important i n the consideration of the transport of the trace gases because 

Volume Mixing Ratios 
Figure 4. Calculated altitude distributions of the volume mixing ratios of 
several trace gases (12). The reactive trace gases that directly affect ozone are 

given by dark lines. Conditions are for the equinox at 30°N. 
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50 
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1 2 

C o n c e n t r a t i o n s ( m o l e c u l e s c m " 3 ) 
10 .14 

Figure 5. Calculated altitude distributions of the concentrations of several 
trace gases (12). The reactive trace gases that directly affect ozone are given 

by dark lines. Conditions are for the equinox at 3(PN. 

mix ing ratios are preserved as the air parcels descend and contract or ascend 
and expand. O n the other hand , many measurement techniques use ab­
sorption or fluorescence, w h i c h are dependent upon the concentration of 
the trace constituent. T h e m i x i n g ratios of many free radicals increase sub­
stantially w i t h height, but their concentrations are somewhat more constant 
w i t h alt i tude. N e a r the equator, the source region for most trace gases, the 
abundances of the tropospheric source gases are larger that those at m i d -
latitude for comparable vert ical coordinates. N e a r the polar regions, just the 
opposite is true. A l t h o u g h this is a one-dimensional v i e w of trace gas d is ­
tr ibutions, the three-dimensional v iew is actually r e q u i r e d for careful c o m ­
parison of mode l results and observations. 

Ozone Photochemistry at Midlatitudes 

T h e thrust of m u c h of stratospheric research has been to understand the 
product ion and loss of stratospheric ozone. T h e chemica l t ra i l i n this process 
has been marked i n F i g u r e 6 as the top four arrows. T h e product ion of ozone 
is almost exclusively by this mechanism: 

0 2 + ultraviolet sunlight 2 0 (1) 

Ο + 0 2 + M > 0 3 + M (2) 
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0 2 

Figure 6. Schematic of the major gas-phase cycles in the stratosphere. The 
Chapman mechanism (oxygen reactions) is indicated by the top four arrows. 
The ovals represent the odd-nitrogen, odd-hydrogen, and inorganic halogen 
chemical families. Arrows indicate conversion of species by reaction or pho­
tolysis, but reaction partners are not shown. The overlap area in the center 

represents heterogeneous and unknown photochemistry. 

The destruction of ozone occurs by a n u m b e r of mechanisms that result i n 

0 3 + sunlight > Ο + 0 2 (3) 

Ο + 0 3 » 2 0 2 (4) 

These four reactions constitute the C h a p m a n mechanism for establ ishing the 
abundance of ozone i n the stratosphere. H o w e v e r , the abundance of ozone 
is dictated also by other loss mechanisms that m i m i c reaction 4. 

T h e involvement of reactive nitrogen, reactive hydrogen, and reactive 
chlor ine i n catalytic cycles that destroy ozone has been k n o w n for about 20 
years. These cycles have the form 

0 3 + X > X O + 0 2 (5) 

Ο + X O > X + 0 2 (6) 

where X = N O , O H , C I , or B r . In each couplet of reactions, one is m u c h 
slower than the other and dictates the speed of the net reaction. F o r a l l of 
these species, the rate - l imit ing step is reaction 6. Catalyt ic cycles of reactive 
hydrogen are also possible; i n the lower stratosphere bo th O H and H 0 2 

react w i t h 0 3 , and i n the upper stratosphere both O H and H 0 2 react w i t h 
O. T h e importance of N O , O H , and C I catalytic cycles for destroying ozone 
is g iven i n F i g u r e 7, along w i t h the pure oxygen product ion and losses. T h e 
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R e a c t i o n R a t e ( m o l e c u l e s c m 0 s Ί ) 
Figure 7. Calculated ozone production and loss rates for two different con-
ditionsfrom the AER two-dimensional model. Production and loss rates above 
20 km are diurnally averaged loss rates for the spnng equinox at 30°N. Midday 
loss rates are approximately two times larger. Production and loss rates for 
midday below 20 km are calculated for the chemically perturbed region over 
Antarctica on September 16,1987. The catalytic cycles responsible for the loss 
are explained in the text. Although ozone loss occurs at higher altitudes over 

Antarctica, in situ observations extend only to —19 km. 

reactive nitrogen cycle dominates ozone destruction throughout most of the 
stratosphere, although chlor ine and hydrogen are equal ly important higher 
i n the stratosphere near 40 k m , and hydrogen is more important lower i n 
the stratosphere near the tropopause. 

T h e change i n the ozone abundance at any place or t ime can be wr i t t en 
as 

d03/dt = Product ion - Loss - ν · φ ο 3 (7) 

or 

dO,/dt = 2 / o 2 [0 2 ] - 2* 1 [ 0 ] [ 0 3 ] - 2 f c 2 [N0 2 ] [0 ] (8) 

- 2 * 3 [ H 0 2 ] [ 0 ] - 2* 4 [C10] [0 ] 

- (other smaller terms) - ν · φ θ 3 
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where / is the photolysis rate of 0 2 , the brackets indicate concentration, and 
φ ο 3 is the flux of ozone through the vo lume and represents the transport of 
ozone (12). F o r a g iven location i n the stratosphere, the abundance of ozone 
can be said to be e i ther under photochemical contro l or dynamica l contro l 
depending on whether the chemical terms or the flux t e rm i n equation 8 is 
larger. I n this v iew, m u c h of the stratosphere above 30 k m is under pho ­
tochemical control , and m u c h be low 30 k m or i n the winter t ime polar region 
is under dynamical control (6). H o w e v e r , this v i e w is not ent ire ly va l id for 
the real stratosphere, and it predates the understanding of the rap id chemica l 
loss i n the springt ime Antarct ic stratosphere. 

I n addit ion to the reactive nitrogen species, N O £ and N O , the o d d -
hydrogen species, H 0 2 and O H , and the inorganic chlor ine species, C I O 
and C I , there are the other family members ident i f ied i n F i g u r e 6. F o r the 
sake of c larity and brev i ty the photochemical scheme g iven i n F i g u r e 6 
illustrates the subset of reactions that to a large extent determines the effects 
of these compounds on ozone. T h e ident i ty of the reactive partners (or 
sunlight) invo lved i n each reaction and reactions of lesser importance are 
given i n numerous other publications (references 6 or 12, for example). 

T h e addit ional species shown w i t h i n each el l ipse are, i n each case, 
reservoir species, so-called because they effectively store the active radical 
species i n molecular forms that do not catalytically destroy ozone. T h e pres­
ence of reservoir species dramatically affects the d is tr ibut ion of active radical 
species i n a g iven family and thus the effectiveness w i t h w h i c h they can 
destroy ozone. T h e molecules w i t h i n the over lapped boundary areas, 
C 1 0 N 0 2 , HNO3, HOC1, and HC1, identify cruc ia l reservoir species that 
inter l ink the families. In this p ic ture , the i n t e r l i n k i n g reservoir species serve 
notice that, although the d iv is ion of stratospheric photochemistry into the 
N O v , C1A., and H O t species is a very useful construct for understanding 
stratospheric photochemistry, i n reality the photochemistry must be u n d e r ­
stood as a complete system. Another example of important interfamily r e ­
actions not explicit i n F i g u r e 6 is the reactions of C I O and H 0 2 w i t h N O to 
form C I and O H , respectively. 

A n example of the complexity i m p l i e d b y the i n t e r l i n k i n g of the chemica l 
families i n F i g u r e 6 is the effect of increasing C l t i n the lower stratosphere, 
be low 30 k m (13,14). Presently i n this region the NOX, C l x , and H O A . species 
account for —70, 20, and 10% of ozone loss, respectively, as seen i n F i g u r e 
7. I f C\x were to increase significantly, then the natural buffering effect o f 
N O x on C l x by C l O N O £ formation w o u l d be depleted as N O v is more or less 
complete ly t itrated to C l O N 0 2 . T h e n the excess C l t c ou ld destroy s igni f i ­
cantly more ozone than the NOx system it replaces. I n addi t ion , the loss of 
H O x through the formation of H N 0 3 w o u l d decrease w i t h the N 0 2 decrease, 
thus raising the O H concentration and l iberat ing more C i , f rom the H C 1 
reservoir because of the reaction of H C 1 w i t h O H that forms C I . Th i s type 
of nonl inear atmospheric response to increases i n one of the photochemical 
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families makes it imperat ive that the current understanding of stratospheric 
photochemistry be tested. 

The High-Latitude Lower Stratosphere in Winter and Spring 

Al though many measurements of trace species have been made i n the m i d d l e 
altitudes over the last 20 years, relatively few measurements were made in 
the polar regions u n t i l about 1986, part icular ly i n the coldest t imes of the 
year i n winter and spring. As a result, although researchers thought they 
had a good understanding of the photochemistry at m i d d l e latitudes (15,16), 
l i t t le was k n o w n about the polar regions. It is really no surprise that no one 
recognized the possible consequences of the formation of polar stratospheric 
clouds, w h i c h had been observed by satellites since 1980 (17), and that the 
first report that rapid ozone loss was occurr ing came i n 1985 from F a r m a n 
et a l . at the B r i t i s h Antarct ic Survey (18). This loss, apparent i n the early 
1980s, began i n September and became greatest i n October . I n 1986, 3 5 % 
of the total co lumn of ozone was chemical ly destroyed over an area the size 
of Antarct ica . In 1987, the loss for October was 5 0 % of the 1979 c o l u m n 
amount (19). A l though the ozone loss i n 1988 was substantially less, the 
losses i n 1989, 1990, and 1991 have been equal to that i n 1987 (20, 21). 
Essent ia l ly a l l of the ozone between the altitudes of 13 and 23 k m is r emoved 
i n an air mass that remains located roughly over the Antarct i c continent (22) 
i n a vo lume of air inside the c i rcumpolar vortex that is cal led the " chemica l ly 
per turbed reg ion" . 

W h e n the ozone hole was announced i n 1985, several theories sprang 
up immediate ly to explain the loss. O n l y the theory that chlor ine from 
chlorof luorocarbons—alone (23) and i n combinat ion w i t h bromine (24) and 
to a lesser extent H 0 2 (25)—was responsible has surv ived the process of 
scientific investigation. W h a t is requ i red for ozone between the altitudes of 
13 and 22 k m and south of ~65°S latitude to be destroyed at the observed 
rate of 2 % per day appears i n retrospect to be a chemica l conspiracy. F i r s t , 
the polar stratospheric clouds (PSCs) form at temperatures be low 195 K , 
w h i c h is 4 to 7 Κ above the frost point of water vapor (26, 27). Reactive 
nitrogen and water cocondense on background sulfuric acid aerosols, p re ­
sumably as n i t r i c acid tr ihydrate ( H N 0 3 · 3 H 2 0 ) , although other forms also 
appear l ike ly . Reactive nitrogen, cal led NOy (NOy = N O 4- N O £ + N 0 3 

+ N 2 0 5 + H O N O + H N 0 3 + H 0 2 N 0 2 + C l O N 0 2 + other reactive 
nitrogens) is thus removed from the gas phase and converted into H N 0 3 . 

Th is reactive nitrogen may then be actually removed from the air parcel 
w h e n the particles containing it grow large enough, at least several mic ro ­
meters i n diameter , to gravitationally settle out i n less than a day (26). T h e 
mechanisms for this particle growth are not complete ly understood, but one 
possibi l i ty is that water vapor condenses on the n i t r i c a c id -water core as 
the temperature decreases be low the frost point. These particles then be-
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come large and heavy enough that they can fall to lower alt itudes, perhaps 
out of the stratosphere. F r o m measurements of NO, , , N O , and c o l u m n a b u n ­
dances of H N 0 3 and N 0 2 , it is known that m u c h of the total NOy is actually 
removed from the stratosphere by the sedimentation of large particles con­
taining the reactive nitrogen. O v e r Antarct ica , the stratospheric air is bo th 
denitr i f ied and dehydrated , and these observations support the mechanism 
of sedimentation presented (for examples of these measurements , see many 
papers i n reference 28). H o w e v e r , a n u m b e r of other possible mechanisms 
can accomplish the same effect (29). A l t h o u g h most of the reactive nitrogen 
is r emoved , some remains, presumably i n the form of H N 0 3 , w h i c h is 
photo lyzed only slowly back into N 0 2 i n the weak ultraviolet sunlight of the 
springt ime polar region. 

A t the same t ime , the P S C s are excellent sites for the conversion of 
chlor ine compounds from the relat ively inactive reservoir forms of H C l and 
C 1 0 N 0 2 , w h i c h make up 9 9 % of the chlor ine budget i n the lower strato­
sphere, to photolyt ical ly labi le species such as C l 2 , H O C 1 , and C l O N O 
(30-32): 

C 1 0 N 0 2 + H C l > C l 2 (gas) + H N O ( 3 (solid) (9) 

C l O N O , + H 2 0 > H O C 1 (gas) + H N 0 3 (solid) (10) 

N 2 0 5 + H C l > C l O N O (gas) + H N 0 3 (solid) (11) 

In the weak sunlight of polar spr ing, these gas-phase chlor ine species release 
their chlor ine atoms, w h i c h attack ozone almost exclusively. T h e catalytic 
cycle that requires a reaction between C l O and Ο is not very effective, 
because few oxygen atoms exist i n these co ld , relat ively dark regions. I n ­
stead, C I O reacts w i t h another C I O molecule , f orming C 1 2 0 2 , w h i c h can 
then be easily photolyzed by the weak vis ible sunlight that penetrates the 
atmosphere. 

C I O + C I O + M > C 1 2 0 2 + M (12) 

C 1 2 0 2 + sunlight » C I + C l O O (13) 

C l O O + M > C l + 0 2 + M (14) 

C l + 0 3 » C I O + 0 2 (15) 

A second catalytic cycle involves the C l O and B r O radicals, w h i c h react; 
some form C I and B r atoms, w h i c h can then react w i t h ozone to form C l O 
and B r O again. 

C I O + B r O > B r + C l O O (16a) 

C I O + B r O » B r + O C I O (16b) 

C I O + B r O > B r C l + O. (16c) 
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B r C l + sunlight » B r + C I 

C I + 0 3 > C I O + 0 2 

C l O O + M 

B r + 0 3 

C I + 0 2 + M 

B r O + 0 2 

(17) 

(18) 

(19) 

(20) 

Approx imate ly one-half of the total reaction of C I O and B r O results i n the 
destruction of ozone. O t h e r mechanisms exist, such as a catalytic cycles that 
are rate - l imited by the reaction between C I O and Ο and between C l O and 
H 0 2 (25), but the contr ibut ion from these reactions is small i n the polar 
regions. 

A large n u m b e r of observations, both remote and i n s i tu , conf irm this 
qualitative p ic ture of the loss of ozone over Antarct ica . T h e i n situ data have 
come from instruments carr ied on small balloons and the N A S A E R - 2 h i g h -
altitude aircraft. Small -bal loon measurements are of particle distr ibutions 
and sizes, ozone, and water vapor (23, 33). E R - 2 measurements, l isted i n 
Table I, are of particle size and composit ion; atmospheric parameters such 
as temperature, pressure, lapse rate, and winds ; and trace gas abundances 
of 0 3 , N 2 0 , N O y or N O , C l O and B r O , and stable gases, i n c l u d i n g C H 4 , 
chlorofluorocarbons, halons, and others (34-45). 

D a t a from the E R - 2 were col lected d u r i n g the A A O E that was based 
i n P u n t a Arenas , C h i l e , i n August and September 1987 (46). Twe lve flights 
were made from Punta Arenas (54°S) to the base of the Pa lmer Peninsu la , 
Antarct i ca (72°S), and back d u r i n g the six-week-long mission. F l i g h t paths 
were restricted to a narrow range of longitudes, and altitudes were chosen 
so that the potential temperature remained constant d u r i n g each l eg of the 
flight. Potent ia l temperature surfaces between 420 and 470 Κ were f lown. 
Measurements over a large range of potential temperatures were taken w h e n 
the pi lot executed a dive to 340 Κ before recover ing to a h igher potential 
temperature surface and f ly ing north . Such a program al lowed sampl ing of 
air parcels from 470 to 340 Κ inside the chemical ly per turbed region and 
also permi t ted the observation of strong gradients i n trace gas abundances 
on a g iven potential temperature surface. Another goal o f the miss ion was 
to sample as deeply into the chemical ly per turbed region as possible, and 
measurements as deep as 15° latitude inside the vortex were achieved on 
some flights. These measurements give a p ic ture of the extent and evolut ion 
of the ozone loss over Antarct ica . 

T h e presence of large amounts of reactive ch lor ine , 500 t imes the con­
centration at midlat i tudes , and the absence of reactive ni trogen, 5 t imes less 
than that at midlat i tudes , is but one result of these measurements. A n o t h e r 
result is the evo lv ing anticorrelation between C l O and 0 3 , of w h i c h one 
snapshot is g iven i n F i g u r e 1 (5). To establish quantitatively that the observed 
abundances of C l O and B r O can result i n the observed decl ine i n ozone is 
somewhat more difficult. W i t h the assumption that the abundances of C l O 
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Table I. In Situ Measurements on the E R - 2 Aircraft 
Measuring Device Method 
M M S (pressure, temperature, 

and wind vector) 
Microwave temperature profiler 

Aerosol and cloud spectrometer: 
0.1- to 3.0-μπι particles 
0.3- to 20.0-μπι particles 

Condensation nuclei counter 

Particle chemistry impactor 

Multifilter sampler (total nitrate, 
sulfate, and acidic chloride 
and fluoride) 

Whole-air sampler ( C 0 2 , C H 4 , 
N 2 0 , C O , C F C s , and halons) 

Airborne tunable laser 
absorption spectrometer 
(ATLAS) (N 2 0) 

L y a hygrometer ( H 2 0 vapor) 

Dual-beam U V absorption ozone 
photometer 

N O and NO t f detector 

C l O - B r O detector 

temperature and pressure sensors; 34 
inertial navigation system 

passive microwave radiometry of 0 2 35 
thermal emission 

laser scattering: 36 
inside a cavity 
in the free air stream 

growth in alcohol-saturated chamber; 37 
optical particle counting 

particle impaction; postflight X-ray 38 
analysis 

filter collection; postflight aqueous 39 
extraction and ion chromatography 

pressurized canisters; postflight analysis 40 
with gas chromatography 

infrared absorption by tunable diode 41 
laser spectroscopy 

photodissociation by hydrogen (Lya) 42 
emission at 121.6 nm; detection of 
O H (Α 2 Σ + -> Χ2Π) emission 

U V absorption at 254 nm; comparison of 43 
signals from scrubbed and 
unscrubbed airstreams 

N O : chemiluminescence reaction of 44 
N O + 0 3 and N 0 2 * detection 

NO,,: catalytic conversion to N O and 
chemiluminescence N O detection 

chemical conversion with reagent N O to 45 
CI or Br; resonance fluorescence 
detection of atoms 

and B r O are zonally uni form and that air parcels are nei ther heated nor 
cooled very rapidly d u r i n g the six weeks of observations, then calculations 
of ozone loss, from the observed C l O and B r O amounts and the mechanisms 
g iven, can be compared to the observed ozone loss. T h e calculated ozone 
loss rates are shown i n F i g u r e 7 i n comparison w i t h the midlat i tude ozone 
loss rates, and the t ime evolution of ozone loss d u r i n g August and September 
for three potential temperature surfaces is g iven i n F i g u r e 8 (47). W i t h i n 
the combined uncertainties of the measurements and calculations, the ca l ­
culated loss matches the observed loss. Improv ing this comparison w i l l r e ­
quire a complete understanding of the air parcel trajectories and the v a r i ­
abi l i ty of the trace gas abundances along those trajectories (48), but the large 
involvement of halogen photochemistry has been veri f ied . 

T h e studies over Antarct ica have shown that the motions of the strat­
ospheric air parcels must be w e l l k n o w n and that tracers of some sort must 

American Ctemical Society 
Library 

1155 16th SUHW. 
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Figure 8. Comparison between the observed and calculated ozone loss over 
Antarctica during the jour-week period of the AAOE mission in 1987 (5). The 
units on the y-axis are 1012 molecules cmr3. Calculations were based on the 
observed abundances of ClO and BrO and reactions 12 through 15 alone (ClO 
+ ClO) in the upper of each set of two curves and on the sum of this reaction 
sequence and reactions 16 through 20 (ClO + BrO) in the lower of each set 

of two curves, Dots are observations of ozone abundances. 
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be discovered to mark that motion. O n e tracer that proved to be very useful 
was N 2 0 , w h i c h has its source i n the troposphere and is chemical ly destroyed 
i n the stratosphere w i t h a t ime constant longer than the t ime constants for 
dynamical transport. T h e interpretation of the values of this tracer is not 
w e l l established, but i n the polar, lower stratosphere, the t racers gradients 
m i m i c those of potential vort ic ity , a dynamical tracer that provides a con­
venient marker of mot ion of stratospheric air (49, 50). T h e abundance of 
N 2 0 also provides a surrogate for NOy, as empir i ca l ly de te rmined by re ­
gressing one data set against another for a large n u m b e r of flights (51). Th is 
surrogate is cal led " N O y * " . T h e simultaneous measurement of N 2 0 and NOy 

provides the strongest evidence that reactive ni trogen is actually removed 
from air parcels inside the Antarct ic and Arc t i c polar vortices, because the 
measured abundances of NOy fall significantly be low that expected from the 
near- l inear relationship w i t h N 2 0 that has been frequently observed (52). 
T h e analysis of such relationships is crucial for the understanding of the 
coupl ing between trace gas transport and photochemistry throughout the 
stratosphere. 

If ozone is be ing lost i n the Antarct ic stratosphere in the austral spr ing, 
then w h y hasn't rapid ozone loss also been detected i n the A r c t i c stratosphere 
i n the N o r t h e r n H e m i s p h e r e spring? T h e differences apparently are i n the 
meteorology (reference 53 and references therein). T h e A r c t i c stratosphere 
i n w inter less frequently gets co ld enough for the formation of polar strat­
ospheric clouds, and it is co ld enough over a smaller area than the Antarct i c 
stratosphere. F u r t h e r , the Arc t i c polar vortex that somewhat isolates the 
polar air from midlat i tude air r i ch i n NOx usually breaks apart i n F e b r u a r y , 
a month before the spr ing equinox, un l ike the polar vortex over Antarct i ca 
that breaks apart i n late October , a month after spr ing equinox. T h e less 
extensive P S C formation and the shorter l i fet ime of the Arc t i c polar vortex 
have thus far prevented the large-scale loss of ozone over the A r c t i c that is 
observed over Antarct ica . 

Nonetheless, the A r c t i c stratosphere was found to have as m u c h C l O 
and C 1 2 0 2 as was found i n the Antarct ic stratosphere, and the reactive n i ­
trogen compounds were found to be converted from N O ^ forms to H N 0 3 , 
and some of that was removed (54). These measurements were made d u r i n g 
the A i r b o r n e Arc t i c Stratospheric E x p e r i m e n t ( A A S E ) , based i n Stavanger, 
Norway , i n January and February 1989 (55). T h e E R - 2 aircraft was carry ing 
the same instruments that it carr ied for the A A O E miss ion, as l i s ted i n Table 
I. A comparison of the average data for the two polar regions that are d irect ly 
relevant to ozone loss are presented i n F i g u r e 9. T h e C I O m i x i n g ratios are 
not d is tr ibuted over quite the altitude range i n the Arc t i c as over Antarct i ca , 
although the C l O profile for the Arc t i c is only from one f l ight, that of F e b ­
ruary 10, because the profiles from al l other flights occurred w h e n the solar 
zeni th angle was greater than 90° and reactive chlor ine was mostly i n the 
form of C 1 2 0 2 . T h e abundances of B r O for both of the chemical ly per turbed 
regions were the same. 
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Trace Gas Mixing Ratios (pptv) 

Figure 9. Comparison of Antarctic and Arctic in situ data, taken during the 
AAOE and AASE expeditions, respectively (54). Arctic data are represented 
by solid lines, Antarctic data by dashed lines. The dot-dash line represents 
the NOy* mixing ratio for the Arctic and is only slightly different (~I part 
per billion by volume (ppbv) less NOy* at a given potential temperature) for 
the Antarctic. All data have been averaged over the flights except for ClO 
over the Arctic, which are data from only February 10,1989. Error bars are 
the variability of the results for all flights at the 1σ confidence level. (Repro­
duced with permission from reference 54. Copyright 1991 American Associ­

ation for the Advancement of Science.) 

T h e NOy values were significantly different, however , and m u c h more 
NOtJ was removed i n the Southern H e m i s p h e r e compared to the N o r t h e r n 
H e m i s p h e r e . T h e curve of NOy marks the profile o f NOy pred ic ted by mea­
surements of the N 2 0 . However , i n patches and later i n the miss ion, as 
m u c h as 3 5 % of the NOy was observed to be removed even i n the Arc t i c . 
T h e N O abundance, not shown in F i g u r e 9, was measured to be be low the 
detection l i m i t of the instrument in both chemical ly per turbed regions. 

T h e possibi l i ty for ozone deplet ion i n the A r c t i c polar stratosphere de ­
pends only on the abundances of reactive chlor ine and bromine , the t e m ­
perature ( C 1 2 0 2 rapidly decomposes back into 2 C l O at h igher temperatures) , 
and the presence of sunlight. H o w e v e r , C l O , C l 2 0 2 , and B r O must remain 
a large fraction of the total available chlor ine and bromine for several weeks 
i n the spring i n order for the loss to be readi ly detectable by satell ite-borne 
instruments . Th is requirement means that N O v must remain smal l , because 
any N 0 2 w i l l rapidly react w i t h C l O to form C l O N 0 2 . Thus , a l though the 
sequestering of N O v into H N 0 3 or its possible removal by sedimentation 
does not dictate the rate of ozone loss, it does establish the length of t ime 
that ozone w i l l be destroyed by halogen reactions. T h e A r c t i c polar vortex 
has on occasion been stable and cold enough for P S C formation w e l l into 
M a r c h . I f such a year were to occur w i t h the current abundances of chlor ine 
and bromine i n the stratosphere, substantial ozone deplet ion i n the A r c t i c 
polar vortex w o u l d be possible. 
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Heterogeneous chemistry occurs not only on polar stratospheric clouds 
but also on the global sulfate aerosols. T h e pr imary heterogeneous reaction 
is N 2 0 5 + H 2 0 -> 2 H N 0 3 (56, 57), although the reaction C 1 0 N 0 2 + H a O 
—> H O C 1 + HNO3 may also play a role. M o d e l calculations that inc lude 
these heterogeneous reactions better simulate the observations of C l O (58) 
and many of the nitrogen compounds, in c lud ing N O (59), N 0 2 , and H N 0 3 

(56), than models containing only gas-phase chemistry . H o w e v e r , the agree­
ment of the lat i tudinal and seasonal variation of these reactive trace gases 
is not always w e l l s imulated by models . T h u s , although the evidence is 
strong that N 2 O s is converted to H N 0 3 by heterogeneous reactions on sulfate 
aerosols, these discrepancies indicate that more needs to be learned about 
the photochemical processes of the lower stratosphere. 

Measurement Strategies for Stratospheric Trace Gases 

Al though researchers now have a w o r k i n g knowledge of the stratosphere, 
they do not have a l l the answers. T h e challenge is to go beyond a w o r k i n g 
knowledge to a predict ive knowledge that can track the changing states of 
the stratosphere and accurately portray what w i l l happen w h e n any other 
changes i n either the stratospheric environment or trace gas abundances 
occur. A predict ive knowledge requires not only the abi l i ty to match c o m ­
puter mode l output to average values of observations of a n u m b e r of species, 
but also to correctly match the observations w h e n the env ironmenta l con ­
ditions of the stratosphere change. 

There is already one excellent example of our failure to make such a 
predict ive l eap—the Antarct ic ozone hole. T h e reason for the failure to 
anticipate the rap id loss of ozone i n the lower stratosphere was a failure to 
appreciate the potential role of the subtle photochemistry, i n part icular , the 
heterogeneous chemistry. N o r d i d researchers have a fu l l appreciat ion for 
the consequences of the air parcels inside the polar vortices be ing relat ively 
isolated from midlat i tude air. Some of these same issues are important i n 
the A r c t i c region i n winter t ime , but researchers lack the predic t ive capabil ity 
to determine how ozone w i l l u l t imately be affected. 

T h e capabil ity to predict what w i l l happen to ozone i n the future rests 
firmly on the abi l i ty to mode l recent ozone changes. These ozone changes 
have been carefully studied i n a n u m b e r of recent reports, a l though perhaps 
the most significant is the Ozone Trends Pane l Report (J5, 53, 56). Th is 
study of ground-based Dobson ozone-monitor ing stations for the past two 
decades revealed an — 1 % per decade summert ime decrease i n ozone i n the 
N o r t h e r n H e m i s p h e r e between 30 and 55°N that is roughly consistent w i t h 
the predict ions of computer mode l simulations. F u r t h e r , losses of ozone i n 
the upper stratosphere above 30 k m due to increases i n stratospheric chlor ine 
are also roughly consistent w i t h mode l results. H o w e v e r , computer models 
fail to explain the winter t ime losses of ozone i n the N o r t h e r n H e m i s p h e r e 
by a factor of 3 and fail to explain the decrease i n ozone at lower altitudes, 
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as detected by the S A G E (Stratospheric Aeroso l and Gas Exper iment ) I and 
II satellite instruments. O f course, assessment models wi thout heteroge­
neous chemistry also fail to predict the massive losses i n the Southern H e m i ­
sphere associated w i t h the Antarct i c ozone hole. A l l of these ozone losses 
must be explained. 

Throughout the global stratosphere, many of the photochemical m e c h ­
anisms remain untested. A l t h o u g h certain reactions are c learly occurr ing , 
they may not be the only reactions. A s imple example is a test for the balance 
between the product ion and the destruction of ozone, as represented by 
equation 8. N o experiment has yet been per formed d u r i n g w h i c h the a b u n ­
dances of a l l the rate - l imit ing components for ozone loss and ozone produc ­
t ion , N 0 2 , H 0 2 , C I O , B r O , and O , have been measured. 

H o w e v e r , even i f such measurements were possible, w o u l d the uncer ­
tainty of the result be smal l enough to establish that product ion does indeed 
balance observed loss of ozone? The calculation of ozone loss i n the Antarct i c 
ozone hole was shown to have an uncertainty of 35 to 50%. T h e uncertainty 
for analyzing whether product ion balances loss i n the midlat i tude strato­
sphere is s imi lar ly 35 to 50%. About hal f of the uncertainty is i n the mea­
surements of stratospheric abundances, w h i c h are typical ly 5 to 3 5 % , and 
hal f is i n the k inet ic rate constants, w h i c h are typical ly 10 to 2 0 % for the 
rate constants near room temperature but are even larger for rate constants 
w i t h temperature dependencies that must be extrapolated for stratospheric 
conditions be low the range of laboratory measurements. I n addi t ion to u n ­
certainties i n the photochemical rate constants, there are those associated 
w i t h possible miss ing chemistry , such as excited-state chemistry , and the 
effects of transport processes that operate on the same t ime scales as the 
photochemistry. Thus , simultaneous measurements, even w i t h relat ively 
large uncertainties, can be useful tests of our basic understanding but perhaps 
not o f the details of photochemical processes. 

A n alternative strategy is to make a large n u m b e r of i n s itu measurements 
and examine how the balance between product ion and loss changes for 
different conditions. Part icular ly important are variations w i t h alt i tude, be ­
cause the relative importance of the various chemical families to ozone loss 
changes between 20 and 45 k m . Seasonal and lat i tudinal effects are important 
for testing both the product ion and the transport of ozone. A t present, the 
main source of data for these variations comes from satellite instruments , 
although i n situ instruments have been used for several a l t i tudinal studies, 
p r imar i l y b y balloon-borne instruments , and some l i m i t e d seasonal and lat­
i tud ina l studies. 

T h e i n situ measurement of several related trace gas species i n the 
stratosphere has for a long t ime proven to be difficult. Part of the p r o b l e m 
stems from the fact that it is difficult to get a larger n u m b e r of instruments 
to work w e l l together on the same platform at the same t ime. Th is p r o b l e m 
has been largely conquered i n the 1980s, and a n u m b e r of mul t ip l e i n s t r u -
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ment programs using e ither aircraft or balloons as instrument platforms have 
been successfully completed. T h e remain ing prob l em is that even more 
simultaneous measurements need to be made to resolve many issues. M e a ­
surements that were combined w i t h the simplest photochemical re lat ion­
ships have had to be used to establish the val id i ty of other photochemical 
relationships that are more complex. 

A n example of the promise and problems of c ombin ing observations and 
photochemical mechanisms to der ive other trace gas abundances is p rov ided 
by simultaneous i n situ measurements of N O , C l O , and 0 3 i n the lower 
stratosphere over Cal i fornia i n October 1988 d u r i n g sunrise (60). These 
measurements were made by instruments mounted on the N A S A E R - 2 
aircraft, w h i c h was f lown i n a tight 2°-latitude square at a constant alt itude 
near 20 k m . F r o m these measurements and a knowledge of the solar zen i th 
angle, the air density, and the air parcel trajectories, the abundances of a 
n u m b e r of related species can be der ived . F r o m the measurements of N O 
( ± 2 5 % ) , C I O ( ± 3 0 % ) , and 0 3 ( ± 5 % ) d u r i n g sunrise, the abundances of N 0 2 

( ± 6 0 % ) , C 1 0 N 0 2 ( ± 7 0 % ) , N 2 0 5 ( ± 7 5 % ) , N O y ( ± 5 0 % ) , and O H (±150%) 
can be der ived , where the numbers i n parentheses are the uncertainties 
calculated by propagation of errors for the methods of determinat ion shown 
i n Table II . M u c h of the uncertainty i n these calculations again stems from 
the uncertainties i n the laboratory photochemical constants. A comparison 
of these der ived abundances w i t h other measurements i n a sense validates 
the photochemistry assumed, and a l l the der ived abundances are s imilar to 
direct measurements pr imar i ly from the A T M O S instrument . H o w e v e r , the 
uncertainties are large. D i r e c t measurements are clearly better w h e n pos­
s ib le—they have lower uncertainty and they test the photochemical m e c h ­
anisms. 

A n example of using simultaneous measurements to check midlat i tude 
stratospheric photochemical mechanisms is the use of the bal loon-borne 
measurements of O H , H 0 2 , O s , and H 2 0 to examine H O x . photochemistry 
(61, 62). This data set is a dayt ime, snapshot set of h igh vert ical resolution 
(~100 m) measurements extending from 23 to 36 k m . O v e r this alt itude 
interval the data have been used to check product ion and loss balance of 
H O v ( O H and H 0 2 ) , to check the ratio H 0 2 to O H , and to infer the abundance 
of H 2 0 2 . These results have prov ided the best check to date of H O v pho ­
tochemical theory w i t h stratospheric measurements. F o r example, the c o m ­
parison of measurement and theory for the ratio of H 0 2 to O H is shown i n 
F i g u r e 10. There is excellent agreement above —30 k m but a marked d i ­
vergence below this altitude by a factor of 2 i n the 25 -km region. H o w e v e r , 
the shaded region enclosing the calculated curve and indicat ing p r i m a r i l y 
uncertainty due to error i n laboratory rate constant measurements overlaps 
the error i n the measured ratio. A n interpretat ion of this result is that present 
HOx photochemical theory adequately explains the stratosphere, and a more 
d iscr iminat ing check of ΗΟ λ. chemistry w i l l require addit ional l ow-temper -
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Figure 10. Calculated (solid) and measured (*) ratio of [H02 ] to [OH] (62). 
The shaded area represents the 1σ estimate of the uncertainty in the calculated 
ratio. Error bars for the measured ratio are 1σ. (Reproduced with permission 

from reference 62. Copyright 1990.) 

ature, laboratory kinetics studies of some notable reactions contro l l ing H O A . 
chemistry. 

These examples i l lustrate that an increasing n u m b e r of trace gases must 
be measured simultaneously i f even l i m i t e d subsets of stratospheric pho ­
tochemistry and transport are to be understood. T h e c o m b i n e d uncertainties 
w i l l also become less of a constraint as simultaneous measurements of trace 
gas abundances can be compared to values der ived from other observed 
abundances and s imple photochemical relationships. As important is the 
i m p r o v e d measurement of photochemical parameters from laboratory studies 
as w e l l as the search and study of other mechanisms that may be occurr ing 
i n the stratosphere. Concer ted effort i n al l of these categories is r equ i red 
to avert future failure i n pred ic t ing shifts in stratospheric photochemistry , 
l ike the Antarct ic ozone hole. 

Phtforms and Instruments for In Situ Measurements 
of Reactive Trace Gases 

This chapter has so far concentrated on the conditions and photochemistry 
of the stratosphere and what strategies are used to understand them. In this 
section, some challenges of actually making the i n situ measurements are 
discussed. In particular , the measurements of some of the reactive trace 
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gases that have a direct affect on o z o n e — N 0 2 , N O , O H , H 0 2 , C I O , C I , 
B r O , and Ο—are discussed. N o measurements of B r have been made. Two 
research platforms that have been used for i n situ stratospheric measure­
ments are the he l ium- f i l l ed research bal loon and the N A S A E R - 2 h i g h -
alt itude aircraft. E a c h has strengths and weaknesses that are discussed. 
Abundances of N 0 2 , N O , C I O , and B r O have been measured from both 
balloons and aircraft; O H , H 0 2 , C I , and Ο have been measured only from 
balloons. Some of the techniques and some of the resultant measurements 
are discussed i n detai l . 

B a l l o o n - B o r n e M e a s u r e m e n t s . To i l lustrate the versati l ity possible 
w i t h balloon-borne platforms, the i n situ techniques that have recently made 
important contributions to our understanding of stratospheric reactive trace 
gases are h ighl ighted . E a c h technique is based on a fundamental ly different 
physical pr inc ip le , prov id ing measurements w i t h un ique and characteristic 
spatial and temporal scales. B u t first the advantages and disadvantages of­
fered (and suffered) i n balloon-borne experimentation are rev iewed. Some 
unique facets of balloon behavior that are relevant to a specific exper iment 
are discussed w i t h that experiment. 

M o s t stratospheric research bal looning i n the U n i t e d States is supported 
d irect ly by N A S A through the Nat ional Scientif ic Bal loon Fac i l i t y ( N S B F ) , 
w h i c h has its headquarters and main launching site i n Palest ine, Texas (32°N). 
Another launch site at F t . Sumner , N e w Mex i co , (34°N) is be ing used w i t h 
increasing frequency, and N S B F has supported launches out of other remote 
locations such as Antarct i ca and Green land . 

T h e foremost advantage of balloon-borne deployment is that it provides 
a relatively inexpensive vehic le that accesses an exceedingly large alt itude 
interval of the atmosphere. That interval extends from ground l eve l up to 
40 k m , but most experimenters use balloons to operate exclusively i n the 
stratosphere. There is considerable f lexibi l i ty i n contro l l ing the amount of 
t ime spent at a g iven flight l eve l , or rates of ascent and descent, by contro l led 
release of ballast, typical ly i r on or glass shot or h e l i u m . T h e durat ion of a 
flight may extend from a few hours to several days. Balloons prov ide very 
gentle, vibration-free flights. T h e balloons are expendable because they are 
made of very fragile materials and are normal ly rendered unusable b y flight 
terminat ion procedures. T h e lift capacity of a large bal loon, 30 to 40 m i l l i o n 
cubic feet (800,000 to 1.1 m i l l i o n m 3 ) i n vo lume, can exceed 2000 kg ; thus 
balloons can fly relatively large exper imental gondolas support ing i n s t r u ­
mentation designed to detect several different species. T h e scientific objec­
tive of simultaneous measurements of photochemical ly l i n k e d species may 
be met, albeit at the cost of some gondola complexity . 

A n experiment operating remotely (modern-era bal loon-borne exper i ­
ments never carry passengers) i n the temperature and pressure env ironment 
of the stratosphere presents several engineer ing challenges that must be 
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met. Remote operation means that the balloon instrument is by design more 
autonomous than a typical D C - 8 - b o r n e instrument , for example. A l l ex­
per imenta l power sources and heating or cool ing subsystems must be on 
board. M o s t experiments require real-t ime control from the ground, that is, 
te lemetry l inks to and from the experiment. 

Bal looning is of course not without disadvantages that are sometimes 
considerable. There is relatively l i tt le control on the trajectory a bal loon w i l l 
follow after it is launched. W h a t l i tt le control there is comes from contro l l ing 
altitude or ascent rates to take advantage of different w i n d directions and 
speeds at different altitudes. F o r this reason balloon launches are always 
preceded by several weather balloon sondes to forecast flight paths. These 
forecasts are important scientifically w h e n they involve issues such as the 
trade-off between te lemetry range and flight t ime , for example. F o r N S B F 
personnel , who continuously track altitude and posit ion of each bal loon flight 
and control a l l bal loon command procedures from launch to landing , accurate 
forecasting is cr it ical ly important. There are some safety issues invo lved that, 
depending on the payload weight and mission complexity , impose restr ic ­
tions on areas over w h i c h a flight is al lowed to take place. Thus flight op­
portunities can be constrained by overhead meteorology and the presence 
of densely populated areas under flight trajectories. I n general , bal loon 
overflight restrictions have now l i m i t e d the opportunity to fly large gondolas 
out of Palestine to the summer months w h e n the winds at altitude are b low­
ing west, leading to the increasing use of the F t . Sumner location. I n ad ­
d i t ion , the local meteorological conditions at the launch site and at the 
projected landing site can cause unavoidable delays i n carrying out a flight. 
Large bal loon launches require relatively calm winds d u r i n g the inflation 
and launch procedure. 

Bal looning has always presented risk w i t h respect to bal loon perfor­
mance. I n the mid-1980s there was an abnormal number of bal loon failures 
due to subtle changes i n the manufacturing process used i n polyethylene 
film product ion. That prob lem has since been corrected, but there st i l l 
remains the risk of mechanical or related electrical failure, w h i c h , wh i l e low, 
st i l l occurs w i t h some frequency. I n the worst case a free fall can occur that 
results i n total destruction of an instrument . A normal recovery takes places 
by instrument deployment on a parachute fo l lowed by tracking and recovery 
by N S B F personnel . T h e consequences of landing can be ben ign or some­
thing considerably less so, depending on the presence of obstacles and some­
times the w i n d at the landing site. M o s t experiments are sufficiently complex 
and sensitive that it is not a s imple matter to go through a launch and recovery 
operation without incurr ing significant refurbishment t ime before the next 
launch attempt. This situation is clearly a disadvantage of bal looning: con­
siderable effort goes into prepar ing and f ly ing a balloon-borne exper iment 
i n w h i c h the balloon is expendable, and the amount of data recovered can 
seem small i n comparison to the effort. 
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M e a s u r e m e n t s o f N O a n d N 0 2 b y C h e m i l u m i n e s c e n c e . M o s t 
bal loon-borne i n situ measurements of N O and N O £ pub l i shed to date have 
been made w i t h the chemiluminescence technique (6, 63,64). Reagent ozone 
is added to the ambient flow i n a reaction chamber, and the c h e m i l u m i ­
nescence observed from the reaction N O 4- 0 3 —> N 0 2 * + 0 2 is detected 
by a photomult ip l i er tube that views the vo lume. T h e amount of l ight ob­
served is proport ional to the amount of N O i n the ambient air. N 0 2 is 
detected by exposing the ambient air going into the detect ion ce l l to a strong 
l ight source; this exposure photolyzes N 0 2 to N O , w h i c h can then be de ­
tected. 

This technique has both advantages and disadvantages for bal loon-borne 
measurements. It is sensitive, able to detect less than 50 parts per t r i l l i on 
by vo lume (pptrv) of e ither N O or N 0 2 (6), and its characteristics are w e l l 
understood. F u r t h e r , one type of instrument w i t h different inlets can be 
used to detect both N O and N 0 2 . O n the other hand, any other trace species 
that chemi luminesce i n the reaction chamber are detected as w e l l as N O 
and lead to artifact signals that must be measured and subtracted from the 
total signal. T h e prob lem of an artifact signal is exacerbated for the N 0 2 

detection because of the photochemistry of nitrogen-containing species that 
occurs i n the photolysis ce l l . In the troposphere, where the instrument can 
be kept at a relat ively constant temperature and pressure, the artifact signals 
can be tracked over t ime and can be w e l l characterized. F o r a bal loon flight 
that lasts a matter of hours and spans wide ranges i n temperature and pres­
sure, stabi l iz ing the instrument and its artifacts is a considerable exper i ­
mental challenge. 

A n example of the use of this technique is the measurement of N O and 
N 0 2 made near 50°N latitude by R id l ey and co-workers. S u m m e r t i m e mea­
surements of N O , N 0 2 , 0 3 , temperature, and the photolysis rate of N 0 2 

showed that N O and N 0 2 were i n photochemical steady state (65). H o w e v e r , 
the abundances of ΝΟ λ. ( N O + N 0 2 ) were observed to be ten t imes smaller 
i n w inter than i n summer at altitudes between 20 and 28 k m (63). A t altitudes 
above 28 k m , the abundances of N O t were s imilar i n both winter and s u m ­
mer. Cons ider ing the trajectories of air at different alt itudes, they were able 
to determine that N 2 0 5 must be the winter t ime reservoir species, as was 
predic ted i n a n u m b e r of previous studies. 

R i d l e y and co-workers dismissed the possibi l i ty of heterogeneous con­
version of N 2 0 5 to H N 0 3 proposed by Evans et a l . (66) because the est imated 
t ime constant, about 18 days, was too slow. C u r r e n t estimates of the aerosol 
surface areas i n the lower stratosphere (56) give a conversion t ime constant 
of about two days, w h i c h is comparable to the t ime constant for the con­
version of N 0 2 to N 2 0 5 . T h e i r observations of N O may have been affected 
by heterogeneous chemistry , and simultaneous measurements of H N 0 3 and 
aerosol properties w o u l d have al lowed t h e m to discover the effects. Thus 
the importance of simultaneous measurements of the relevant trace species 
for developing an understanding of stratospheric chemistry is clear. 
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The Balloon-Borne Laser In Situ Sensor. A n instrument was 
developed by Webster and eo-workers at the Jet Propuls ion Laboratory that 
uses single-mode, tunable diode lasers ( T D L ) to detect IR-act ive molecules 
by absorption (67-69). Typica l ly four different lasers are used, each spanning 
a small range w i t h i n the 1000- to 3000-cm" 1 interval . T h e fo l lowing species 
have been detected: N O , N 0 2 , N 2 0 , 0 3 , C H 4 , C 0 2 , H 2 0 , H N 0 3 , and H C l . 
U p p e r l imi ts , that is, no detectable signals, have been reported for H O C 1 
and H 2 0 2 . This method benefits from be ing able to detect a large n u m b e r 
of species besides N O and N 0 2 w i t h a single instrument . 

In a bal loon-borne configuration this technique might be labeled a semi -
remote one because a long absorption path length is attained b y l ower ing 
a tethered retroreflector be low the gondola by up to 500 m , w h i c h yields a 
1-km path length. In practice a retroreflector distance of 200 to 300 m is 
used to opt imize the observed signal, trading off less fractional absorption 
for more re turned laser power. A somewhat sophisticated a iming and track­
ing system using a H e - N e laser is used to find and track the retroreflector. 

T h e basic s impl ic i ty of absorption is an advantage for this system. After 
an absorption feature is identi f ied, the absorber density can be calculated 
w i t h knowledge of the integrated absorption l ine strength, l ine broadening 
parameters, and the path length. T h e spectroscopic information is usually 
k n o w n or can be further investigated i n laboratory studies w h e n requ i red . 
The atmosphere is optically th in for a l l of the detected species. Temperature 
and pressure are measured direct ly . O n l y one T D L may be used at a t ime , 
but the t ime requ i red to change lasers is about a minute , so essentially 
simultaneous measurements of a l l of the above species can be made. T h e 
laser optical path and absorption detection hardware are ident ical for each 
laser. 

T h e single-mode output from a T D L , 1 Χ 10" 4 to 5 Χ 10" 4 c m - 1 , is 
considerably less than the D o p p l e r - or pressure-broadened widths of the 
absorbers, y i e ld ing high-resolution absorption spectra. T h e T D L is t u n e d 
w i t h a 2 - k H z dither , a l lowing phase-sensitive detection techniques to mea­
sure smal l changes i n the re turn ing laser power. Absorbances as l ow as 
10" 5 are detectable. Because the detected species are mostly stable mo le ­
cules, in-f l ight l ine identif ication can be veri f ied b y passing a beam-spl i t 
fraction of the laser beam through on-board samples of the detected gases. 
In some cases, a surrogate molecule serves as a wavelength standard, such 
as N H 3 for 0 3 . 

Balloons offer several different scenarios for mission p lanning . S low-
descent flights are possible for generating alt i tude-dependent measure­
ments. H o w e v e r , for observing rapidly vary ing species such as N 0 2 around 
sunrise and sunset it is obviously important to remain at one alt i tude, because 
the kinetics of this process is dependent on density and temperature . T h u s 
the typical balloon flight remains for extended periods of t ime at a single 
altitude to record short- and long-term changes i n N O x species. Some flights 
have prov ided data from two different altitudes. 
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Perhaps the greatest challenge w i t h this instrument is the design and 
fabrication of a system that can lower a retroreflector and reflect a 0 . 5 - m W 
laser beam off of it and back to the detection optics. A bal loon-borne platform 
is a part icularly benign vehic le from w h i c h to operate. O f a l l of the detected 
species, only the H 2 0 measurement can significantly be affected b y the 
presence of the gondola. In fact, water contamination was noted on one flight 
w h e n a heater was turned on to w a r m u p a translation stage on the gondola. 
T h e presence of the perturbation was obvious because of the large absorption 
signal, equivalent to 16 p p m , a factor of 3 greater than that expected. T h e 
correlation of the signal w i t h heater activation provides a sound demonstra­
t ion of an instrumental influence. Another diagnostic, i f r equ i red , c ou ld have 
inc luded checking the absorbance dependence on path length by vary ing 
the retroreflector posit ion, because water outgassing from the gondola must 
be strongly local ized i n the v ic in i ty of the gondola. It is h ighly un l ike ly that 
any of the other detected species could be affected b y the gondola, tether, 
or retroreflector. 

Bal loon lift capacity has al lowed flying a gondola that can support the 
B L I S S instrument w i t h other instrumentat ion for detect ing / Ν θ 2 and 0 3 

density. Perhaps the most important contr ibut ion of this instrument thus 
far has been its comprehensive check of N O t chemistry . In part icular , rap id 
conversion of N O to N 0 2 at sunset and slow conversion of N 0 2 to N 2 O s at 
night is detai led by the d iurna l measurements of N 0 2 i l lustrated i n F i g u r e 
11 (70). T h e N 0 2 d iurna l dependence, the ratio of N 0 2 to N O , and the 

Figure 11. Comparison of [N02 ] against time from BLISS September 1988 
flight measurements at 30 km with model predictions of the N02 diurnal be­
havior; an albedo of 0.5 was used (70). The peak at sunset is due to a slight 
descent of the balloon at that time and is accurately captured by the model 
calculations that mimic the motion. (Reproduced with permission from ref­

erence 70. Copyright 1981.) 
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mix ing ratios of N O , N 0 2 , and H N 0 3 conf irm that the N O x photochemistry 
indicated i n F i g u r e 8 is essentially correct. N e w measurements of some 
precursor species, C H 4 , H 2 0 , and N 2 0 , have served as valuable independent 
checks of previous measurements by other methods. 

O H Detection by Laser-Induced Fluorescence. T h e O H (and 
H 0 2 ) instrument is deployed on a large gondola that has flown w i t h i n s t r u ­
mentation for 0 3 and H 2 0 detection (61, 62, 71). T h e gondola has been 
configured to inc lude N O and C l O , but a flight i n c l u d i n g that complement 
has not been carr ied out. High-reso lut ion , a l t i tude-dependent measure­
ments are made as the balloon descends by contro l led release of h e l i u m 
through a large valve mounted at the apex of the bal loon. Descent is in i t iated 
by cutt ing open ducts at the side of the bal loon to release a large amount 
of H e rapidly . 

O H is detected w i t h the laser- induced fluorescence technique . O H is 
optically excited i n the Α-Χ(Ι,Ο) band v ia the Qil l ine at 282 n m w i t h a 
pulsed C u vapor laser -pumped dye laser w i t h a 1 7 - k H z repet i t ion rate. T h e 
pr imary signal is composed of fluorescence of O H i n the Α-Χ(Ο,Ο) band at 
309 n m , observed w i t h a filtered photomult ip l i er tube. Detec t i on takes place 
i n the core of a flowing sample of ambient air as it passes through a cy l indr i ca l 
detection chamber that has a 12.5-cm diameter at i t narrowest point . T h e 
O H fluorescence is d ist inguished from the background signal b y successively 
step tun ing the laser on and off resonance w i t h the O H absorption l ine . 
Sources of background signal are solar scattering off the atmosphere be low 
the instrument ; Rayle igh , Raman, and chamber-scattered laser l ight ; and 
n o n - O H fluorescence. H 0 2 is detected by conversion to O H by the addit ion 
of N O to the sample i n a sequence that is synchronized w i t h the laser tun ing 
cycle. 

T h e reactive nature of the O H radical presents a significant exper imental 
challenge. Foremost , the detection method must be nonintrus ive , d e m o n ­
strating by auxil iary diagnostic measurements that the atmospheric sample 
is not per turbed by the presence of the instrument . O H is detected w i t h i n 
20 ms after it enters the shrouded detection chamber , a t ime scale m u c h 
shorter than its stratospheric l i fet ime of ~ 2 0 to 10 s over the 36- to 25 -km 
interval . It is assumed that O H w i l l not survive collisions w i t h surfaces or 
w i t h contaminants that outgas from the detection vo lume wal ls , the gondola, 
or the bal loon. A v o i d i n g contamination from the gondola and bal loon re ­
quires that measurements be taken w h e n the gondola is descending at ve ­
locities of 3 to 5 m /s . M o r e rap id descent velocities are detr imenta l only i n 
the sense that they w o u l d decrease the alt itude resolution of the measure­
ments. A typical alt itude profile extends from 37 to 23 k m . I n practice, 37 
k m represents an upper l i m i t that a balloon of 30 m i l l i o n cubic feet can reach 
w i t h a 1600-kg payload. T h e lower l i m i t is dec ided by operational factors on 
the day of the flight, such as an appropriate landing site that avoids possibly 
hazardous locations. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

99
3 

| d
oi

: 1
0.

10
21

/b
a-

19
93

-0
23

2.
ch

00
5

In Measurement Challenges in Atmospheric Chemistry; Newman, L.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1993. 



162 M E A S U R E M E N T C H A L L E N G E S I N A T M O S P H E R I C C H E M I S T R Y 

T h e bal loon descent per i od takes place i n a re lat ively short amount of 
t ime , —50 m i n to descend 15 k m . I n order to achieve a result w i t h good 
alt itude resolution the instrument must have h igh absolute O H sensit ivity 
i n concert w i t h l ow total background signal. I n the August 25, 1989, flight, 
observed signal-to-noise ratios achieved i n 20-s integration periods at 35 k m 
were 135 and 80, for O H + H 0 2 detect ion (with N O addition) and O H 
detection (no N O addition), respectively, and at 23 k m the ratios were 11 
and 5. T h e absolute O H detection sensitivity of the flight ins trument is 
cal ibrated pr ior to flight by insert ing the core of the detect ion module into 
a laboratory flow tube apparatus. K n o w n O H densities are produced by 
t i trat ing N 0 2 w i t h excess H atoms w i t h standard laboratory chemica l kinetics 
investigation techniques. 

T h e most serious possible p rob l em w i t h this measurement technique is 
the possible loss of O H pr ior to detection. T h e p r i m a r y diagnostic indicator 
for the presence of contamination is the temperature of the sample air flow 
after passage through the detection vo lume. If boundary- layer air has i n ­
t r u d e d into the detection vo lume, the sample air temperature w i l l rise above 
ambient because the walls of the detection module are always warmer than 
the ambient air temperature. F o r example, at float alt i tude the temperature 
difference is —15 °C. 

W h i l e at float the instrument is brought to a ful ly operational state before 
the cr i t i ca l part of the flight, the descent, is in i t iated . T h e float per i od 
provides an opportunity to observe instrument behavior under dec idedly 
nonideal conditions because it is h ighly l ike ly that the sampled air w i l l be 
per turbed either by the presence of the gondola i n the local env i ronment 
or by poorly developed flow i n the pod itself. Absence of a concerted gondola 
descent velocity leads to more easily per turbed flow i n the detect ion module 
b y influences such as relative w i n d shear at the p o d entry point . A l s o , the 
fan used as a flow impe l l e r at the exit of the detection module operates less 
efficiently at 6 mbar (37 km) than it does at greater pressures. T h e orientation 
of the gondola w i t h respect to the sun may also be important i n the absence 
of vert ical mot ion i f the sample has a long residence t ime i n the shadow of 
the gondola. Moreover , at float the bal loon undergoes a slight oscil latory 
mot ion of ~ 1 0 0 - m ampl i tude i n an —3-min per iod . Th is mot ion can affect 
the pur i ty of the sampled air i f the gondola has just passed through the 
c o l u m n of air it is sampling. 

I n any case, at float dramatic instances of contaminated sampl ing o n a 
short t ime scale associated w i t h poor flow i n the p o d are observed, and 
variabi l i ty on perhaps a longer scale due to vary ing inf luence of the gondola 
on the air sample is observed. A n example is shown i n F i g u r e 12, a plot of 
unaveraged detector count-rate data and the air flow temperature versus 
t ime. T h e signal shows a h igh correlation w i t h the observed temperature 
trace. T h e intrus ion of w a r m air causes variabi l i ty i n the ratio of H O £ to O H , 
variabi l i ty i n total H O x , and increases the off-resonant background signal. 
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Figure 12. Plot of unaveraged detector count-rate data (top) and airflow tem­
perature (bottom) versus time for the August 2 5 , 1 9 8 9 , flight. Data are ob­
served during the balloon float period at an altitude of 37 km. The 20-s period 
modulation in the count-rate data is due to tuning the laser on- and off-
resonance with the OH absorption. The alternating high and low OH signal 

is due to measurements with and without NO injection. 

E v o l v i n g boundary- layer separations or excessive growth that intrudes into 
the core of the f low are observed on the axis at the deepest distance into 
the detection module first as flow disturbances grow into the flow stream 
lines. T h e background increase is thought to be due to organic compounds 
i n the paint used to b lacken the inter ior of the detect ion pod . T h e background 
signal is an excellent marker of boundary- layer air intrus ion into the detect ion 
vo lume. 

In contrast, data recorded d u r i n g the descent are shown i n F i g u r e 13. 
T h e pod flow temperature matches the ambient air temperature , and the 
background fluorescence is stable. There are no instances of poorly deve l ­
oped flow affecting e ither the detection vo lume i n the temperature or the 
background fluorescence data. T h e gondola is descending at a sufficient 
velocity that nei ther the gondola nor the bal loon can affect the sample. T h e 
der ived H 0 2 m ix ing ratio from this flight is shown i n F i g u r e 14. 

Measurements of O, CI, CIO, and B r O by Resonance Fluores­
cence. T h e resonance fluorescence technique that is used for the detect ion 
of O H has also been used for the detection of Ο (72), C l (73), C I O (74-76), 
and B r O (76). Detec t i on of the free radicals was made on the descent of the 
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Figure 13. Same plot as in Figure 12. Data were observed during the balloon 
descent through the 30.5- to 28.8-km interval. 

bal loon to m i n i m i z e the effects of contamination and w a l l loss, just as for 
O H . B u t the l ight sources were smal l , low-pressure h e l i u m lamps containing 
trace amounts of the atom of interest. To separate the signal due to the 
radical from the background scattering, a reagent chemica l is added to the 
flow to e i ther convert C I O and B r O to the ir respective atoms or to remove 
C I by chemical reaction. 

Aircraft measurements of C I O and B r O are discussed i n some detai l i n 
the next section. Because the aircraft and bal loon-borne techniques are 
essentially the same, further discussion about these two reactive trace gases 
is deferred to this later section. A discussion of some of the challenges of 
measuring atomic trace gases i n the stratosphere follows. 

D e t e r m i n i n g the abundance of C l atoms is difficult because of the smal l 
abundance of this species (Figure 5), w h i c h is pred i c ted to be between 10 4 

and 10 6 a t o m s / c m 3 between 20 and 40 k m , respectively. W i t h the sensit ivity 
achieved for the detection of chlor ine on balloon-borne instruments , about 
10 5 a t o m s / c m 3 cou ld be detected i n a minute above an alt itude of 35 k m . 
H o w e v e r , the background signal increases rapid ly be low 35 k m because of 
the increase i n Rayle igh scattering by air , and the signal-to-noise ratio is no 
longer sufficient for the measurement. O n the other hand , most recent 
bal loon descents have been ini t iated e i ther by opening a valve i n the top of 
the bal loon or by cutt ing ducts. These procedures usually require a few 
ki lometers to achieve the desired descent rates. T h u s , even for a bal loon 
starting at an altitude of 40 k m , a good flow w o u l d not be established i n the 
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1 10 1 0 2 1 0 s 

H02 mr (ppt) 

Figure 14. Summary of H02 mixing ratio measurements versus altitude at a 
54° solar zenith angle (61). References to other measurements can he found 
in reference 71. The dashed line is a model calculation. (Reproduced with 

permission from reference 61. Copyright 1990.) 

measurement flow tube unt i l be low an alt itude of —37 k m , where C I is 
difficult to detect. As a result , the only successful atomic ch lor ine measure­
ments have been from balloon payloads that descended through the strat­
osphere on a parachute. 

T h e abundances of oxygen atoms are orders of magnitude larger than 
the abundances of chlor ine atoms i n the stratosphere (F igure 5). Because 
the detection sensitivity and the background signals are comparable for Ο 
and C I , the abundances of Ο can be detected to be low 30 k m , where the 
combinat ion of smaller signals from smaller Ο abundances and larger back­
ground signals from the increasing Rayle igh scattering again reduces the 
signal-to-noise ratio. T h e main difficulty w i t h measurements of Ο is the rap id 
conversion into ozone i n the absence of solar U V l ight. E v e n at 35 k m , the 
t ime requ i red for conversion is substantially less than a second. T h u s , any 
shadowing of the sampled air mass by the instrument , the gondola, or the 
bal loon, even for a second, w i l l distort the measurement. This constraint 
has forced the development of Ο detection systems that were open to the 
stratosphere, although the background signal i n these systems is larger than 
that for closed system. As a result , just as for C I , abundances of Ο atoms 
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have only been detected i n situ by bal loon-borne instruments that were 
dropped on parachutes through the stratosphere. 

T h e measurements of C I and Ο atoms agree w i t h m o d e l calculations to 
w i t h i n about a factor of 2 (6, 77). Th is agreement is reasonable i n l ight of 
the uncertainty of the measurements and the lack of simultaneous mea­
surements of other trace gases and meteorological parameters. A l t h o u g h 
these measurements suggest that researchers have a general understanding 
of the photochemical balance that affects these trace reactive species, a more 
cr i t ical evaluation of this fast photochemistry awaits new, more sensitive 
measurements. 

In conclusion, these balloon-borne techniques use very different detec­
t ion strategies to produce measurements that, w h e n taken together, span a 
wide range i n spatial and temporal resolution for reactive trace gases. P r o g ­
ress i n scientific instrument design is pushing forward scientific goals from 
s imply checking mode l agreement w i t h observed average abundances to 
actually constraining photochemical models b y making simultaneous or d i u r ­
nal measurements of several different species. H o w e v e r , future progress 
w i t h expanded simultaneous measurement data sets and perhaps also i n ­
strument intercomparisons w i l l be l i m i t e d by the logistical diff iculty i n 
mount ing large balloon campaigns. 

It is difficult to envis ion that bal loon-borne techniques w i l l be able to 
satisfy the demand for more complex and frequent measurements. Therefore 
it is cr i t i ca l for max imiz ing the scientific re turn of bal loon-borne flights to 
inc lude simultaneous measurements of the " r i g h t " mix of species and pho ­
tolysis rates. I n the absence of frequent bal loon-borne measurements i t is 
nonetheless very gratifying to have achieved the coalescence of results by 
independent techniques as a zero-order substitute for intercomparisons. A 
possible d irect ion for future stratospheric research w i t h a n e w plat form, 
remotely p i l o ted aircraft, that alleviates some disadvantages of bal loon-borne 
platforms is discussed i n the last section of this chapter. 

Measurements from the NASA E R - 2 Aircraft. M e a s u r i n g trace 
gas abundances from high-alt i tude aircraft is fundamental ly different from 
measuring trace gases from balloons. T h e vert ical range of measurements is 
restricted to be low 18 to 21 k m , the ce i l ing for the aircraft, but the hor izontal 
range is ~ 4 0 0 0 k m . Thus , whi l e the high-alt i tude aircraft has l i m i t e d use 
for s tudying the evolut ion of the global stratosphere, it is invaluable for 
studies of the lower stratosphere and issues such as stratosphere-troposphere 
exchange, the Antarct i c ozone hole , and the potential for ozone loss i n the 
Arc t i c . Another strength of the high-alt i tude aircraft is that it can carry and 
power a large n u m b e r of trace gas sensors. T h e N A S A E R - 2 aircraft (78) 
has been the most w ide ly used high-alt i tude aircraft for measurements of 
trace gases i n the last six years. Its characteristics are representative of other 
subsonic, stratospheric aircraft, and so a discussion of E R - 2 measurements 
provides a good basis for stratospheric aircraft measurements i n general . 
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O n e of the strengths of the E R - 2 is that the flight trajectory is contro l led 
by the pi lot on board. T h e pi lot is able to perform tasks related to instrument 
operation, such as the t iming of certain measurements w i t h respect to some 
posit ion or event i n the stratosphere. T h e pi lot is also able to restart i n s t r u ­
ments that have suffered momentary failure. H o w e v e r , the disadvantages 
of hav ing a pi lot on board are as significant as the advantages. F i r s t , for pi lot 
safety, the flight path cannot be further than 200 miles from land without 
an escorting rescue aircraft, nor can the flight venture into a region where 
engine performance w o u l d become questionable. Second, pi lot fatigue l imits 
the durat ion and thus horizontal extent of the flight to —8 hours or less. 
T h i r d , at unfamil iar airfields both takeoff and landing must occur d u r i n g 
daylight. A n d fourth, a l l instruments need to be engineered w i t h the safety 
of the pi lot as highest pr ior i ty . These restrictions, wh i l e subject to negot i ­
ations should the situation demand i t , are real ly a matter of c ommon sense. 

T h e re l iabi l i ty of the high-alt i tude aircraft is very h igh , w i t h few potential 
flight days lost to aircraft malfunction, and un l ike bal loon-borne instruments , 
aircraft-borne instruments may be used repeatedly without need ing to be 
extensively refurbished after each landing. Surface winds on both takeoff 
and landing are often an issue, however , because the surface winds must 
not exceed 15 knots i n crosswind or 30 knots along the runway d u r i n g e i ther 
takeoff or landing. F o r instance, d u r i n g the A i r b o r n e A r c t i c Stratospheric 
E x p e r i m e n t i n Stavanger, Norway , 13 potential flights out of 34 p lanned 
flights were canceled shortly before takeoff by strong surface winds at the 
scheduled t ime for takeoff or pred ic ted strong surface winds at the scheduled 
t ime for landing. O n l y three were canceled by aircraft problems. F o r m i s ­
sions to both the Arc t i c and the Antarct ic , strong surface winds were invar ­
iably coupled to close prox imity of the polar vortices; these conditions p r e ­
vented flights that could have penetrated deep into the chemical ly per turbed 
regions from taking off. 

T h e speed of the E R - 2 aircraft is approximately constant at 0.7 M a c h , 
and this speed presents some difficulties for measurements. F i r s t , fast sen­
sors are requ i red to measure subkilometer-scale variations of trace gas a b u n ­
dances. A speed of 0.7 M a c h translates into 200 m / s , so data rates exceeding 
1 H z are required . This requirement is difficult to meet i n the detect ion of 
some trace radical species, such as C l O , B r O , and even N O under some 
conditions. Another consequence of this aircraft speed is that sampl ing of a 
particular air parcel for several hours is difficult, because the aircraft does 
not remain i n one place very long. A s a result , d iurna l studies of trace gases 
must be attempted b y either having the pi lot fly i n a t ight box pattern or 
i n the direct ion of the prevai l ing w i n d to m i n i m i z e spatial gradients i n 
measured abundances. 

Second, i f the air sample captured b y the instrument in let is s lowed 
appreciably from the 200-m/s air speed, then the temperature of the gas 
w i l l rise —20 °C and the pressure w i l l be increased as m u c h as 5 0 % b y ram 
force. F o r measurements of volatile particles, such a temperature rise may 
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evaporate some u n k n o w n fraction of the particles and cause an undercount -
ing . A n o t h e r difficulty occurs w h e n particles contain the trace gas of interest. 
A n example is the detection of NOy i n the presence of polar stratospheric 
clouds. I f the inlet is not isokinetic , then as most of the airstream passes 
around the inlet , the heavier particles w i l l have too m u c h m o m e n t u m to 
deviate their course and w i l l enter the inlet . I f then the particles evaporate, 
as the polar stratospheric clouds do, then the measured abundance of NOy 

w i l l be increased enormously. These large spikes mask the gas-phase c om­
ponent of reactive nitrogen, but they also provide information about the 
solid-phase component (44). Care fu l mode l ing and cal ibration of the in let is 
r equ i red to determine both the size range of the particles accepted and the 
m i x i n g ratio of the N O y i n the P S C s . 

A final challenge that must be solved is the instrument operation and 
data col lect ion. A l t h o u g h the pi lot can perform some operations, the p r i m a r y 
responsibi l i ty is flying the aircraft. Thus , instruments that operate autono­
mously , w i t h the pi lot only turn ing t h e m on and off, have the highest p rob ­
abi l i ty of successful data col lection. M o s t instruments are computer -oper ­
ated; the sequencing of operations and calibrations are per formed 
automatically. O n e prob lem w i t h this approach, i n w h i c h the program for 
sequencing is dictated before flight, is that calibrations and diagnostic tests 
can mask interest ing events i n the data. Another p r o b l e m is that the data 
are col lected on board w i t h either tapes or hard disk memories and are not 
k n o w n u n t i l the aircraft returns. Recent efforts to change this mode of op­
eration are be ing i m p l e m e n t e d so that commands can be sent to the i n s t r u ­
ment and data can be rece ived from it by a scientist on the ground (S. 
Wegener , private communication) . This change w i l l make some aspects of 
choosing a flight p lan more responsive to the data be ing col lected. 

T h e measurements of trace spec ies—both gases and p a r t i c l e s — a n d of 
atmospheric parameters that were measured d u r i n g the A i r b o r n e Antarct i c 
Ozone E x p e d i t i o n and the A i r b o r n e A r c t i c Stratospheric E x p e r i m e n t are 
g iven i n Table I. These techniques have quite different requirements that 
are dictated by the detection technique and the way an air sample is handled . 

O f a l l the trace gases, part icularly the reactive trace gases, some of the 
most difficult to measure are the trace free radicals. A t present, N O , C I O , 
and B r O have been measured from the N A S A E R - 2 high-alt i tude aircraft. 
T h e challenges of measuring N O (44, 79) f rom the E R - 2 are s imilar to those 
of measuring from balloons, as discussed earl ier i n this chapter and i n C h a p ­
ter 9. Those discussions are not repeated here , but some examples of N O 
measurements are given. Instead, the measurement of C I O and B r O from 
the aircraft platform is discussed. 

Measurements of C l O and B r O by Resonance Fluorescence. 
T h e C l O - B r O instrument was designed to test the theory that chlor ine and 
bromine were the cause of the rap id loss o f ozone over Antarct ica . Its p e d ­
igree includes several versions of balloon-borne halogen radical measuring 
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instruments that have been discussed i n a n u m b e r of publications (74-76). 
H o w e v e r , measurements from an instrument that is mounted i n a pod under 
the w i n g of an aircraft travel ing at 200 m/s are substantially different from 
measurements from balloons that are descending at a m u c h lower speed. A 
br ie f descript ion of instrument operation is g iven here. M o r e complete de ­
scriptions are presented elsewhere (45, 80-82). 

C l O and B r O abundances are detected simultaneously and continuously 
as the airstream passes through the instrument . T h e y are not detected d i ­
rectly but are chemical ly converted to C I and B r atoms by reaction w i t h 
reagent n i tr i c oxide gas that is added to the airstream inside the instrument . 
T h e C I and B r atoms are then detected d irect ly w i t h resonance fluorescence 
i n the 2 D 5 / 2 —» 2 P 3 / 2 transitions i n the vacuum ultraviolet region of the spec­
t r u m . I n resonance fluorescence, the emissions from the l ight sources are 
resonantly scattered off of the C I and B r atoms i n the airstream and are 
detected by a photomult ip l ier tube set at r ight angles to both the l ight source 
and the flow tube. T h e chemical conversion reactions 

C I O + N O > C I + N 0 2 (21) 

B r O + N O — ^ B r + N 0 2 (22) 

are fast, w i t h b imolecular rate constants of ~ 3 Χ 10" 1 1 c m 3 molecule" 1 s"1 

(76), so N O concentrations of 10 1 3 m o l e c u l e s / c m 3 w i l l convert a l l the halogen 
oxides to halogen atoms i n less than 10 ms. T h e signals from resonance 
fluorescence are dist inguished from background signals, consisting of Ray -
le igh scattering and scattering from the instrument optics and surfaces, by 
periodical ly adding N O to the flow. T h e difference i n signal between w h e n 
N O is added and w h e n it is not present is proport ional to the C I O or B r O 
abundance. 

T h e resonance fluorescence technique is the same as that used to detect 
O H by the balloon-borne in situ instrument . T h e only difference is that the 
resonant radiation is obtained from a low-pressure h e l i u m l ight source, ex­
c i ted by 25 W of radio frequency power, that contains a trace amount of 
chlor ine or bromine . The chlorine l ight source, w h e n filtered through mo­
lecular oxygen, has one emission l ine for chlor ine at 118.9 n m and an i m p u r i t y 
l ine from hydrogen at 121.6 n m . T h e hydrogen l ine is — 5 % of the chlor ine 
l ine for the l ight sources used. T h e bromine l ight source has several l ines 
w i t h wavelengths between 115.0 and 320.0 n m that i l luminate the detect ion 
vo lume. 

T h e chemical conversion is not without some difficulty because the 
reagent N O also reacts w i t h the product C I to form C 1 N O . I n the lower 
stratosphere, this termolecular reaction is about 10% as fast as the forward 
reaction. I n addit ion to this removal of C I is the reaction 

C I + o 3 > C I O + o< (23) 
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w h i c h shifts some of the converted chlor ine back into C I O . A s a result , three 
different flow rates of N O are added to the airstream i n the 32-s N O - o n -
N O - o f f cycle to f ind the m a x i m u m conversion. A n addit ional constraint for 
detect ing free radicals is to prevent exposure to wa l l surfaces, on w h i c h they 
are destroyed w i t h nearly every col l is ion. 

T h e m i n i m u m detectable C l O and B r O abundances are dependent on 
the detect ion sensit ivity, the background signals, and the chemica l conver­
sion efficiency. A l l of these factors are affected by the air density and thus 
the flight alt itude. T h e sensitivity is affected by the smal l but measurable 
absorption of the resonant emissions by molecular oxygen, w h i c h has a higher 
density at lower altitudes, and by increased quench ing of the 2 D 5 / 2 excited 
state by collisions w i t h nitrogen molecules at the h igher densities of the 
lower altitudes. T h e Rayle igh scattering, w h i c h contributes more than hal f 
of the total background signal, also increases w i t h increasing density. Th is 
Rayle igh scattering is used to he lp track the instrument sensit ivity i n flight. 

T h e instrument sensitivity is cal ibrated i n the laboratory by making a 
k n o w n amount of C I or B r atoms and recording the signal and a l l relevant 
parameters. Rayle igh scattering from known amounts of air , i n the laboratory 
and i n flight, is used to maintain the cal ibration of the instrument to C I 
atoms. This technique is discussed i n some detai l i n references 80 and 82. 
T h e port ion of the background signal due to Rayle igh scattering is deter ­
m i n e d w h e n the pi lot performs a vert ical d ive w i t h the aircraft. Because the 
change i n cal ibration d u r i n g each seven-hour flight is usually less than 10%, 
one d ive d u r i n g the flight provides the i n situ cal ibration of the instrument . 

T h e t h i r d factor that is important i n de te rmin ing the detect ion l i m i t is 
the conversion efficiency of the kinetics. A conversion efficiency of —1.0 
requires that the airstream have a velocity substantially less than 200 m / s 
because uni form mix ing of N O is very difficult. A t the same t ime , collisions 
of the sample airstream w i t h w a l l surfaces i n slower inlet systems may cause 
a chemical loss of C l O and B r O , because they are both reactive w i t h wa l l 
surfaces. T h e solution to this prob lem was suggested b y Soderman (83). 
Sodermans novel design consists of two nested ducts i n w h i c h the air speed 
is decreased from 200 m/s to 60 m/s i n a 14-cm-diameter outer duct that 
protrudes 60 c m i n front of the left w i n g pod and is reduced to —20 m / s 
inside a smaller 5-cm-square duct i n w h i c h the measurements are made. 
T h e entrance to the smaller measurement duct is 60 c m downstream of the 
entrance to the outer duct, and the N O injector tubes, the two C l O detection 
axes, and the one B r O axis are 25 c m , 37.5 c m , 55 c m , and 72.5 c m d o w n ­
stream of the entrance of the measurement duct. N i n e t y percent of the air 
that enters the outer duct bypasses the measurement duct through addit ional 
duct work, and only the center 10% of the airstream is captured and sampled 
by the measurement duct. These two flows are recombined downstream of 
the instrument and are vented out the side of the w i n g p o d that houses the 
instrument . 
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T h e measurement duet samples a laminar airstream trave l ing at 20 to 
30 m/s that has not come into contact w i t h any w a l l surfaces. T h e temperature 
of the airstream is increased —20 °C by adiabatic compression, and the 
pressure is h igher because of dynamic pressure, but the trace chemica l 
content of reactive chlor ine is intact. As a test of the system, and to prevent 
it from getting too co ld , the temperatures of the w a l l surfaces were m a i n ­
tained near 0 °C. Arrays of eight 0.010-inch (0.025-cm) diameter bead t h e r m ­
istors i n both the outer and the measurement ducts (10 c m downstream 
of the B r O detection axis) are then used to d ist inguish between warmer air 
that has been i n the boundary layer of the walls and air that is ambient . A t 
the same t ime, the velocity of the air i n the measurement duct can be var ied 
from 0 to 40 m/s for addit ional flow and chemical k inet i c diagnostics. T e m ­
perature, pressure, and potential temperature for a typical flight are shown 
i n F i g u r e 15. T h e potential temperature i n the core of the flow does not 
change as the air stream passes through the instrument . A i r from the b o u n d ­
ary layer of the outer duct has never been seen to enter the measurement 
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Figure 15. Example of flow characteristics in the measurement duct of the 
ClO-BrO instrument during a flight over Norway on January 6, 2969. The 
lowest solid line in each panel is the ambient temperature, pressure, and 
potential temperature as measured by the MM S instrument (9). In the top 
panel, temperatures 1, 2, and 3 (bottom to top) are taken inside the 5-cm-
square measurement duct 0.0, 1.0, and 1.5 cm from the center of the duct. 

The velocity of the flow was roughly 22 m/s in the measurement duct. 
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duct. H o w e v e r , at a velocity of 20 m / s , the boundary layer of the measure­
ment duct is beg inning to converge i n the detection vo lume of the B r O axis, 
as evident b y the sl ightly h igher temperatures of thermistors 2 and 3, located 
away from the center of the flow (thermistor 1) b y 1.0 and 1.5 c m , respec­
t ively. Thus the measured air flow is w e l l behaved despite the differences 
between w i n d and aircraft d irect ion. 

This solution to a difficult sampling prob l em is not perfect, unfortunately. 
W h e n the instrument is sampl ing air i n the lower stratosphere, near the 
tropopause, the mix ing of reagent N O into the flow is not complete , and 
in terming led regimes of underconvers ion and removal are established. This 
effect has been carefully documented i n the laboratory, d u r i n g one flight 
over Antarct i ca i n 1987, and more recently i n test flights. As a result , the 
conversion efficiency drops from values near 0.9 at altitudes of 20 k m to 0.4 
at altitudes near 13 k m , although this drop i n conversion efficiency can be 
corrected by inject ing the reagent N O into the flow tube at h igher velocit ies. 

T h e change i n the typical cal ibration w i t h a change i n density (and thus 
altitude) is g iven i n F i g u r e 16 for both C l O and B r O . T h e dominant effect 
for C I O is the chemical conversion efficiency, w h i c h can be greatly improved . 
T h e signal-to-noise ratios for C l O and B r O can be de termined from the 1-s 
averaged data shown i n F i g u r e 17a, w h i c h were taken from the flight of 
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Figure 16. Variation of the calibration for ClO and BrO with air density from 
a flight dunng theAASE mission on February 2 0 , 2 9 8 9 . The calibration number 
when multiplied by the ClO or BrO concentration gives the observed count 
rate and accounts for changes in chemical conversion efficiency and detection 

sensitivity of the Cl or Br atoms. 
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Figure 17. The detector signal and calculated ClO mixing ratio for a portion 
of a flight on January 6, 1989, during the AASE mission. The nse in the 
background is caused by the increase in Rayleigh scattering as the aircraft 
descended from the 460- to the 390-K potential temperature surface. This 

change in Rayleigh scattering provides the in-flight calibration. 

January 6, 1989, i n the Arc t i c polar vortex. A t 20 k m , C l O levels of 4 pptrv 
can be detected w i t h a signal-to-noise ratio of 2 i n a 32-s N O on -o f f cycle. 
B r O abundances of 2 pptrv can be detected w i t h a signal-to-noise ratio of 2 
i n 40 m i n . F o r both C l O and B r O the added N O reagent absorbs a smal l 
fraction of the resonant emissions and thus reduces the Rayle igh and c h a m ­
ber-scattered signals sl ightly. T h e effect is that an offset of 0.5 ± 0 . 3 pptrv 
and 1.5 ± 0.8 pptrv must be added to the calculated C I O and B r O a b u n ­
dances. T h e uncertainty i n the sensitivity for C I O , w h e n this effect is i n ­
c luded , is ± 2 5 % at the 2 σ confidence l eve l and for B r O is ± 3 5 % at the 2 σ 
confidence leve l . T h e conversion of the detector signal to C l O m i x i n g ratios 
is shown i n F i g u r e 17b. 

Examples of the qual ity of the data prov ided b y the E R - 2 C l O - B r O 
instrument are prov ided i n F igures 1 and 9, but numerous other examples 
also exist, for example, data from the flight outside the A r c t i c polar vortex 
from January 25, 1989. Shown i n F i g u r e 18 are the solar zen i th angle and 
measurements of potential temperature (9), N O (79), 0 3 (84), C I O , and B r O . 
As the solar zen i th angles decrease, more C I O and N O are photolyt ical ly 
released from their n ightt ime reservoirs, presumably C 1 0 N 0 2 and N 0 2 , 
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Figure 18. Data taken by instruments on the ER-2 dunng a flight on January 
25, 1989, outside the Arctic polar vortex. All results are averaged over 32 s, 
which is the measurement rate of the ClO-BrO instrument. FT is the potential 
temperature, and SZA is the solar zenith angle. (Unpublished data from 

K. R. Chan, D. W. Fahey, and M. H. Proffitt.) 

respectively. T h e abundance of ozone is measured w i t h both h i g h prec is ion 
and accuracy, as can be seen i n F i g u r e 18. T h e statistical var iabi l i ty of the 
N O measurement is smal l , but an offset of —10 pptrv exists i n the data. T h e 
statistical variabi l i ty of the C l O data is larger than that of the N O data, but 
the offset is m u c h smaller, roughly 0.5 pptrv . In contrast to these three 
measurements that provide some spatial and temporal resolution are the 
measurements of B r O . These are sufficient to determine roughly what the 
abundance of B r O is, but they are not useful for testing photochemical 
mechanisms. Thus , fast-response detection of radicals is a requ i rement for 
understanding photochemical mechanisms i n the stratosphere. 

A last example of how these C I O data can be used to der ive information 
about the abundances of other trace gases comes from data taken d u r i n g the 
A A S E mission. C I O abundances were measured, but the total amount of 
chlor ine that is converted from H C l and C 1 0 N 0 2 resides as C I O and C 1 2 0 2 

inside the A r c t i c polar vortex. The total amount of ch lor ine that is i n the 
form of C I O and C l 2 0 2 can be estimated from the observed C l O abundance 
and temperature under certain circumstances (54). F i r s t , the air parcel be ing 
measured must have been i n darkness for the preced ing 12 h so that thermal 
e q u i l i b r i u m has t ime to be established. Second, the temperature of the air 
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parcel must not vary significantly i n those previous 12 h . I f these condit ions 
are met , then 

[ C l a O j = [ C I O ] 2 A e x p ( B / T ) (24) 

where the measured values of A and Β are 3.0 X 10~ 2 7 c m " 3 m o l e c u l e 1 and 
8450 ± 850 K , respectively (57). T h e total amount of reactive chlor ine is 
equal to [CIO] + 2 [ C 1 2 0 2 ] . W h e n this calculation is done for flights that 
had dives i n darkness, the results from four of those flights—January 6, 20, 
and 30 and F ebr u ary 8—emerge , as shown i n F i g u r e 19. T h e total amount 
of inorganic chlor ine is shown as a sol id l ine (L . E . H e i d t , u n p u b l i s h e d data). 
C h l o r i n e i n the form of C l O and C 1 2 0 2 is thus calculated to be a large fraction 
of the amount of available chlor ine for al l flights that occurred after m i d -
January. T h e uncertainty i n the calculations is a factor of 2; the greatest 
contr ibut ion to the uncertainty is the uncertainty i n the temperature de ­
pendence of the e q u i l i b r i u m constant. This result shows that the hetero­
geneous processes are efficient at convert ing chlor ine from relat ively dor ­
mant reservoir forms to reactive forms even i n the A r c t i c , where the P S C 
activity is m u c h less prevalent than i n the Antarct i c . T h i s example also 
illustrates that measurements of one species and of the stratospheric con-
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Figure 19. Calculated total reactive chlorine (CIO 4- 2Cl202) plotted against 
potential temperature for four Arctic flights (54). ClMai is the total inorganic 
chlorine estimated from the whole-air sampler measurements of Heidt (un­
published data). Uncertainty in the calculations is a factor of 2 with 1σ con­
fidence. (Reproduced with permission from reference 54. Copyright 1991 

American Association for the Advancement of Science.) 
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ditions can be used w i t h laboratory data to der ive a result that is startl ing 
despite the large uncertainty. 

Future Measurement Strategies. T h e photochemistry of the strat­
osphere is evo lv ing as the atmosphere changes, and this evo lut ion w i l l con ­
t inue as long as the source strengths for trace gases continue to evolve. 
C l i m a t e changes due to greenhouse w a r m i n g w i l l affect the stratosphere. 
Accord ing to current predict ions, as the troposphere warms, the stratosphere 
w i l l cool. Thus , the most destructive steps for ozone catalysis w i l l s low sl ightly 
because of the positive temperature dependence of the rate constants. B u t 
on the other hand , the incidence of polar stratospheric clouds may increase 
because of larger volumes of air be ing exposed to lower temperatures. T h e 
net effect on stratospheric ozone can only be d iscerned i f the effects on ozone 
transport are also taken into account. 

Detai ls i n the abundances of trace gases need some work i n several 
photochemical families. I n the reactive nitrogen family , the connect ion be ­
tween the low values of N O x i n the winter t ime h i g h latitudes and hetero­
geneous chemistry of the sulfate aerosol layer needs to be quantitat ively 
explored. A lso , data from satellites indicate that n i tr i c acid abundances are 
larger than pred ic ted i n the winter t ime near the polar regions (85). Th is 
alteration of N 0 2 abundances has been explained as a result of formation of 
N 2 0 5 (86) but may i n part be the result of heterogeneous processes occurr ing 
on the background sulfate aerosol layer. A further quest ion is the effect of 
increased aerosol surface area, such as occurred after the erupt ion of M t . 
Pinatubo i n the Phi l ipp ines i n June 1991. T h e effects throughout the strat­
osphere need to be k n o w n , not just near 20 k m where the E R - 2 can fly. 

T h e understanding of the odd-hydrogen family has i m p r o v e d dramat i ­
cally w i t h the simultaneous i n situ O H , H 0 2 , 0 3 , and H 2 0 measurements. 
H o w e v e r , because these measurements have been made infrequent ly only 
at midd le latitudes, they cannot be construed as p r o v i d i n g anything more 
than a first-order check of H O ^ photochemistry. A d d i t i o n a l simultaneous i n 
situ measurements are needed to check the ir reproduc ib i l i ty and thus d e m ­
onstrate whether they are representative of summer midlat i tude conditions. 
C o n t i n u e d incremental improvements , to inc lude simultaneous measure­
ments of other species, for example N O , O , and H N 0 3 , w i l l be r e q u i r e d to 
check more thoroughly H O t photochemistry. A n i n s itu H 2 0 2 measurement 
w o u l d be helpful to verify the photochemistry of this important H O x reservoir 
species, and this measurement requires n e w instrument development . T h e 
need to carry out simultaneous HO^-re lated measurements d u r i n g other 
seasons and at other latitudes w i l l follow to test that the theory is sufficiently 
robust to correctly mode l the response of ΗΟ λ . i n a variety of different, local 
photochemical environments . 

F o r the halogens, perhaps the most pressing concern is how the sub­
stitution of hydrohalocarbons for the ful ly halogenated chlorofluorocarbons 
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( C F C s ) and halons over the next decade, as mandated by the M o n t r e a l 
Protocol for the Protect ion of the Ozone L a y e r , w i l l affect the chlor ine b u r d e n 
of the stratosphere. Hydrochlorof luorocarbons ( H C F C s ) can be used as sub­
stitutes for the C F C s for a few decades without having a substantial impact 
on the chlor ine b u r d e n of the stratosphere because they are p r i m a r i l y de ­
stroyed i n the troposphere by reactions w i t h O H before they are able to 
de l iver the chlorine to the stratosphere. T h e e l iminat ion of C F C s and the 
temporary use of H C F C s into the early part of the next century must be 
carefully orchestrated to m i n i m i z e the peak chlor ine loading and promote 
the most rap id reduct ion of the chlorine b u r d e n of the stratosphere (56, 87). 
Another issue is the effects that perturbations to the reactive ni trogen a b u n ­
dances w i l l have on the abundances of reactive chlor ine . A better u n d e r ­
standing and clarification of the direct heterogeneous conversions of chlor ine 
species on both P S C s and sulfate aerosols are also needed. 

However , using O H i n the troposphere as a filter for H C F C s has its 
dangers because calculations of the O H distr ibut ion have not been d irect ly 
tested and knowledge of stratospheric tropospheric exchange is incomplete . 
C l e a r l y a careful moni tor ing program for these trace gases is essential, and 
i n situ measurements can be a large part of this program. 

A n u m b e r of issues remain to be resolved for a fu l l understanding of 
the polar, lower stratosphere as w e l l . M u c h of the information about these 
regions has been der ived from instruments flown either on balloons or on 
the N A S A E R - 2 high-alt i tude aircraft. Yet even w i t h the 13 instruments on 
the aircraft, a complete picture of the photochemical mechanisms that were 
occurr ing could not be der ived , nor could it be rigorously proved that het ­
erogeneous reactions were responsible for the observed conversions of both 
the reactive chlor ine and reactive nitrogen species. T h e measurements re ­
qu i red for a better understanding of both the photochemical mechanisms 
and the conditions they require to occur inc lude those of C l O N 0 2 , N 0 2 , 
H C l , H N 0 3 , O H , H 0 2 , aerosol chemical composit ion, and B r O w i t h better 
signal-to-noise ratios. Instruments are be ing developed for a l l of these mea­
surements. 

T h e understanding of four aspects of the lower stratosphere must be 
improved . T h e first is the processes of heterogeneous conversion. Does it 
occur i n three hours or i n three days? W h i c h type of aerosols or particles 
are most favorable for conversion and what are the conditions r equ i red for 
their formation? H o w do the particles form, and what are the ir compositions 
and structures? W h a t are the most important mechanisms for denitri f ication? 
These issues can be settled only by a combinat ion of laboratory and strat­
ospheric measurements. 

A second issue is the transport of trace gases i n the stratosphere. H o w 
do the polar vortices form? H o w readi ly are air parcels exchanged between 
the vortex and midlatitudes and between altitudes at different latitudes and 
seasons? W h a t are the diabatic heating and cool ing rates at different t imes 
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of the year? W h e n the polar vortex breaks u p , how fast is the polar air mixed 
w i t h the midlat i tude air? Is mix ing i n h i b i t e d between the tropics and the 
midd le latitudes? T h e transport of air between the troposphere and strato­
sphere needs to be understood. W h a t are the important mechanisms i n 
w h i c h locations and seasons? W h i c h air from w h i c h altitudes and latitudes 
is transported? 

A t h i r d issue is the estimates of ozone loss associated w i t h the polar 
vortex. W i l l the Antarct ic ozone hole expand and w i l l the A r c t i c ozone hole 
begin? C a n the loss of ozone be better quanti f ied, and what are the zonal 
asymmetries i n the C I O and B r O fields? H o w m u c h addit ional ozone is lost 
w h e n the polar vortex breaks up? 

T h e fourth issue is the observed, unexplained decadal w i n t e r t i m e de ­
c l ine i n ozone as reported by the Ozone Trends Pane l and the loss of ozone 
i n the lower stratosphere. Does the loss result from the per turbed photo­
chemistry init iated by P S C s inside the polar vortex? O r is it a result of 
photochemistry associated w i t h the ubiquitous sulfate aerosol layer? A r e 
observed seasonal and lat i tudinal trends i n reactive trace species consistent 
w i t h the observed seasonal and lat i tudinal declines i n ozone? 

Another potential impact is that of h igh-speed c i v i l transport aircraft 
that w i l l be designed to fly supersonically i n the stratosphere (88). O n e of 
the important exhaust products , but by no means the only one, is NO A . . F o r 
present engines, the amount of N O x produced per k i logram of fuel consumed 
is roughly 4 0 - 6 0 g. E v e n i f the levels of N O t f rom these aircraft engines 
can be reduced a factor of 8 to 10, the globally averaged ozone deplet ion 
w o u l d be 2 % to 3% for a 500-aircraft fleet f ly ing at 20 k m . As po inted out 
by Johnston and co-workers (88), this amount of ozone deplet ion is c om­
parable to that pred ic ted for the indefinite use of C F C s at 1985 product ion 
levels. D i r e c t increases i n ozone loss due to increases i n NOx is one issue. 
O f course, the h igh levels of NOx emi t ted can react w i t h the nonmethane 
hydrocarbon cycles i n the stratosphere to actually produce ozone through 
photochemical smog mechanisms. This product ion is greater at lower a l t i ­
tudes, so that a turnover point , where the product ion of ozone just matches 
the loss of ozone, w i l l occur, probably near 15 k m . 

The heterogeneous reactions of N 2 0 5 on sulfate aerosols to form H N 0 3 

reduce the effects of NOx f rom the jet exhaust on the ozone abundances by 
shifting reactive nitrogen from NOx to H N 0 3 . It is t empt ing to suggest 
without further consideration that aircraft f ly ing at these altitudes w i l l cause 
l i t t le damage to the stratospheric ozone layer. H o w e v e r , water vapor and 
the total reactive nitrogen, NOy, from the exhaust may increase the frequency 
and d istr ibut ion of polar stratospheric clouds and thus lead to rap id ozone 
loss. 

These issues that have direct bear ing on stratospheric ozone, and thus 
on life on this planet, w i l l not go away. T h e chlor ine b u r d e n of the strato­
sphere w i l l remain sufficient to produce the Antarct i c ozone hole for the 
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next 75 years and w i l l increase by 2 0 % over the next two decades no matter 
what action is taken to ban chlorofluorocarbons. I f the system is further 
per turbed , by cl imate changes or other pollutants, more u n k n o w n effects 
may appear. C l e a r l y the current information w i t h the current measurement 
capabil ity is not enough. 

T h e introduct ion of a n u m b e r of new measurement techniques and new 
instruments is required . Instruments on satellites such as the U p p e r A t ­
mosphere Research Satellite ( U A R S ) and the E a r t h O b s e r v i n g System (EOS) 
w i l l provide excellent global coverage and fair alt itude resolution of m u c h 
of the stratosphere, although not perhaps be low 20 to 25 k m . Ground-based 
measurements, and i n particular the Network for the Detec t i on of Strato­
spheric Change (89), w i t h five or six heavily ins trumented sites, w i l l give 
good temporal coverage and trends w i t h good to fair alt itude resolution for 
a n u m b e r of key species such as 0 3 , C I O , N 2 0 , and H 0 2 above 30 k m . 
Stratospheric co lumn abundances for 0 3 , N 0 2 , H C l , C H 4 , H N 0 3 , and 
C l O N O £ w i l l also be measured. T h e globally dispersed sites w i l l pe rmi t 
quasi-global coverage that can be l i n k e d w i t h satellite and tropospheric a i r ­
craft remote measurements. H o w e v e r , i n situ measurements of reactive trace 
gases are st i l l an important measurement component for gaining an under ­
standing of the photochemical processes and the small-scale var iabi l i ty and 
interactions. 

Large he l ium- f i l l ed research balloons are too difficult to launch and too 
inflexible i n their capabilities. T h e current fleet of high-alt i tude aircraft has 
too low an altitude ce i l ing and too many necessary constraints for ensur ing 
the safety of the pilots to attack many of the current problems. A technique 
is r equ i red that merges the favorable qualities of each of these two proven 
techniques. O n e possibi l i ty is the increased use of smal l balloons carry ing 
small payloads. Measurements of ozone, water vapor, and particles have 
been successfully made on such platforms for a n u m b e r of years (see, for 
example, reference 90). However , the payloads that are dep loyed may be 
considered to be expendable, depending on the launch location. In general , 
instruments using novel technologies for detect ion of species other than 
those already measured w i l l be too expensive to be used only once. 

A possibi l ity for complement ing scientific balloons is the use of remotely 
p i lo ted vehicles (RPVs), that can carry a n u m b e r of instruments for s i m u l ­
taneous measurements (91). These aircraft almost by design must carry 
smaller and l ighter instruments than those current ly be ing deployed. A m o n g 
them are the Boe ing Condor , the Ames Research C e n t e r H i g h - A l t i t u d e 
Aircraft Research Program ( H A A R P ) , and the suite of aircraft i n c l u d i n g P e r ­
seus and Theseus from A u r o r a F l i g h t Sciences. T h e concept is to use l ight ­
weight materials, large w i n g spans, and flight at l ow Reynolds numbers to 
achieve high-alt i tude performance up to 30 k m . Such aircraft are powered 
by internal combust ion engines that t u r n large propel lers to achieve speeds 
that approach 0.4 M a c h (100 m/s) . A major constraint of such aircraft is that 
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the payload capabil ity is lower, i n some cases substantially, than the current 
high-alt i tude aircraft, the E R - 2 (1170 kg). H o w e v e r , the need to reduce the 
weight and size of instruments is consistent w i t h the miniatur izat ion i n 
electronics and l ight sources and w i l l pay r i c h d iv idends i n the future. 

T h e result w i l l be platforms that can cover large areas, perhaps stay aloft 
for more than a day, and b r i n g instruments back to earth without the need 
for extensive refurbishment before reflight. Dif ferent R P V s have different 
capabilities. F o r instance, the Boe ing C o n d o r is capable of transglobal f l ight, 
but only at altitudes up to 21.4 k m . T h e H A A R P , Perseus, and Theseus 
aircraft are be ing designed for shorter horizontal distances, 1,000 to 10,000 
k m , but w i t h altitude ceil ings approaching 30 k m . Some or a l l of these aircraft 
w i l l eventually play a role i n the def init ion of stratospheric photochemistry 
i n the near future. 

Summary 

T h e last five years have been a part icularly excit ing t ime i n the history of 
stratospheric measurements and research. Measurement techniques were 
opt imized to perform tru ly constraining simultaneous measurements of the 
photochemistry. E n o u g h measurements have been made to validate the basic 
(gas-phase) tenets of stratospheric photochemistry, to sol idly l i n k chloro-
fluorocarbons to the destruction of ozone i n the Antarct i c ozone hole , and 
to signal a warn ing for the A r c t i c stratosphere as w e l l . T h e M o n t r e a l Protocol 
now defines a pathway for the reduct ion of the use and product ion of ch lo -
rofluorocarbons and halons that w i l l cause the chlor ine b u r d e n of the strat­
osphere to begin dropp ing w i t h i n the next 20 years. Desp i te po l i t i ca l suc­
cesses i n getting international agreement on the pathway to reduct ion of 
chlor ine , now is not the t ime to slow the response to the challenges of 
stratospheric photochemistry. E n o u g h remains u n k n o w n that it cannot be 
pred ic ted how changes i n cl imate and pollutants w i l l effect stratospheric 
ozone and how stratospheric ozone w i l l affect c l imate and li fe. Researchers 
must continue to rise to the challenges, both scientific and technological , to 
gain a ful ler , predict ive understanding of the stratosphere. 
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Probing the Chemical Dynamics 
of Aerosols 

Richard C. Flagan 

Department of Chemical Engineering, California Institute of Technology, 
Pasadena, CA 91125 

Atmospheric aerosols are complex mixtures of particles emitted into 
the atmosphere and secondary particles formed as a result of gas­
-phase chemical reactions. Secondary aerosols are formed by con­
densation of the products of gas-phase reactions onto particle surfaces 
or by homogeneous nucleation. Particle formation and growth are 
often very rapid; this rapidity places severe demands on the instru­
mentation used to monitor the aerosol evolution. These demands are 
particularly evident in smog chamber studies that are designed to 
elucidate the fundamental processes that take place in the atmo­
sphere. Many reacting systems produce several condensible species; 
this situation further complicates the analysis of aerosol formation 
and growth. This chapter reviews the present aerosol instrumentation 
available and gives results from smog chamber studies, showing some 
of the recent advances that are helping further the understanding of 
atmospheric aerosol chemical dynamics. Examples from smog cham­
ber studies are used to illustrate needed improvements in instru­
mentation for following the evolution of the composition and size 
distributions of atmospheric aerosols. 

/ATMOSPHERIC AEROSOLS ARE COMPLEX MIXTURES of particles d e r i v e d from 
diverse sources. Soot from diesel engines, fly ash from coal combust ion , and 
sulfates, nitrates, and organic compounds produced by atmospheric reactions 
of gaseous pollutants a l l contribute to the aerosol. Part ic le size and c o m ­
posit ion depend upon the conditions of aerosol formation and growth and 
determine the effects of atmospheric aerosols on h u m a n heal th , ecosystems, 
materials degradation, and v is ib i l i ty . M u c h of the research on env i ronmenta l 
aerosols has focused on fine particles ranging from a few micrometers i n 

0065-2393/93/0232-0185$07.50/0 
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diameter to the submicrometer size range. Submicrometer particles can 
penetrate deep into the respiratory tract w h e n inhaled and they deposit 
where clearance is slow and can be assimilated by the body. Observations 
made i n the early 1970s that submicrometer particles are frequently enr i ched 
w i t h toxic species have increased concerns about the consequences of such 
particles on h u m a n health. T h e optically absorbing component of the at­
mospheric aerosol, p r imar i l y black carbon soots formed i n combust ion , is 
also concentrated i n the submicrometer size range, as are the products of 
atmospheric reactions of gaseous pollutants. Thus , both partic le size and 
composit ion are important parameters insofar as the env ironmenta l conse­
quences of the atmospheric aerosol are concerned. 

The many studies of the atmospheric aerosol over the past two decades 
have advanced the abi l i ty to probe and predict many features of the atmo­
spheric aerosol; particle size distr ibutions, l ight scattering and absorption 
efficiencies, and, to a lesser extent, the d is tr ibut ion of chemica l composit ion 
w i t h respect to particle size are m u c h better understood than they were 20 
years ago. A m b i e n t studies have revealed the mul t imoda l nature of the 
atmospheric aerosol along w i t h estimates of typical atmospheric l i fetimes of 
the various modes. Mechanica l ly generated particles contribute most of the 
mass of particles larger than 1 μηι i n diameter , particles w i t h diameters 
smaller than 0.1 μηι result from homogeneous nucleat ion, and the accu­
mulat ion mode i n the 0 .1- to l -μηι size range arises from reactions of gaseous 
pollutants to form secondary aerosols by condensation on nucleation-mode 
particles. 

M a n y of the particles i n the nucleation mode are emit ted to the at­
mosphere from high-temperature processes, p r imar i l y combust ion. Such 
particles can also be produced by homogeneous nucleation of the products 
of atmospheric photochemical reactions, as was demonstrated by M c M u r r y 
and F r i e d l a n d e r (J) i n smog chamber experiments. T h e y explored the c o m ­
pet i t ion between homogeneous nucleation and heterogeneous condensation 
theoretically and elucidated the demarcation between the two modes of gas-
to-particle conversion. Rigorous exper imental val idation of their predict ions 
i n smog chambers or i n the atmosphere has remained elusive because of 
(1) incomplete knowledge of the physical properties of the condensing species 
and their rates of formation and (2) inadequate t ime and size resolution of 
the available aerosol instrumentat ion. Smal ler scale experiments have filled 
this gap insofar as homogeneous nucleation and b inary nucleation of carefully 
prepared vapors at contro l led supersaturation i n the presence of foreign 
particles are concerned (2), and recent instrumental developments have 
advanced the abi l i ty to probe reacting systems. 

Atmospher i c aerosols are frequently assumed to be internal mixtures i n 
w h i c h al l particles of the same size are assumed to have the same compo­
sit ion. This interpretat ion is a natural outgrowth of the methods used to 
measure the d istr ibut ion of chemical composit ion i n aerosol systems and is 
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consistent w i t h the l eve l of detai l possible i n the most advanced theoretical 
descriptions of aerosol evolution by solution of the mult i component general 
dynamic equation. Such uni formity is approached after long t imes, because 
coagulation mixes particles der ived from different sources, but this unifor­
mi ty does not accurately represent the aerosol either in i t ia l ly or i f new 
material is inserted into the aerosol system. Greater detai l has been obtained 
through analysis of ind iv idua l particles, p r imar i l y i n the supermicrometer 
size range, as is discussed i n this chapter. 

The size and t ime resolution of current instruments are, at best, marginal 
for the measurement of environmental aerosols. F i g u r e 1 il lustrates the t ime 
scales on w h i c h important changes take place for different aerosols of e n ­
v i ronmenta l concern. N e w particle formation by homogeneous nucleation 
usually takes place i n a br ie f burst, ranging from mil l iseconds or shorter 
times i n combustion systems to minutes for the slower reactions and lower 
vapor concentrations of the atmosphere. C o m b u s t i o n aerosols form and are 
emit ted w i t h i n a matter of seconds. Smog evolves over hours, although i n 
extreme episodes the aerosol can survive for days. Particles grow from the 
nanometer size range to near-micrometer sizes relatively rapid ly , but the 
larger particles persist for longer t imes. O n the other hand , deposit ion of 
particles m u c h larger than 1 μηι is rapid , so their atmospheric l i fetimes 

Figure 1. Size and time scales of interest for environmental aerosols. 
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d i m i n i s h w i t h increasing size. Thus , for an understanding of env ironmenta l 
aerosols a broad range of particle sizes must be measured on t ime scales 
that generally increase w i t h particle size. 

This chapter shows the needs for further developments i n i n s t r u m e n ­
tation for fo l lowing the evolut ion of the composit ion and size d is tr ibut ion of 
atmospheric aerosols. Because no instrument current ly exists that approxi ­
mates this ideal , the needs are i l lustrated by exper imental observations made 
w i t h admittedly inadequate instruments rather than by specific instrumental 
approaches. T h e examples are chosen from the vast l i terature on atmospheric 
aerosols and are not meant to be comprehensive but rather to i l lustrate 
approaches that have y i e lded new insights and to point to possible directions 
for future work. T h e chemical dynamics that result from gas- and part ic le -
phase reactions i n the atmosphere are the special concern of this chapter. 
T h e smog chamber is the preferred platform for the study of secondary 
aerosol dynamics because it reproduces the essential features of the atmo­
sphere w i t h a captive parcel of air. It also represents a particular challenge 
because a wel l -def ined onset of reaction leads to abrupt transitions, as is 
shown i n the chapter. F o r these reasons, smog chamber experiments are 
used to i l lustrate the present state of the art and the challenges to be met 
i n future work. Examples i l lustrat ing the need for improved partic le size, 
t ime , and composit ion resolution are drawn from smog chamber experiments 
per formed i n m y laboratory and elsewhere and from atmospheric observa­
tions. M a n y of the efforts to probe the composit ion inhomogeneity of the 
atmospheric aerosol have focused on e lucidat ing the contributions of part ic ­
ular sources to v is ib i l i ty degradation, c loud condensation nuc le i , and the 
l ike , so some examples from that l i terature are used as w e l l . T h e methods 
current ly used for aerosol measurements are brief ly rev iewed. F o r a more 
detai led survey of the available instruments , the reader is referred to the 
excellent rev iew of aerosol instrumentat ion by P u i and L i u (3). 

Current Aerosol Instruments 

P a r t i c l e N u m b e r C o n c e n t r a t i o n a n d S i z e D i s t r i b u t i o n . T h e de­
ve lopment of aerosol science to its present state has been direct ly t i ed to 
the available instrumentat ion. T h e introduct ion of the A i t k e n condensation 
nuc le i counter i n the late 1800s marks the beg inning of aerosol science by 
the abi l i ty to measure n u m b e r concentrations (4). Theoret ica l descriptions 
of the change i n the n u m b e r concentration by coagulation qu ick ly fol lowed. 
Part ic le size d istr ibut ion measurements became possible w h e n the cascade 
impactor was developed, and its development a l lowed the val idat ion of p r e ­
dictions that cou ld not previously be tested. T h e cascade impactor was or ig ­
inal ly introduced by M a y (5, 6), and a w ide variety of impactors have since 
been used. Operated at atmospheric pressure and w i t h jets fabricated by 
conventional machin ing , most impactors can only classify particles larger 
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than a few tenths of a micrometer i n diameter. T h e introduct ion of the l ow-
pressure cascade impactor extended the accessible size range to about 50 
n m (7), but later examination revealed that condensation and evaporation 
w i t h i n the high-velocity and low-pressure regions of the impactor cou ld cause 
significant biases (8). A n alternative approach to the classification of sub-
micrometer -s ized particles was developed by M a r p l e et a l . , namely , the use 
of very small jets i n an impactor (9). W i t h this micro-orif ice impactor , the 
problems associated w i t h high-velocity jets and low-pressure operation are 
avoided and particle size resolution is extended to about 50 n m . Impactor 
measurements are usually made by analysis of the material col lected on the 
impactor stages some t ime after col lection. Several methods have, however , 
been appl ied to on- l ine measurement of aerosol mass distr ibutions through 
the use of inert ia l classification. V i b r a t i n g mass sensors measure the mass 
of deposited particles by the changes i n the acoustic response of a transducer. 
In the quartz crystal microbalance, the natural v ibrat ion frequency of the 
crystal shifts w i t h deposited mass (3). W i t h a sensitivity of about 5 ng , the 
quartz crystal microbalance is useful for measuring particles at concentrations 
of 50 μ g / m 3 to 5 m g / m 3 . 

A related technique that is suitable for measurement of aerosols at lower 
mass loadings is the aerodynamic particle sizer (3, 10). In this instrument 
the aerosol is rapidly accelerated through a smal l nozzle. Because of their 
inert ia , particles of different aerodynamic sizes are accelerated to different 
velocities, and the smallest particles reach the highest speeds. T h e partic le 
velocity is measured at the outlet of the nozzle. F r o m the measurements of 
velocities of ind iv idua l particles, particle size distr ibutions can be deter ­
mined . T h e instrument provides excellent size resolution for particles larger 
than about 0.8 μηι i n diameter, although sampling difficulties l i m i t its use­
fulness above 10 μηι. 

T h e single-particle optical counter, introduced d u r i n g the 1950s, a l lowed 
real -t ime size d istr ibut ion measurements of particles larger than several 
hundredths of a micrometer i n diameter. I n this instrument , l ight scattered 
from ind iv idua l particles as they are conveyed through a smal l v i e w vo lume 
is used to infer the particle size. L i g h t scattered from each particle is focused 
onto a photodetector, generating a voltage pulse w i t h an ampl i tude related 
to partic le size. Some of the many different configurations used i n these 
instruments are descr ibed i n detai l by P u i and L i u (3). T h e s iz ing range of 
optical counters and sizers has been extended be low 0.1 μηι through the 
use of laser l ight sources; the m i n i m u m detection l i m i t is achieved by passing 
the particles through the resonant cavity of the laser to take advantage of 
the h igh intensities there. The amount of l ight scattered from a partic le is 
a strong function of particle size because of resonant coup l ing of the elec­
tromagnetic radiation w i t h particles i n the so-called M i e scattering size 
range. F o r small particles the scattered intensity is a s ingle-valued function 
of particle size, but for particles i n the M i e regime, particles of different 
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sizes can produce the same scattered intensity. Th i s situation l imits the 
resolution of optical particle s iz ing above about 1.8 μηι; the precise size 
range depends on the optical design of the particular instrument . 

T h e electrical mobi l i ty analyzer developed by W h i t b y and co-workers 
at the Univers i ty of Minneso ta in the 1960s (11) was a practical i m p l e m e n ­
tation of concepts that had seen l i m i t e d use since they were first introduced 
i n the laboratory i n the 1920s, and it made possible for the first t ime rap id 
measurements of the particle size d is tr ibut ion i n the 10 n m to 1 μηι size 
range. D a t a generated w i t h that instrument revealed n e w structure i n the 
atmospheric aerosol size d istr ibut ion and catalyzed numerous theoretical 
and experimental investigations into the origins of that structure. A variant 
of the mobi l i ty analyzer, the differential mobi l i ty classifier (12, 13), and the 
B e r g l u n d - L i u v ibrat ing orifice aerosol generator (14), both deve loped at 
Minneso ta , prov ided precis ion cal ibration aerosols that greatly i m p r o v e d the 
accuracy of aerosol size d istr ibut ion measurements. These sources of ca l i ­
bration aerosols do not satisfy the entire need, however , because the dif­
ferential mob i l i ty analyzer ( D M A ) is w e l l suited to the generation of mono-
disperse particles at sizes be low O.l-μπι diameter and the v ibrat ing orifice 
aerosol generator is useful i n routine operation only at particle sizes greater 
than 1 to 2 μηι. 

H i g h e r resolution i n particle size d is tr ibut ion measurements is possible 
w i t h the D M A . H o w e v e r , this instrument has seen l i t t le use for e n v i r o n ­
mental analysis because of the long t imes requ i red to acquire a complete 
particle size d is tr ibut ion , on the order of tens of minutes to 1 h or more 
depending on the size resolution sought. L i k e the earl ier e lectr ical aerosol 
analyzer ( E A A ) , the D M A classifies charged particles by migrat ion i n an 
electric field between concentric cyl inders . In the E A A , the current carr ied 
by a l l particles that are not deposited on the cyl inders is measured. In 
contrast to this cumulat ive measurement of al l particles w i t h mobi l i t ies be low 
a threshold value, a small flow extracted through holes i n the central cy l inder 
of the D M A carries particles w i t h mobi l i t ies i n a narrow range out of the 
instrument for analysis, e i ther w i t h an electrometer as i n the E A A or w i t h 
a condensation nuc le i counter. Thus , by making measurements at a sequence 
of field strengths, a differential mobi l i ty d is tr ibut ion can be de te rmined 
direct ly . U n d e r typical operating conditions, the range of mobi l i t ies extracted 
at any t ime amounts to about 10% of the mean value. 

Determinat i on of the particle size d is tr ibut ion from mobi l i ty d is tr ibut ion 
measurements requires knowledge of the charging and transmission effi­
ciencies of the instrument as a function of particle size. T h e commerc ia l ly 
available E A A ut i l i zed a unipolar diffusion charger that generated singly 
charged particles be low about 50 n m i n diameter. Larger particles cou ld 
have one, two, or more charges; hence, a single mobi l i ty interval contained 
particles of a n u m b e r of sizes. In conventional use the D M A incorporates a 
bipolar diffusion charger that shifts the range of mul t ip l e charging to larger 
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sizes, greater than about 100 n m . S t i l l , mul t ip l e charging creates data analysis 
problems for accumulation-mode aerosols. To determine the partic le size 
d is tr ibut ion , the data must be inverted by solving a set of F r e d h o l m integral 
equations for a best estimate of the actual partic le size d is tr ibut ion . Various 
techniques have been developed, notably methods based on the T w o m e y 
algorithm (15) and on regularization methods (26). 

A recent development has transformed the differential mob i l i ty analyzer 
into a powerful instrument for the analysis of atmospheric aerosols (27). T h e 
long times requ i red to measure a particle size d is tr ibut ion are p r i m a r i l y due 
to the long flow times i n the analyzer c o lumn. Between voltage steps, a l l 
particles i n the co lumn must be f lushed out of it before a measurement can 
be made. T h e cr i t i ca l feature of the mobi l i ty analysis of the particle size 
d istr ibut ion is that each measurement corresponds to particles of a g iven 
mobi l i ty . T h e particles need not be classified at constant field strength, but 
each measurement must sense only a l i m i t e d range of mobi l i t ies . I f the field 
strength is changed continuously but monotonical ly , the particles migrate 
i n the analyzer co lumn along characteristic trajectories such that the particles 
arr iv ing at the detector at a particular t ime correspond to a narrow range of 
mobi l i t ies . W a n g and Flagan (27) developed a modi f ied mob i l i ty analyzer 
cal led the scanning electrical mobi l i ty spectrometer ( S E M S ) that operates 
in this way. I n the in i t ia l implementat ion , this type of migrat ion was accom­
pl i shed by computer control of the commerc ia l ly available T S I M o d e l 3070 
Dif ferential M o b i l i t y Ana lyzer w i t h a T S I M o d e l 3760 C l e a n R o o m C o n ­
densation N u c l e i C o u n t e r as a detector. T h r o u g h the use of an exponential 
ramp on the field strength, 100-point particle size distr ibutions have been 
acquired i n as l i t t le as 30 s. 

E x a m i n i n g the t ime and size resolution of the current suite of partic le 
measurement techniques reveals that most of the techniques for analysis of 
extracted aerosol samples are relatively slow (Figure 2). T h e E A A can c o m ­
plete a size d istr ibut ion measurement i n 5 to 10 m i n , but the D M A can 
require 1 h or more , depending on the count ing t ime and the n u m b e r of 
channels sampled. T h e difference i n size resolution that can be achieved is 
indicated by the shading of the plot. The E A A is designed to determine 
concentrations i n four size intervals per decade of partic le diameter . T h e 
D M A can measure 10 or more intervals per decade, although each size 
measurement increases the sampling t ime. A t a size resolution comparable 
to that of the E A A , the D M A can achieve comparable t ime resolution. 

A l though the S E M S represents a marked advance i n the state of the art 
for measurement of aerosol size d is tr ibut ion , an important gap remains i n 
current measurement technology, namely, the abi l i ty to make rap id , h i g h -
resolution measurements of the accumulation-mode aerosols on- l ine . T h e 
l imitat ion of the D M A or S E M S for measurement of particles larger than 
0.2 μπι i n diameter is the mul t ip le charging that allows particles of two or 
more different sizes to contribute a given mobi l i ty fraction. Regardless of 
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Figure 2. Size and time scales covered by current aerosol instruments. 

the upper b o u n d on mobi l i ty that is probed , m u l t i p l y charged particles of 
sizes larger than the m a x i m u m nominal (singly charged) size w i l l contr ibute 
to the measurement. Because these particles cannot be detected d irect ly 
w i t h resolution comparable to that of the D M A or S E M S , they introduce 
uncertainty into the inferred size distributions that is part icular ly worr isome 
i f the mass or vo lume concentrations at the upper e n d of the measurement 
range are of interest. 

Recent work at the Univers i ty of M inne so ta has prov ided two options 
for extending the upper bound of D M A operation: (1) operation of an i m ­
pactor at the inlet of the D M A to prevent the entrance of particles larger 
than the nomina l size be ing measured (18) and (2) use of a low-efficiency 
unipolar diffusion charger to extend the range of singly charged particles to 
a larger size than can be achieved w i t h the bipolar charger (19). Ideal ly , i n 
the first approach the size cut of the impactor w o u l d be tuned for each 
mobi l i ty measurement to e l iminate the entrance of particles that w o u l d be 
m u l t i p l y charged and that w o u l d thus contribute to the output aerosol from 
enter ing the D M A . Thus , the impactor is w e l l suited to conventional op­
eration of the D M A but is incompatible w i t h the S E M S . 
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In the use of the low-efficiency unipolar charger, the t ime available for 
charging (or more precisely the product of that t ime and the gas ion con ­
centration) is l i m i t e d , so the probabi l i ty of particles of the target size ac­
q u i r i n g mul t ip le charges is low. This measurement is predicated upon be ­
g inning the charging w i t h an aerosol consisting only of neutra l particles. A l l 
charged particles i n the aerosol to be analyzed must, therefore, first be 
removed w i t h an electrostatic precipitator. A s s u m i n g that the in i t ia l charge 
d istr ibut ion is the Bo l t zmann e q u i l i b r i u m dis tr ibut ion , a l l but about 13% of 
particles of l -μιη size w o u l d be removed upstream of the charger. T h e 
fraction of the in i t ia l aerosol available for measurement w i l l decrease further 
w i t h increasing particle size. Thus , the count ing efficiency is l ow for large 
particles that are present at relat ively low n u m b e r concentrations, l i m i t i n g 
the method to the submicrometer size range. These two modifications to 
the use of the D M A do fill one important need i n aerosol measurements— 
the generation of monodisperse aerosols i n the accumulation size r a n g e — 
but they do not ful ly meet the needs for measurement of the accumulat ion-
mode aerosol. 

Chemical Composition. Aeroso l composit ion measurements have 
most frequently been made w i t h l i t t le or no size resolut ion, most often by 
analysis of filter samples of the aggregate aerosol. Sample fractionation into 
coarse and fine fractions is achieved w i t h a variety of dichotomous samplers. 
These instruments spread the col lected sample over a relat ively large area 
on a filter that can be analyzed direct ly or after extraction. T i m e resolution 
is de termined by the sample flow rate and the detection l imits of the ana­
lyt ical techniques, but sampling times less than 1 h are rarely used even 
w h e n the analytical techniques w o u l d permi t them. These longer t imes are 
the result of experiment design rather than feasibil ity. Measurements of the 
d istr ibut ion of chemical composit ion w i t h respect to partic le size have, u n t i l 
recently, been l i m i t e d to particles larger than a few tenths of a micrometer 
i n d iameter and relatively low t ime resolution. O n e of the pr imary tools for 
compos i t ion-s ize d istr ibut ion measurements is the cascade impactor . 

T h e fact that fine atmospheric particles are enr i ched i n a n u m b e r of 
toxic trace species has been k n o w n since the early 1970s. Natusch and 
Wallace (20, 21) observed that the fine particles emit ted by a variety of h i g h -
temperature combustion sources follow s imilar trends of enr i chment w i t h 
decreasing particle size as observed i n the atmosphere, and they hypothe ­
sized that volati l ization and condensation of the trace species was responsible 
for m u c h of the enr ichment . Subsequent studies of a n u m b e r of h i g h - t e m ­
perature sources and fundamental studies of f ine-particle formation i n h i g h -
temperature systems have substantiated the ir conclusions. T h e p r i n c i p a l 
instruments used i n those studies were cascade impactors, w h i c h fractionate 
aerosol samples according to the aerodynamic size of the particles. A variety 
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of analytical methods were used to analyze impactor samples, i n c l u d i n g P I X E 
(partic le- induced X - r a y emission), X - r a y fluorescence, gas chromatography -
mass spectrometry, th in layer chromatography, and many others. Sample 
t imes for these measurements have been de termined from the detect ion 
l imits of the analytical methods; the averaging intervals for ambient mea­
surement ranged from 1 to 24 h or more. Size resolution has been l i m i t e d 
to two to four size fractions per decade of particle diameter . 

Less-specif ic chemical information has been der ived from measurements 
that couple a probe for one aspect of aerosol composit ion w i t h more t rad i ­
t ional aerosol instruments. Roberts and F r i e d l a n d e r (22) electrical ly heated 
stainless steel strips on w h i c h aerosol samples had been col lected and used 
a cascade impactor as a rap id analysis method for total e lemental sulfur. 
O n l y 15 m i n was requ i red to collect enough material for measurement of 
the d is tr ibut ion of sulfur w i t h respect to particle size i a the atmospheric 
aerosol. The optically absorbing port ion of the aerosol has been probed by 
us ing the integrating plate method to analyze impactor samples. F u r t h e r 
developments along this l ine can be expected as microanalyt ical techniques 
are coupled to cascade impactors. A n example of this is the use of a F o u r i e r 
transform infrared (FTIR) microscope system to analyze i n d i v i d u a l impactor 
spots obtained w i t h a single-jet low-pressure cascade impactor (23). B y con­
centrating the sample onto a smal l region of a z inc selenide disk, the t ime 
requ i red to obtain sufficient material for F T I R analysis i n atmospheric and 
smog chamber experiments was reduced to 5 - 1 0 m i n . 

O n - l i n e measurements of the sulfur content of atmospheric aerosols have 
been made by remov ing gaseous sulfur species from the aerosol and then 
analyzing the particles for sulfur w i t h a flame photometr ic detector (24) or 
by us ing an electrostatic precipitator to chop the aerosol particles from the 
gas so that the sulfur content cou ld be measured by the difference i n flame 
photometric detector response w i t h and without particles present. These 
and s imilar methods could be extended to the analysis of size-classified 
samples to provide on- l ine size-resolved aerosol composit ion data, although 
the analytical methods w o u l d have to be extremely sensitive to achieve the 
size resolution possible i n size d is tr ibut ion analysis. 

A e r o s o l H e t e r o g e n e i t y . T h e variation of the chemica l composit ion 
from particle to particle w i t h i n an aerosol size class has been probed i n a 
n u m b e r of ways. Single-partic le chemical analysis has been achieved b y us ing 
the laser Raman microprobe (25) and analytical scanning electron microscopy 
(26). W i t h the electron microscope techniques, the partic le can be s ized as 
w e l l as analyzed chemical ly , so the need for classification pr ior to sample 
col lect ion is reduced. A n a l y z i n g hundreds to thousands of particles provides 
the information necessary to track the particles back to the ir different sources 
but is extremely t ime consuming. 
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O n - l i n e size-resolved chemical analysis has been an elusive goal of many 
research efforts. A t usual sampl ing rates, the quantity of material i n any size 
fraction is so smal l as to represent a serious challenge to analytical chemistry 
unless coarse size resolution and long sampl ing times are accepted. T h e 
greatest successes to date have been i n partial characterization of the aerosol. 
In 1978, L i u et a l . (27) demonstrated that the dif ferential mob i l i ty analyzer 
could be used to measure the variation i n the hygroscopic nature of particles 
in a narrow size interval . T he y used two D M A s to produce what they cal led 
an aerosol mobi l i ty chromatograph. T h e first D M A prov ided a size-classified 
aerosol that was then humid i f i ed . T h e second D M A was used to measure 
the size d istr ibut ion of the modif ied aerosol, p rov id ing sufficient resolution 
to discr iminate between potassium sulfate and sulfuric acid aerosols. Th is 
approach was taken further by Rader and M c M u r r y (28) i n the ir deve lopment 
of the tandem differential mobi l i ty analyzer ( T D M A ) . In the T D M A the 
aerosol is passed through a condit ioner that has been carefully designed to 
maximize resolution. T h e T D M A was used i n the measurement of the sen­
sit ivity of atmospheric aerosols to relative h u m i d i t y (29), and a n u m b e r of 
laboratory studies of fundamental aspects of aerosol thermochemistry , i n ­
c lud ing rates of the reaction between ammonia gas and sulfuric ac id aerosols, 
water activity over salt solutions, and vapor pressures of low-volat i l i ty organic 
compounds, were conducted. 

T h e size-classified aerosol streams produced w i t h the D M A have been 
used to probe other aspects of aerosol heterogeneity. C o v e r t et a l . (30) have 
used an optical partic le counter ( O P C ) to determine the optical size of par­
ticles that had been size-classified w i t h a D M A . F o r particles smaller than 
the wavelength of l ight , the scattered intensity is greater for nonabsorbing 
particles than it is for optically absorbing soot particles. T h u s , the D M A -
O P C system allows one to measure the relative contr ibut ion of soot to the 
atmospheric aerosol. T i m e resolution was l i m i t e d i n the ir measurements, 
and 3-h averages were reported. There is, however , no fundamental reason 
w h y the measurements could not be accelerated by us ing the O P C as a 
detector for the S E M S . 

M o r e ambitious attempts at measuring the heterogeneity of the atmo­
spheric aerosol have been undertaken as w e l l . Single-part ic le analysis by 
mass spectrometry was demonstrated by S inha and co-workers (31, 32). In 
this technique , an aerosol sample is introduced into a vacuum chamber i n 
the form of a partic le beam. T h e particles are injected into a K n u d s e n ce l l 
oven, where they undergo many collisions w i t h the ce l l wa l l and are u l t i ­
mately vapor ized and ionized . T h e ions are then mass-analyzed w i t h a q u a d -
rupole or sector mass spectrometer. So that i n d i v i d u a l particles can be ana­
lyzed , the flux of particles into the K n u d s e n ce l l is l i m i t e d so that co incidence 
errors are m i n i m i z e d . Ion pulses from ind iv idua l particles al low the deter ­
minat ion of the amount of the species be ing analyzed i n the part icular par­
ticle . T h e sensitivity of the technique is l i m i t e d . F o r sod ium, the detect ion 
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l i m i t is about 10~ 1 5 g, corresponding to a pure sodium chlor ide part ic le about 
0.1 μηι i n diameter . T h e instrument was used to measure sod ium i n the 
Pasadena, Cal i fornia , aerosol, w h i c h typical ly has concentrations too l ow to 
be detected i f the material were uni formly d is tr ibuted throughout the at­
mospheric aerosol. A small fraction of the particles was found to contain a 
detectable amount of sodium that was consistent w i t h the total atmospheric 
concentration; thus, the aerosol is very heterogeneous. 

O t h e r approaches have been taken for on- l ine analysis of i n d i v i d u a l 
aerosol particles as w e l l . Laser spark spectroscopy (33) vaporizes i n d i v i d u a l 
particles i n the breakdown plasma created by a pulsed laser. A t o m i c emission 
spectra can then be used to deduce the e lemental composit ion of the particle 
that was vaporized. T h e t i m i n g of the laser pulse is cr i t i ca l because the 
partic le must be caught i n the focal vo lume of the pu lsed laser, so a second 
laser is used to detect the particle and trigger the pu lsed laser. To date the 
technique has been appl ied to large particles, that is , coal particles on the 
order of 60 to 70 μηι i n diameter i n combust ion studies. T h e use of induc ­
t ive ly coupled plasma w o u l d e l iminate the complex tr igger ing and might 
al low on- l ine analysis of smaller particles spectroscopically. 

Aerosol Instrument Classification. F r i e d l a n d e r (34) classified the 
range of aerosol instrumentat ion i n terms of resolution of partic le size, t ime , 
and chemical composit ion. This classification scheme is i l lustrated i n F i g u r e 
3. T h e ideal instrument w o u l d be a single-particle c ounter - s i ze r -ana lyzer . 
Operat ing perfectly, this mythica l instrument w o u l d ful ly characterize the 
aerosol, w i t h no l u m p i n g of size or composit ion classes, and w o u l d make 
such measurements sufficiently rapid ly to fol low any transients occurr ing i n 
the aerosol system. 

A c t u a l instruments represent compromises on this ideal . M a n y s iz ing 
instruments prov ide no way of obtaining composit ion data. Size and t ime 
resolution are frequently l i m i t e d , and i n some cases no resolution is possible 
at a l l . F i l t e r samplers and impactors collect t ime- integrated samples, and 
unless the t ime variations of interest occur on scales of hours or days, these 
techniques do not al low one to follow transient phenomena. Condensat ion 
nuc le i counters and filter samplers s imi lar ly l u m p a l l partic le sizes into a 
single measurement, so size resolution is prec luded unless the particles are 
preceded by an aerosol size classifier. E v e n then , re lat ively few size cuts 
are generally achieved, although the scanning electr ical mob i l i t y spectrom­
eter or differential mobi l i ty spectrometer can acquire high-resolut ion partic le 
size distr ibutions. T h e aerodynamic partic le sizer is capable of good size 
resolution over a size range that is complementary to the mobi l i ty -based 
methods. T h e single-particle analysis methods descr ibed are far from be ing 
practical instruments for routine aerosol measurements. M e a s u r e m e n t tech ­
niques have improved dramatical ly since Fr ied lander ' s in i t ia l assessment, 
but no technique yet approaches this ideal instrument . T h e data obtained 
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Figure 3. Classification of aerosol instruments in terms of their inherent time, 
size, and composition resolution. (Adapted from reference 34.) 
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w i t h present instrumentat ion, however , c learly demonstrate the need for 
the addit ional degrees of resolution. 

Atmospheric Aerosol Dynamics 

Analysis o f the evolut ion of particle size d is tr ibut ion functions and chemica l 
composit ion of atmospheric aerosols has, over the years, revealed many of 
the processes that determine the nature of the atmospheric aerosol. Ion 
mobi l i ty analysis and impactors revealed the Junge d is tr ibut ion i n the at­
mospheric aerosol. Later studies w i t h the electrical aerosol analyzer and its 
predecessors revealed greater structure i n the fine-particle d is tr ibut ion (35). 
F r o m the nature of the observed particle size distr ibutions and a fundamental 
understanding of aerosol dynamics , the processes that generated those struc­
tures were identi f ied. G r o w t h rates inferred from ambient measurements 
were larger than could be explained on the basis of coagulation alone (36), 
so it was suggested that gas-to-particle conversion accounted for the rap id 
increase i n the accumulation-mode aerosol mass. O n l y rarely is the chemica l 
nature of the atmospheric aerosol understood, so particle size d is tr ibut ion 
measurements only provide estimates of the quantity of aerosol-phase m a ­
terial . In ambient studies, the dynamics of the atmospheric aerosol is c om­
pl icated by the introduct ion of reactive species along the entire trajectory 
of the air parcel under study and by the vast assortment of reactive species 
present i n the atmosphere at any t ime. 

Efforts to unrave l the physics and chemistry of the atmospheric trans­
formations of both gaseous and particulate pollutants have, for this reason, 
turned to control led laboratory studies to gain a better understanding of the 
microscopic processes that take place i n the atmosphere. Smog chamber 
studies make i t possible to probe the transformations that occur i n a captive 
parcel of air. Observations of particle formation have been reported since 
the earliest studies of atmospheric photochemical reactions. Haagen-Smit 
(37) observed aerosol formation in conjunction w i t h studies of crop f u m i ­
gation, not ing that r ing opening i n the photooxidation of cycl ic olefins pro ­
duces species w i t h very l ow vapor pressures. Sulfur dioxide was found to 
result i n aerosol formation i n reactions of a l l types of olefins (38,39). M u l t i p l e 
additions of hydrocarbons to chamber photochemical experiments l e d to 
mul t ip l e bursts of new particle formation i n other early studies (40). M a n y 
of the early measurements were l i m i t e d to condensation nuc le i counter 
( C N C ) estimates of the total number concentration and photometer mea­
surements of total l ight scattering by the product aerosol. S t i l l , the data 
reveal important dynamics of the atmospheric aerosol. C N C data frequently 
show very rap id rises i n the total n u m b e r concentration, and increases of 
orders of magnitude occur w i t h i n 5 to 10 m i n (40-42). 

The introduct ion of the electrical aerosol analyzer a l lowed direct ob­
servations of the evolut ion of the size d is tr ibut ion of the fine aerosol particles 
(41). T h e growing aerosol was found to develop what appeared to be an 
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e q u i l i b r i u m surface area. Subsequent theoretical analysis of these and other 
data by M c M u r r y and Fr i ed lander (I) revealed that the asymptotic d i s t r i ­
but ion is actually a slowly increasing d is tr ibut ion that results from partic le 
growth by a combination of coagulation and condensation. O t h e r studies 
used the optical particle counter to generate s imi lar data for particles larger 
than 0.3 μηι (43, 44). Observations of particle growth rates supported ob­
servations made from earlier ambient studies that gas-to-particle conversion 
was a major contributor to particle growth i n the atmosphere. 

A comprehensive study of the formation of aerosols i n the photochemical 
oxidation of S 0 2 i n clean air systems, h y d r o c a r b o n - N O v systems, and a 
combinat ion of the two revealed complex aerosol dynamics that is s t i l l not 
quantitatively understood (45). W h e n S 0 2 was photochemical ly ox id ized i n 
clean air , particle formation occurred abrupt ly after an incubat ion t ime that 
var ied from less than 1 m i n to 30 m i n , depending on the S 0 2 concentration. 
T h e n u m b e r concentration increased rapid ly , peaking w i t h i n about 10 m i n 
of the onset of particle formation, and then decayed slowly. Late i n the 
experiment , the lights were turned off to stop the photochemical reactions. 
T h e n u m b e r concentration decayed more rapidly thereafter; this observation 
indicates that new particle formation had cont inued long after the n u m b e r 
concentration had peaked. The photochemical reactions of a variety of h y -
d r o e a r b o n ~ N O t systems produced particles after a m u c h longer delay than 
was observed i n the S 0 2 - c l e a n air system, and these reactions had a more 
rapid increase i n the vo lume concentration of particles than i n the former 
system but slower increases i n the n u m b e r concentration. Photochemical 
reactions of S 0 2 - h y d r o e a r b o n - N O x systems produced n u m b e r concentration 
profiles that appeared to be a l inear combinat ion of the two systems. Particles 
were rapidly formed early i n the process, and a second, slower burst of n e w 
particle formation took place after a long delay. A l t h o u g h the n u m b e r c o m ­
bination profile appeared to be a l inear combinat ion of the two separate 
systems, the vo lume of aerosol was greater than the sum of the two systems. 
T h e influence of the h y d r o c a r b o n - N O v chemistry on the photooxidation of 
S 0 2 was not understood at the t ime , but the consequences of that coupl ing 
on the aerosol dynamics were clearly out l ined i n reference 45. 

O t h e r studies of the aerosol dynamics i n smog chamber experiments 
that used the E A A , O P C , and C N C have reproduced the general obser­
vations of the earl ier studies, w i t h some improvements i n data analysis. 
Stern et al . (46) examined aerosol formation and growth i n the photooxidation 
of aromatic hydrocarbons i n an outdoor smog chamber. O n e modif ication 
from the previous experimental design was the intent ional introduct ion of 
particles into the in i t ia l reactant mixture . G r o w t h of those seed particles by 
condensation prov ided a direct measure of the excess vapor pressure of 
condensible reaction products as soon as they began to form. I n some ex­
periments the n u m b e r concentration of seed particles was sufficient to sup­
press homogeneous nucleation ent ire ly , whereas nucleation occurred i n spite 
of the seed aerosol i n other experiments. T h e seeded experiments thus 
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provide a way to probe the competit ion between homogeneous nucleation 
and condensational growth. Theoret ical predict ions of nucleation r e q u i r e d 
estimates of the physical properties of the condensible reaction products. 
Because the aerosol composit ion and physical properties were not k n o w n , 
the physical property data were estimated from the condensational growth 
data obtained i n the seeded growth experiments. 

In later experiments, I z u m i et a l . (47, 48) examined aerosol formation 
d u r i n g photooxidation of a variety of hydrocarbons i n an evacuable smog 
chamber. N o seed particles were used i n these experiments , but good es­
timates of the y i e l d of aerosol from photochemical oxidation of the hydro ­
carbon precursors were obtained by using E A A data. I n some cases, the 
vo lumetr i c y i e l d was found to decrease w i t h decreasing precursor concen­
tration (Figure 4), so the finite vapor pressure of the reaction products l i m i t e d 
nucleation, particle growth, or both. 

1200 

1 0 0 0 H 

8 0 0 h 
Ε 
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, ° -
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Figure 4. Dependence of the volume-based aerosol yield on the initial concen­
tration of cyclohexene. (Reproduced from reference 47 Copyright 1988 Amer­

ican Chemical Society.) 
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T h e attempts to der ive fundamental data on secondary aerosol formation 
by us ing E A A data were hampered by the l i m i t e d t ime and size resolution 
of the instrument and the inabi l i ty to measure the physical and chemica l 
properties of the aerosol species. Convent iona l differential mob i l i t y analysis 
el iminates many of the size uncertainties of the E A A measurements. T i m e 
resolution l i m i t e d the application of differential mob i l i t y analysis i n smog 
chamber experiments unt i l very recently. Three approaches have a l lowed 
these h igher resolution instruments to fol low the rap id transients: (1) B y 
fo l lowing the t ime evolut ion of the concentrations of particles at fixed size, 
the resolvable t ime is reduced to the count ing t ime requ i red to obtain good 
signal-to-noise ratio. Th is operating mode was used by F lagan et a l . (49) w i t h 
both the D M A w i t h a C N C detector and a Univers i ty o f V i e n n a electr ical 
mobi l i ty spectrometer, w h i c h couples an extremely sensitive e lectrometer 
to a differential mobi l i ty analyzer co lumn that has been designed to cope 
w i t h particles as smal l as 3.5 n m i n diameter . Because the size-classified 
particles cou ld be measured i n as few as 1 to 20 s, abrupt changes i n the 
concentrations of fine particles were observed. These changes are i l lustrated 
by the extremely rap id increase i n the n u m b e r concentrations of particles 
of different sizes observed i n the photooxidation of d i m e t h y l disulf ide (F igure 
5). Th is figure shows a wave i n particle size space as the smal l particles 
formed w i t h i n the first 3 m i n of the smog chamber exper iment grow. T h e 
t ime lag before the peaks i n concentration increases w i t h particle size. 

5x105 η — ' — ι — ' — « ' — « — 1 — I 

Time after uncovering (min) 

Figure 5. Transients observed in the concentrations of ultrafine particles in 
smog chamber studies of the photooxidation of dimethyl disulfide. Particles 
were measured with the electrical mobility spectrometer operating at fixed 
analyzer column voltages for the I I - and 20-nm sizes and with the differential 
mobility analyzer similarly operated for the 50-nm particles. (Reproduced from 

reference 49. Copyright 1991 American Chemical Society.) 
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(2) Operat ion of the E M S or D M A w i t h w ide ly spaced steps i n the analyzer 
c o l u m n voltage reduces the n u m b e r of data obtained i n a single-size d i s t r i ­
but i on scan, thereby reduc ing the measurement t ime to several minutes . 
(3) M o r e dramatic improvements are obtained w i t h the scanning electr ical 
mobi l i ty spectrometer, w h i c h achieves better t ime resolution wi thout sac­
r i f i c ing size resolution. 

T h e potential of rap id , high-resolut ion partic le size d is tr ibut ion mea­
surements w i t h the S E M S to elucidate the dynamics of atmospheric aerosols 
is demonstrated i n studies conducted w i t h the outdoor smog chamber facil ity 
at Ca l te ch . F i g u r e 6 A shows the particle size d is tr ibut ion i n the photochem­
ical oxidation of methylcyclohexane i n the presence of ΝΟ λ. and foreign seed 
particles. Af ter 20 m i n of reaction, the a m m o n i u m sulfate seed aerosol has 
grown at approximately constant n u m b e r concentration; this observation 
indicates the presence of a condensible species that deposits on the seeds. 
This growth at approximately constant n u m b e r concentration provides the 
data necessary to estimate the excess vapor pressure of condensing species 
i n the smog chamber. O n e minute after the second size d is tr ibut ion was 

1 0 1 0 0 1 0 0 0 1 0 1 0 0 1 0 0 0 

D p (nm) D p (nm) 

(A) (B) 

Figure 6. Particle size distributions measured (A) at the beginning and (B) 
after initial particle growth in a seeded methylcyclohexane-NOx photooxidation 
experiment conducted in the Caltech outdoor smog chamber. (Reproduced 

from reference 49. Copyright 1991 American Chemical Society.) 
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measured, a large n u m b e r of particles are present at very smal l sizes, as 
shown i n F i g u r e 6 B , the result of homogeneous nucleat ion. O v e r the next 
several minutes , these particles grow rapidly , u l t imately establ ishing the 
w e l l - k n o w n self -preserving partic le size d is tr ibut ion . T h e data presented 
have only been corrected to account for the measured count ing efficiency 
of the S E M S and have not been smoothed or corrected for m u l t i p l e charging 
at larger sizes i n any way. T h e new particles are formed so rap id ly that it 
w o u l d not be possible to follow these transients w i t h stepping-mode differ­
ential mob i l i ty analyzers without extreme reductions i n the numbers of sizes 
measured. Thus , the S E M S offers resolution i n both partic le size and t ime 
that is far superior to any measurement methods previously available. 

A second example is the photochemical oxidation of 1-octene, both alone 
and w i t h small amounts of S 0 2 . Seed particles grow w i t h no apparent new 
particle formation w h e n no S 0 2 is present, leading to the seed part ic le growth 
shown i n F i g u r e 7A. T h e aerosol behavior i n the presence of S 0 2 differs 
dramatical ly , as is i l lustrated by the results of an exper iment conducted 
simultaneously w i t h the first experiment . After only 8 m i n , particles are 
formed by homogeneous nucleation. T h e n u m b e r of particles produced i n 
this nucleation burst is relatively smal l , so coagulation does not contr ibute 
significantly to partic le growth. T h e particles grow rapidly nonetheless. T h e 
particle size d is tr ibut ion narrows, however , an indicat ion that the growth is 
p r imar i l y the result of condensation. After several hours , a second burst of 
nucleation occurs, as is shown i n F i g u r e 7 B . T h e extremely sharp partic le 
size distributions that result from condensational growth represent a serious 
challenge for aerosol measurements. Attempts to accelerate measurements 
by sampl ing a l i m i t e d n u m b e r of size intervals risk miss ing the peak i n the 
d istr ibut ion ent ire ly . O n the other hand , a l l particle mobi l i t ies are p robed 
in the S E M S because particles are continuously counted throughout the 
voltage scan. 

O n e can speculate on the nature of the material that contr ibuted to each 
burst of nucleation and the growth of the in i t ia l nuc le i . T h e early nucleat ion 
d i d not occur under the same conditions wi thout S 0 2 , so it is probable that 
it results from the pr imary oxidation product of that species, namely , H 2 S 0 4 . 
T h e second nucleation burst is probably the same material that condensed 
without the in i t ia l S 0 2 , that is, the condensible hydrocarbons that result 
from the 1-octene photooxidation. Because the in i t ia l S 0 2 concentration was 
m u c h smaller than that of the hydrocarbon, m u c h of the growth of the early 
nuc le i is l ike ly due to hydrocarbon condensation, that is, condensation of 
species that d i d not nucleate u n t i l m u c h later i n the first exper iment . A n 
examination of the quantity of aerosol produced i n the two experiments 
supports this interpretation. As shown i n F i g u r e 8, partic le formation occurs 
before significant hydrocarbon reaction i n the S 0 2 - c o n t a i n i n g exper iment . 
Once the hydrocarbon reaction begins i n earnest, the aerosol y i e l d increases 
by an amount that is comparable to that i n the S 0 2 - f r e e exper iment . T w o 
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0 50 100 150 200 250 

Time into run [min] 

Figure 8. Hydrocarbon concentration decay and aerosol yield as a percent of 
reacted hydrocarbon during 1-octene photooxidation with and without added 
S02. (Reproduced with permission from reference 50. Copyright 1992 Per-

gamon.) 

different materials are condensing, as ev idenced by the variation of the 
aerosol y i e l d w i t h the amount of hydrocarbon reacted (Figure 9). W i t h no 
S O £ present, the y i e ld drops dramatically i f less than 0.1 p p m of hydrocarbon 
has reacted. W h e n S 0 2 was present, the y i e l d remained significant to sub­
stantially lower amounts of reacted hydrocarbon, a situation consistent w i t h 
the product ion of nonvolatile H 2 S 0 4 . The scatter i n the data for different 
S 0 2 - f r e e experiments can be at least partial ly attr ibuted to different operat ing 
temperatures i n the outdoor smog chamber experiments . 

T h e dynamics of the aerosols produced by photochemical reactions u n ­
der s imulated atmospheric conditions are complex functions of the chemica l 
nature of the aerosols generated. Part ic le size distr ibutions y i e l d insufficient 
data for the complete characterization of the aerosol. Seeded smog chamber 
experiments have proven useful i n est imating some of the physical properties 
of the secondary aerosols produced i n smog chamber studies, but the u n ­
certainties i n estimated vapor pressures remain large. A more complete 
understanding of the dynamics of aerosol formation i n such mult iple-reactant 
systems could be obtained i f the variation of partic le composit ion w i t h t ime 
and partic le size could be measured. Some progress toward the measurement 
of s ize-dependent particle properties has been attained w i t h the T D M A . 
Convent iona l T D M A operation requires as long as 1 h to acquire the vapor 
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Figure 9. Aerosol yield as a function of the amount of hydrocarbon reacted 
during methylcyclohexane photooxidation with and without added S O 2 . (Re­

produced with permission from reference 50. Copyright 1992 Pergamon.) 

pressure data. Recent experiments per formed at Ca l t e ch have completed 
such measurements i n a matter of minutes w i t h the S E M S as the final 
analyzer. T h e T D M A - S E M S system is current ly be ing used i n this mode 
at Ca l tech to determine vapor pressure distributions for the aerosols pro ­
duced by photochemical reactions at the e n d of our smog chamber studies. 
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Discussion 

The arsenal of aerosol measurement methods has expanded dramatical ly 
over recent years, but a n u m b e r of needs for fundamental research into the 
nature and origins of the atmospheric aerosol cannot be met by the current 
instrumentation. Instrumentation that has proven most valuable i n the c h e m ­
ical characterization of the atmospheric aerosol is woeful ly inadequate e i ther 
for fo l lowing the chemical dynamics of aerosols because of the rap id changes 
that occur i n homogeneous reacting systems or for unrave l ing the complexity 
of the aerosol products. 

Techniques for measuring particle size distr ibutions have i m p r o v e d d r a ­
matically, at least i n the submicrometer size range. Di f ferent ia l mob i l i ty 
analyzers and the electrical mobi l i ty spectrometer are dramatic i m p r o v e ­
ments over earl ier electrical mobi l i ty analysis techniques, m u c h as the E A A 
was over its predecessors. T h e further improvements achieved w i t h the 
scanning electrical mobi l i ty spectrometer make it possible, for the first t ime , 
to fol low the rap id transients of particle nucleation and growth i n smog 
chamber experiments. M o b i l i t y analysis only covers a l i m i t e d size range, 
however. F r o m a few nanometers to a few tenths of a micrometer , mob i l i ty 
analysis provides excellent size resolution. Resolut ion for larger particles is 
l i m i t e d because of mul t ip l e charging. 

Al ternat ive ways to obtain high-resolution particle size d is tr ibut ion data 
for particles larger than 0.2 μηι are needed. H o w e v e r , the changes i n the 
concentrations and sizes of particles near 1 μηι i n size are generally slower 
than those observed for particles i n the nanometer size range, so t ime res­
o lut ion is not so severe a constraint on the measurement technologies used 
for the larger particles. Opt i ca l particle counters can provide excel lent data 
from 0.1 μηι to 1 μηι, although better data processing electronics are gen­
erally requ i red than are typical ly incorporated i n commerc ia l instruments . 
D i l u t i o n systems are frequently requ i red w i t h optical partic le counters to 
avoid coincidence errors at typical ambient concentrations, in t roduc ing a d ­
dit ional uncertainties and increasing count noise for larger particles. T h e 
resolution of optical particle counters decreases for larger sizes because of 
the uncertainties caused by the M i e resonances i n the l ight scattering s ig­
natures. O n the other hand, the aerodynamic particle sizer can generate 
high-resolution particle size d istr ibut ion data from particles perhaps 0.8 μπι 
to several micrometers i n size. 

Size-resolved chemical information is m u c h more difficult to obtain. T h e 
many applications of the differential mobi l i ty analyzer i n measuring prop ­
erties of size-classified particles are important tools for the characterization 
of aerosol systems, but the approaches demonstrated to date y i e l d l i m i t e d 
data. Vapor pressures, surface tension, and optical absorption have been 
measured on mobil ity-classif ied aerosols. D i r e c t measurements of the d is ­
t r ibut ion of chemical composit ion w i t h particle size are needed. E l e m e n t a l 
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analysis by induct ive ly coupled plasma emission spectroscopy or other a n ­
alytical methods cou ld replace the particle detectors used i n size d is tr ibut ion 
analysis w i t h the mobi l i ty classifier. T h e scanning mode of operation w o u l d 
opt imize the use of the analytical technique and y i e l d high-reso lut ion c o m ­
pos i t ion-s ize distributions rapidly . 

T h e mobi l i ty techniques only cover a fraction of the size range of concern 
to atmospheric studies. F o r particles above about 0.2 μηι i n diameter , m u l ­
t iple charging degrades the size resolution of the mob i l i ty analyzers. T h e 
low-ion-density charger of G u p t a and M c M u r r y (19) can extend the size 
range of singly charged particles up to about 1 μηι without sacrificing the 
scanning capabil ity, but for this method any charged particles present i n the 
or ig inal aerosol must be removed w i t h an electrostatic precipitator before 
charging can begin . A t 1 μηι, this requirement leads to a reduct ion i n the 
n u m b e r concentration to 13% of the or ig inal l eve l , making demands on 
analytical sensitivity even more severe. Al ternat ive approaches are needed 
for the classification of the larger particles. Aerodynamic methods can readi ly 
be appl ied to such particles, as ev idenced by cascade impactors and the 
aerodynamic particle sizer. T h e ideal instrument w o u l d separate particles 
w i t h i n a narrow range of aerodynamic diameters for analysis. F u r t h e r m o r e , 
it w o u l d facilitate measurements over a substantial range of partic le sizes on 
a continuous basis. Thus , there are a n u m b e r of challenges r emain ing for 
aerosol measurement methods that can follow rapidly changing populations 
and compositions of atmospheric aerosols. 
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Compositional Analysis 
of Size-Segregated Aerosol Samples 

Thomas A. Cahil l and Paul Wakabayashi 

A i r Quality Group, Crocker Nuclear Laboratory, University of California, 
Davis, CA 95616-8569 

Knowing both the size and composition of fine particles in the air is 
vital for understanding the sources, transport, transformation, ef­
fects, and sinks of atmospheric aerosols. However, compositional 
analysis of such size-segregated aerosol samples poses difficulties be­
cause of the small amount of mass available for analysis, the chemical 
complexity of the particles, and the nonuniform deposits character­
istic of most impactors. Additional problems are posed by the need 
to measure both a wide range of elements and trace concentrations. 
Nevertheless, significant progress has been made in the past decade, 
especially in evaluation of the sources and nature of visibility deg­
radation by fine particles. This chapter is a short summary of the 
difficulties of obtaining size-specific chemical information and the 
usefulness of such information once obtained. 

THE AMBIENT ATMOSPHERIC AEROSOL consists of l i q u i d and sol id particles 
that can persist for significant periods of t ime i n air. Genera l l y , most of the 
mass of the atmospheric aerosol consists of particles between 0.01 and 100 
μιη i n diameter d is tr ibuted around two size modes: a "coarse" or " m e c h a n ­
i c a l " mode centered around 10- to 20-μηι partic le d iameter , and an "accu ­
m u l a t i o n " mode centered around 0.2- to 0.8-μπι partic le d iameter (1). T h e 
former is produced by mechanical processes, often natural i n o r ig in , and 
includes particles such as fine soils, sea spray, po l l en , and other materials. 
Such particles are generated easily, but they also settle out rap id ly because 
of deposit ion velocities of several centimeters per second. T h e accumulat ion 
mode is dominated by particles generated by combust ion processes, indus ­
tr ia l processes, and secondary particles created b y gases convert ing to par -

0065-2393/93/0232-0211$06.00/0 
© 1993 American Chemical Society 
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t ides . T h e accumulation-mode particles are mostly anthropogenic . A n ex­
ample of a s ize - compos i t ion profile of ambient atmospheric aerosols is shown 
i n F i g u r e 1. 

F i g u r e 1 shows the fraction of each e lemental component of particles 
that occurred i n one of eight size ranges from 0.1 to about 15 μηι i n diameter . 
T h e e lement s i l icon, der ived from the S i O £ i n soils, is present only i n coarse 
size ranges. Thus , it is solely a coarse-mode particle der ived from mechanical 
processes. Sulfur , present largely i n the form of a m m o n i u m sulfate, occurs 
only i n the accumulation mode around 0.3 μηι. Potassium occurs i n both 
modes: a coarse mode from soil and a fine mode der ived from agricultural 
smoke. T h e chlor ine is from sea salt, N a C l , w h i c h is a coarse-mode aerosol 
that lost its coarsest components d u r i n g transport from oceanic sources about 
100 k m u p w i n d of the site (Davis , California) . Th i s f igure shows a typical 
b imoda l d is tr ibut ion ; such distributions may change. T h u s , the challenge 
for analytical chemists is to generate such data accurately and inexpensively 
from col lected aerosols that, as i n the instance above, total no more than a 
few micrograms for each size range. 

Drum-Stage 

Diameter (^m) (1/16) (1/8) 1/4 1/2 

Figure 1. Example of compositionally resolved bimodal and monomodal dis­
tributions of aerosols. The ordinate gives the percent of the species found in 
the given size fraction of the impactor. The mode near 0.3 μηι is the "accu­
mulation mode", and that above 8 μm is the "coarse mode". The minimum of 
mass between 1 and 2 μm is typical; the chlorine distribution is anomalous. 
Chlorine is in fact a coarse-mode marine aerosol that has lost its larger particles 
during transport from the ocean to Davis, California, a distance of roughly 
100 km. (Reproduced with permission from reference 15. Copyright 1988.) 
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Compositional Analysis of Atmospheric Aerosols 

Because the atmospheric aerosol consists of a mixture of gases and particles 
and because the size and composit ion of the particles are usually of interest, 
the particles must be analyzed w i t h i n the gases or the particles must be 
removed from the gases pr ior to analysis. 

Compos i t i ona l analysis of particles w i t h i n a gas-part ic le system is h igh ly 
desirable and physical ly possible, but very difficult. Th is analysis is h igh ly 
desirable because it w o u l d provide a real -t ime s i ze - compos i t i on analysis to 
complement real -t ime analyses of meteorology and gaseous pollutants as 
w e l l as real -t ime analyses of certain prompt effects of aerosols, such as v is ­
ib i l i ty degradation. This method is physical ly possible because the excit ing 
source (optical, X - r a y , nuclear, etc.) can be tuned to p ick out particles wi thout 
excit ing the enormously abundant gases ( N 2 , 0 2 , A r , C 0 2 , etc.). Lasers cou ld 
vaporize particles of a certain size without excit ing gases, g iv ing rise to 
emission spectra. X-rays could excite al l species but filter out soft X-rays 
from gases dominated by H , C , N , and O . H o w e v e r , for ambient sampl ing , 
potential analytical methods are very difficult and expensive, and they gen­
erally lack sensitivity. They are rarely, i f ever, used for ambient sampl ing 
today, but the need is great and the challenges are clear. T h i s , certainly , is 
one area that needs further work. 

A lmost a l l chemical analysis of atmospheric aerosols is based on removal 
of the particles from gases. Thus , the pr imary task for aerosol samplers is 
to separate the aerosol particles from the overwhelming ly larger mass of the 
gases i n the atmosphere. Two procedures are commonly used. T h e first, 
and s implest , method is to draw air through filters, co l lect ing the particles 
for future analysis. In the second, orifices accelerate the gas-part ic le stream 
to h igh velocity and then force it to make a sharp bend . Particles are removed 
from the air stream and impacted onto a surface. These samplers are cal led 
" impactors" , and they are the instruments that pose the most difficult cha l ­
lenges to analytical chemists. V i r t u a l impactors are a subset of these devices 
that avoid surface impact ion by us ing filters. 

F i l t e r s . F o r most situations, the most commonly used technique for 
col lect ing aerosols is p u l l i n g air through a filter that collects the particles 
but not the gases. Compos i t ional analyses are then per formed on the filter. 
I n real ity , a filter does not collect a l l particles i n the aerosol because the 
inlet w i l l miss large, w i n d - d r i v e n particles unless great care is taken to 
achieve isokinetic sampling. M o d e r n samplers fix the m a x i m u m size of par­
ticles. T h e older h igh-vo lume sampler (Hi-Vol ) has an effective upper cut 
point around 30 μηι, but this value is strongly wind-dependent . T h e present 
standard is for 10-μηι particles ( P M - 1 0 ) , a size that is re lat ively constant 
w i t h different w i n d velocities. F i n e particles (diameters smaller than 2.5 
μηι) are often needed for health or v is ib i l i ty research, and many methods 
exist to perform such sampling ( P M - 2 . 5 ) . I f the filters are efficient, there 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

99
3 

| d
oi

: 1
0.

10
21

/b
a-

19
93

-0
23

2.
ch

00
7

In Measurement Challenges in Atmospheric Chemistry; Newman, L.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1993. 



214 M E A S U R E M E N T C H A L L E N G E S I N A T M O S P H E R I C C H E M I S T R Y 

are 0- to 30-μπι, 0- to 10-μιη, or 0- to 2.5-μΐΏ size regimes, but many others 
have been achieved by devices such as cyclones. W i t h enough integrated 
samples, a fu l l particle size spectrum can be der ived from fi lter data (2). A 
pr ice must be pa id i n h igh analytical costs and propagation of errors , but a 
good deal of mass can be col lected, and standard fi lter analyses are possible. 

If only particles larger than a certain size are of interest, this technique 
can be inver ted by us ing diffusion to remove fine particles from the airstream 
and leaving the coarser particles to be col lected on a filter. A g a i n , techniques 
l ike this , of w h i c h the diffusion battery is the best k n o w n , also y i e l d a standard 
filter and, thus, permit the use of standard analytical methods. 

There are methods that collect particles from both the coarse and fine 
modes simultaneously. A c lever way to achieve col lect ion of bo th modes of 
particles onto filters is the v i r tua l impactor (VI) (3). T h e gas-part ic le mixture 
is forced to make a sharp bend , and particles above 2.5 μηι are ejected into 
a small port ion (10%) of the gas stream onto a filter, so a l l the coarse particles 
(typically from the 10 μηι l i m i t set by the P M - 1 0 in let to 2.5 μιτι) and 10% 
of the fine particles are col lected on a f i lter. T h e remainder is then f i l tered; 
this port ion contains no coarse particles but 9 0 % of the fine particles (2.5 to 
0 μιη). Af ter analysis, the fine admixture i n the coarse fraction is removed 
mathematical ly. L imitat ions i n the process l i m i t its usefulness be low 1 μιη, 
however. 

A second way to achieve col lect ion of coarse- and fine-mode particles 
onto filters is through tandem fi ltration through the "stacked filter u n i t " 
( S F U ) (4, 5, 6). I n these devices, the convenient f i l tration characteristics of 
filters (Nuclepore) al low a 2.5-μπι cut point on the basis of pore size and 
the face velocity of the airstream. Such devices are very compact and i n ­
expensive and have been heavi ly used i n remote-area networks (7, 8, 9). 
A g a i n , however , the l imitations of the method l i m i t the n u m b e r and sharp­
ness of the size cuts so that almost a l l units are operated at 2.5 μιη and give 
coarse and fine fractions very m u c h l ike those of the v i r tua l impactor . E x ­
amples of the 2.5 -μιη cut points of V I , S F U , and impactors are shown 
i n F i g u r e 2. H o w e v e r , cyclones, v i r tua l impactors, and stacked filter 
units cannot give the sharp, mul t ip l e cut points of impactors as shown i n 
F i g u r e 1. 

Nevertheless , these methods al l result i n a f i lter that captures the at­
mospheric particles. T h e mass loading can be large, the deposit un i form, 
and the filter reasonably stable under transport to a central analytical lab­
oratory. N u m e r o u s papers have treated analysis of such filters, so this i n ­
formation is not repeated. This chapter focuses on the problems of chemica l 
analyses of impactor substrates, for w h i c h the problems are more serious 
and the solutions elusive. 

I m p a c t o r s . Impactors work by forcing the gas-part ic le stream to make 
a sharp bend . This action causes the larger particles to impact onto a m e d i u m , 
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Before Fine Filters 

a e r o d y n a m i c d i a m e t e r (μ ιη ) 

i V i r t u a l I m p a c t o r 

Û C y c l o n e 

ο C y c l o n e 

• S F U 

Figure 2 . Comparisons of collection efficiencies of various types of aerosol 
samplers; although all have 5 0 % capture efficiency points of roughly 2 . 5 μιη, 

the shapes of the collection curves vary. 

whereas the smaller particles and gases continue downstream. Impactors, 
by means of their construction, can sequential ly segregate particulate matter 
to smaller and smaller sizes. B y vary ing the orifice size, the n u m b e r of 
orifices, the pressure, the velocity of the jet , and other specifications, the 
desired size-selected particles can be col lected. These impactors have 
sharper size cutoffs than cyclones, v i r tua l impactors, or stacked filter units . 

Some examples of ambient air impactors inc lude the low-pressure i m ­
pactor (LPI) (JO), the Battel le ( I I , 12), the M u l t i - D a y ( M D ) (13), the Dav is 
Rotating U n i t for M o n i t o r i n g ( D R U M ) (14, 15), the B e r n e r L o w - P r e s s u r e 
Impactor ( B L P I ) (16), and the M i c r o - O r i f i c e U n i f o r m Depos i t Impactor 
( M O U D I ) (17). E a c h has a different way of co l lect ing particulate matter. 
Because of the small mass of aerosols, certain parameters of the design of 
the impactor are adjusted so that the aerosol can be analyzed w i t h a m a x i m u m 
degree of sensitivity. Some of the parameters involve the flow rate at w h i c h 
the impactor operates: the material is concentrated to a smaller area or the 
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per iod of sampl ing is extended. B u t increasing one parameter may decrease 
sensitivity. Two samplers, the B L P I and the M O U D I , re ly on an increased 
flow rate to collect more material . Total col lected mass per stage is the key 
parameter for these analytical methods, w h i c h remove the deposit from the 
col lection substrate. B o t h of the samplers have more orifices to al low for the 
increased vo lume and to achieve the correct s iz ing of aerosols. A l t h o u g h 
increasing the n u m b e r of orifices increases the flow rate, it also increases 
the spread of aerosols on a col lection media . This spreading has the effect 
of decreasing the concentration of material and thereby decreasing the sen­
sit ivity of certain measurements. O n the other hand , the D R U M , the L P I , 
and the Battel le ut i l i ze a single orifice to concentrate the mater ia l , an ar­
rangement that increases sensitivity. H i g h areal density of the deposit, i n 
grams per square centimeter , is a key parameter for methods that analyze 
the deposit without remov ing it from the substrate. B u t problems arise from 
particle bounce-off and from layer ing of particulate matter, w h i c h cause 
problems i n some analysis techniques. 

Compositional Analysis of Particulate Samples 

Once the particulate sample has been removed from the airstream and 
deposited on a filter or an impact ion-d i f fus ion surface, the analyst can e i ther 
remove the deposit from the surface and analyze the resul t ing gas or l i q u i d 
or leave the deposit on the surface and analyze the surface and deposit 
together. 

I n the first method , any and a l l analytical methods are available to the 
analyst; however , problems arise i n two areas. F i r s t , the analyst must be 
sure that the particles are removed from the substrate and incorporated into 
the aliquot. Second, the mass of material is always l i m i t e d , so extreme 
analytical sensitivity and very pure reagents are requ i red . A n example is the 
col lect ion of fine particles w i t h diameters less than 2.5 μιτι from a 10-
μ g / m 3 fine aerosol for 4 h at a 20 L / m i n flow rate. T h e total particulate mass 
col lected is 48 μg. This mass is removed from the filter or surface w i t h 0.1 
m L of solvent. T h e total dissolved particulate is 480 p p m i n the solvent, and 
this concentration must be analyzed to about 1.1 p p m i n accuracy. T h e 
analytical method needs to be sensitive at the 0.48-ppb leve l , and contam­
inants i n the solvent must be h e l d to such levels also. 

F o r this reason, particulate samplers designed for particulate removal 
have to generate the m a x i m u m possible particulate mass. M o d e r n examples 
inc lude impactors based on the h igh-vo lume sampler (Hi-Vols) , the M O U D I 
(17) of the Univers i ty of Minnesota , and the B L P I (16). T h e H i - V o l s , i n 
particular , collect 330 m 3 of air i n 4 h , g iv ing 1100 μg of deposit for three 
size cuts be low a particle diameter of 2.5 μηι. Table I shows some key 
parameters for a few wide ly used ambient air impactors for m u l t i p l e size 
cuts. 
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Table I. Mass-per-Stage Comparison of Several Impactors 
Stages Average13 Mass 

Flow Volume" < 2 . 5 μg per Stage 
Sampler Type (LImin) (m3) (nj (\kg) 
D R U M 1.0 0 . 2 4 6 0 . 4 0 
L P I 1.0 0 . 2 4 7 0 . 3 4 
Battelle 1.0 0 . 2 4 6 0 . 4 0 
M O U D I 3 0 . 0 7 . 2 0 6 1 2 . 0 0 
B L P I 3 0 . 0 7 . 2 0 6 1 2 . 0 0 
M D 3 0 . 0 7 . 2 0 2 3 6 . 0 0 

"Volume per 4-h period. 
bA density of 10 μg/m 3 for particles smaller than 2.5 μπι was assumed. 

The second class of particulate samples is those that are analyzed without 
removal from the sampling substrate. F o r such samples, only l i m i t e d classes 
of analytical methods can be used, and the substrate itsel f is cr i t ical . As an 
example, consider again a 20 L / m i n sample be ing col lected from a 10 
μ g / m 3 fine-particle ambient aerosol for 4 h . T h e 480 μg of mass are s t i l l 
col lected, but now the area of the deposit is cr i t ical . I f a 12 -cm 2 Teflon filter 
o f480 μ g / c m 2 thickness, such as stretched Teflon [poly(tetrafluoroethylene)], 
is used, an areal density of 40 μ g / c m 2 of particulate deposit on a 480 
μ g / c m 2 substrate is produced. T h e total particulate filter sample is now 520 
μ g / c m 2 , and a 1 p p m composit ional analysis of the particulate deposit re ­
quires an analysis sensitivity to 80 ppb . I n other words, the analytical method 
must be sensitive to 0.04 μ g / e m 2 . C l e a r l y , the key parameter is areal density. 
I f a filter of 6 c m 2 rather than 12 c m 2 were used, the deposit w o u l d have 
the same total mass but twice the areal density. F o r a given analytical method 
sensitive to area density, such as X-rays , laser absorption, or a beta gauge, 
halv ing the area gives roughly a factor of 2 gain i n sensitivity. Table II shows 
a comparison of analytical sensitivity for a few wide ly used ambient air 
impactors for mul t ip l e size cuts. 

T h e extreme examples of such samplers are the single-jet impactors such 
as the Battel le of F l o r i d a State Univers i ty , the L P I , or the D R U M , a l l of 

Table II. Analytical Sensitivity Comparisons for a 2-ng/cm 2 Detectable L imi t 
Minimum 

Stages Analysis Collection Detectable 
< 2 . 5 μg Area Volume Sensitivity Limit 

Sampler Type M (cm2) (m3) (m3lcm2) (nglm3) 
D R U M 6 0 . 0 8 4 0 . 2 4 2 . 9 0 0 . 7 
L P I 7 0 . 0 7 1 0 . 2 4 3 . 4 0 0 . 6 
Battelle 6 0 . 0 7 1 0 . 2 4 3 . 4 0 0 . 6 
M O U D I 6 9 . 6 2 0 7 . 2 0 0 . 7 5 2 . 7 
B L P I 6 1 3 . 0 4 0 E 7 . 2 0 0 . 5 5 3 . 6 
M D 2 1 8 . 6 0 0 7 . 2 0 0 . 3 9 5 .1 

N O T E : All parameters are identical to those in Table I. 
"Area per stage. The number of orifices varies from 25 to 232 below 2.5 μπι. 
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w h i c h operate at only 1.1 L / m i n . In 4 h i n a 10 μ g / m 3 aerosol, the col lected 
mass for fine particles is only 2.4 μg, generally spread out over five separate 
stages. Yet, because the orifices are t iny , the deposit falls almost ent ire ly 
w i t h i n a 1 .1-mm-diameter c irc le , so an areal density of 320 μ g / c m 2 is pro ­
duced. G o o d sensitivities despite the small mass can be obtained w i t h a 
method , such as part ic le - induced X - r a y emission ( P I X E ) (18), that uses a 
focused ion beam that only irradiates the deposit area plus 1.1 m m i n a l l 
directions. 

H o w e v e r , analytical methods that analyze the deposit and substrate 
together, such as P I X E and X - r a y fluorescence ( X R F ) , have a serious prob l em 
posed by a nonuni form deposit. F o r an ion beam, such as protons, inc ident 
upon an aerosol sample placed 45° to the beam, the ions pass through the 
sample and are col lected i n a Faraday cup to provide absolute concentrations. 
I f the exit ing radiation, whether it be ions, X-rays , electrons, or l ight , is 
uni form across the deposit or i f the deposit itself is un i form, then the result 
is accurate. H o w e v e r , i f both the beam and sample are nonuni form i n e i ther 
plane, a convolut ion integral is r equ i red to obtain the concentration on the 
substrate. I n practice this integral is never done, so analytical accuracy is 
cr it ical ly dependent on beam and sample uni formity , both of w h i c h are 
usually suspect. 

The l imits to the areal density of deposit for filters are set by clogging 
of the filter that sets i n at typical ly 100 μ g / e m 2 . T h e l i m i t of areal density 
for impactors is set by the prob lem of partic le bounce. This is a serious 
prob l em for coarse, dry aerosols but less so for fine, wet , secondary aerosols. 
Nevertheless , sticky substrates are universal ly used (19), and deposits are 
generally l i m i t e d to a few monolayers of particles for a 2.5-μπι part ic le . Th is 
l i m i t amounts to no more than 7 μπι of deposit, or, for 1 . 5 ^ g / m 3 aerosols 
(per stage), about 1000 μ g / c m 2 of deposit. 

In summary, chemical analysis of the col lected particulate matter on a 
mult iple-staged impactor poses serious difficulties: 

1. There is only a severely l i m i t e d amount of mass available for 
analysis, and efforts to increase size information through more 
stages s imply makes the available mass even less. At tempts 
to collect more mass by longer runs are l i m i t e d by part i c le -
bounce effects. 

2. At tempts to provide accurate particulate size information u s u ­
ally require adhesives on the col lection surfaces. B u t these 
adhesives i n turn make removal of particles for analysis dif­
ficult, contaminate the deposit, and provide background and 
contaminant problems for methods that analyze the substrates 
and deposit together. T h e problems of partic le bounce are, o f 
course, greatly reduced for submicrometer hygroscopic or or­
ganic aerosols, w h i c h usually inc lude the important anthro­
pogenic sulfates, nitrates, and organic compounds. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

99
3 

| d
oi

: 1
0.

10
21

/b
a-

19
93

-0
23

2.
ch

00
7

In Measurement Challenges in Atmospheric Chemistry; Newman, L.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1993. 



7. C A H I L L & W A K A B A Y A S H I Analysis of Size-Segregated Aerosol Samples 2 1 9 

3. Impactor deposits are typical ly h ighly nonuni form; this non -
uni formity reduces accuracy and precis ion for techniques that 
analyze the substrate and deposit together. 

4. M a n y techniques used for composit ional analysis of filters w i l l 
not work for most impactors (e.g., gravimetric mass). 

These factors combine to make impactors less precise and accurate than 
filters. V e r y few comparisons have been made between s iz ing impactors and 
those that have prov ided mixed results. T h e 1977 E n v i r o n m e n t a l Protect ion 
A g e n c y - D e p a r t m e n t of E n e r g y Sampler Intercomparison inc luded the 
M u l t i - D a y Sampler , w h i c h performed w e l l ( ± 1 5 % ) for fine aerosols such as 
sulfur, lead, and z inc (15). T h e 1986 Carbonaceous Species tests at G l e n d o r a , 
Cal i fornia , inc luded the D R U M sampler. It per formed w e l l for sulfur 
( ± 1 8 % ) , as compared to the fine filter sampler ( P M - 2 . 5 ) , but no other s iz ing 
impactor was available for comparison and no e lement other than sulfur was 
reported. D R U M versus filter comparisons were reported as part of the 
Southern Cal i forn ia A i r Qual i ty Study of 1987 (2). Aga in , no other impactor 
was available for comparison, and the comparisons w i t h filters were only fair 
( r 2 « 0.7; r , l inear correlation coefficient). 

Probably the first side-by-side comparison of multiple-stage impactors 
occurred as part of the Salt R i v e r Project's G r a n d C a n y o n Study of 1 9 8 9 -
1990; the D R U M , L P I , and M O U D I were a l l used. This study had oper­
ational problems. Possibly because some of the samplers were rented out 
to the study and operated by t h i r d parties, a great deal of data were lost. 
Nevertheless , the overal l behavior of the major aerosol species was usually 
reproduced i n size and concentration. A l t h o u g h the D R U M was reported 
to have been less precise and accurate than the M O U D I or L P I , a l l cor­
relations were far worse than similar correlations for filter samples, and slopes 
versus filters were w e l l below uni ty (20). Moreover , a study was per formed 
at Shenandoah Nat ional Park i n 1991, d u r i n g w h i c h filters and the M O U D I 
were operated versus three co-located D R U M samplers. F i g u r e 3 shows the 
results over a 3-week per iod . A g a i n , fair agreement is evident, but the data 
w i t h r 3 = 0.78 must be compared to side-by-side f i lter samples at the same 
site, w h i c h achieved r 3 = 0.96. In an attempt to improve this situation, we 
developed a family of samplers w i t h the rotating d r u m and slit configuration 
of the M u l t i - D a y Impactor, w h i c h itself was a modification of the L u n d g r e n 
Impactor. F l o w was raised to 12 L / m i n , and a new analysis system was bui l t 
that was dedicated to such difficult samples. F i g u r e 4 shows the result of a 
side-by-side comparison of two I M P R O V E d D R U M Samplers for particles 
w i t h diameters between 2.5 and 0.34 μπι. A l though this was only a precis ion 
test, the results are better than other side-by-side tests of ambient s iz ing 
impactors; values of r 2 are as h igh as 0.96, and slopes are w i t h i n 5% of unity . 

T h e argument can be made that some lack of precis ion and accuracy is 
only to be expected, g iven the formidable difficulties in accurate col lection 
and composit ional analysis of aerosols by size. Thus , whi l e efforts are be ing 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

99
3 

| d
oi

: 1
0.

10
21

/b
a-

19
93

-0
23

2.
ch

00
7

In Measurement Challenges in Atmospheric Chemistry; Newman, L.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1993. 



220 M E A S U R E M E N T C H A L L E N G E S IN A T M O S P H E R I C C H E M I S T R Y 

ο 

1 
-§ 

s 

<u 
-s: 

4* 

Ο 

S . 

§ il 
• <N 
«•» S— 

S-S 

| 8 
« 
Q 
"H 
"S 
•S 

S 
ο 
co 

r 
I 
ο 

U 
ci 

S) 
Ε 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

99
3 

| d
oi

: 1
0.

10
21

/b
a-

19
93

-0
23

2.
ch

00
7

In Measurement Challenges in Atmospheric Chemistry; Newman, L.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1993. 



C A H I L L & W A K A B A Y A S H I Analysis of Size-Segregated Aerosol Samples 2 2 1 

SMART SAMPLER TESTS 

700 -ι — — — 1 

ο SACT2 SULFUR 

• SACT4 SULFUR 

4/10/92 4/30/92 

Λ» -ι — 1 

Ο SACT2 IRON 

• SACT4 IRON 

250 -f 

0 - j , 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

4/10/92 4/30/92 

Figure 4. Comparisons of two IMPROVEd DRUM samplers (12 LI min, three 
size cuts below 2 . 5 μm, and slit orifices) running side by side at Sacramento, 
California. The size range shown is for a particle diameter of 0.34 to 2.5 μm. 
Iron is used as a tracer of soil particles. The mean r2 for all stages less than 

2.5 μηι was 0.87 with a slope of 1.03. 
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expended to improve the analytical situation, a question must also be raised: 
Is the result ing information useful despite the l imi ts to accuracy and p r e ­
cision? 

Examples of the Utility of Size-Composition Profiles 

W i t h increased sensitivity, the size-segregating samplers have produced data 
that are most he lp fu l i n characterizing the size and composit ion of aerosols. 
T h e data from these samplers have been used to resolve a b i m o d a l , and 
sometimes a t r imodal , d is tr ibut ion of particles. 

T h e first example involves the very large data set col lected i n Cal i f orn ia 
from 1973 to 1977 w i t h the M D (20). A lmost by accident, this impactor had 
a cut point at 0.5 μπι. W h e n an analysis was made of v i s ib i l i ty degradation 
i n Cal i f orn ia (2), only the sulfur i n the 0.5-μηι to 3.6-μπι size range was 
found to correlate strongly w i t h v is ib i l i ty . Thus , on statistical grounds alone, 
i t was established that sulfur i n the finest modes was not a major factor i n 
California 's v i s ib i l i ty problems, whereas sulfur i n the h i g h e n d of the ac­
cumulat ion mode was disproportionately efficient i n scattering l ight . I f the 
aerosol data had been col lected w i t h a f i lter hav ing a range from 2.5 to 0 
μπι, this conclusion could not have been drawn. 

T h e physical reason for this statistical result was de te rmined a decade 
later, after a nine-day study i n Los Angeles i n 1986 as part of the large 
Southern Cal i forn ia A i r Qua l i ty Study ( S C A Q S ) (Figure 5) (24). V i s i b i l i t y 
was poor on the first five days but better on the last four days. A l t h o u g h 
most meteorological and air po l lut ion parameters were re lat ively constant 
d u r i n g this change, sulfur had a major size change from a relat ively coarse 
aerosol, mass median diameter ( M M D ) 0.50 μηι, to a f iner aerosol, M M D 
0.33 μπι (21). T h e change i n v is ib i l i ty as measured by a nephelometer was 
0.184 k m " 1 (23), and the change i n aerosol mass was 14.2 ± 1.0 μ g / m 3 . 
A lmos t a l l of this difference was a m m o n i u m sulfate (8.0 μ g / m 3 ) , w i t h some 
water a m m o n i u m nitrate and organic matter. A lmost a l l of the change i n 
a m m o n i u m sulfate occurs i n the optically efficient 0.34- to 1 . 1 5 ^ m - d i a m e t e r 
size ranges (7.9 μ g / m 3 ) . These chemical changes resulted i n a dramatic 
decrease i n v is ib i l i ty (15.5 k m to 8.8 km) despite only a modest 1 5 % change 
i n fine aerosol mass. 

T h e t h i r d example (20) involves soils measured near an industr ia l area 
of Cal i fornia over two weeks (Figure 6). T h e data were taken on a D R U M 
impactor; stage 1 was coarse particles, 15 to 10 μηι, and stage 2 was fine 
aerosols w i t h i n the P M - 1 0 cut, 10 to 5 μπι. T h e aerosols i n these ranges 
were almost ent ire ly soils (A l , S i , K , C a , T i , M n , F e , Sr , and so forth), and 
i ron is used as an example. C lear ly , the coarse particles are anticorrelated 
w i t h the finer particles despite the fact that both are soils. T h e explanation 
lies i n w i n d suspension of the coarse particles; the highest w i n d velocities 
give the highest coarse partic le loadings. Th is is the standard behavior seen 
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Figure 5. Sulfur size disMbution in Qlendora, California (east of Los Angeles), 
August 1986. The period of poor visibility during August 12 through 16 is best 
explained by the presence of sulfur mass in sizes above 0.34 μπι in diameter. 
Surprisingly, fine mass and most of the other components changed little as the 
visibility improved. (Reproduced with permission from reference 24. Copyright 

1990.) 
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i n ar id sites around Cal i fornia . T h e surprise is the anticorrelation of the finer 
soils w i t h w i n d velocity. This anticorrelation is typica l for w i n d d i lu t i on of 
a constant source t e rm. I n fact, there was a constant l eve l o f act ivity at this 
site 24 h per day i n the form of a great deal of truck traffic on unpaved roads. 
Thus , the f iner aerosols are conc luded to be anthropogenic. T h e presence 
of numerous other nonsoi l elements i n this finer mode supports this h y ­
pothesis. 

A fourth example of data showing the partic le d is tr ibut ion was a study 
that used the D R U M sampler at G r a n d C a n y o n Nat ional Park i n 1984 (22). 
Record ing the size d istr ibut ion of sulfur was necessary i n h e l p i n g to u n d e r ­
stand the effects of sulfur on v is ib i l i ty degradation because there were two 
size modes: one near 0.3 μιη and one around 0.1 μπι. These modes were 
not present simultaneously but appeared somewhat anticorrelated (see A u ­
gust 14 i n F i g u r e 7). 
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Figure 7. Sulfur size distributions at Grand Canyon National Park, August 
1984. The finest aerosols are at the top (stage 8, around 0.1 μηι), and the 
coarsest (8.5 to about 15 μηι) are at the bottom. Most sulfur mass occurs 
between 0.34 and 0.56 μηι (stage 6). The periods of August 14 are used for 
Table III. (Reproduced with permission from reference 15. Copyright 1988.) 
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A l t h o u g h the ultrafine particles were found at t imes to be a major c o m ­
ponent of the total amount of sulfur be low 2.5 μπι, the ultrafine particles 
are not pred ic ted to be a major factor i n v i s ib i l i ty degradation because they 
are too fine to effectively scatter l ight. O n the other hand , under the r ight 
conditions these same particles may grow i n size to the accumulat ion mode, 
the mode most efficient i n scattering l ight . As shown by this example and 
others, co l lect ing one size of particles w i l l not t e l l the whole story of the 
aerosol's influence. In addit ion , Table III compares the composit ion of the 
finest particles, ~ 0 . 1 μπι, to that of the accumulation-mode particles, ~ 0 . 3 
μπι. There is a dramatic increase i n pr imary combust ion-der ived particles 
i n the finest mode. 

Table III. Concentrations of Selected Elements at Grand 
Canyon National Park for an 8-h Period on August 16, 

1984 

Elements 

Stage 8, 
0.088-0.15 μτη 

(ng/m3) 

Stage 6, 
0.15-0.60 ι 

(ng/m3) 
Sodium 420 10 
Silicon and aluminum <8 <6 
Sulfur 204 392 
Chlorine 208 <5 
Potassium 59 <3 
Calcium 150 5 
Titanium <2 4 
Vanadium <2 3 
Iron and nickel <2 <2 
Copper 100 1 
Zinc 931 <2 
Arsenic 13 <2 
Bromine <2 <2 
Lead 63 <4 

T h e rap id development of multistage sequential impactors designed for 
composit ional analysis d u r i n g the 1980s must not be a l lowed to disguise the 
fact that very few such devices exist as of 1992. W e anticipate a major 
expansion i n the n u m b e r and types of such devices i n the 1990s and m u c h 
greater ut i l izat ion of the impactors for studies i n v i s ib i l i ty , acidic d r y dep ­
osit ion, and P M - 1 0 diagnostic and control efforts. 

Conclusions 

Compos i t i ona l analyses of size-segregated particles from ambient atmo­
spheric aerosols are v i ta l for understanding the sources and effects of these 
aerosols. Three challenges exist for analytical chemistry i n the next decade: 

1. Compos i t ional analyses of particles i n an aerosol, ideal ly i n 
real t ime , should be possible without the necessity of isolating 
the particles. 
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2. F u r t h e r refinements are needed i n composit ional analyses of 
filters; greater sensitivity, specifically of organic species, are 
needed. 

3. Improvement i n sensitivity and range of nondestruct ive anal ­
yses from impactor samples is needed, especially i n the m e t h ­
ods for detect ing total particulate mass and organic species. 

F o r the greatly increased use of s i ze - compos i t ion aerosol analysis a n ­
t ic ipated i n the next decade, progress i n a l l of these areas is essential. 
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Measuring the Strong Acid Content 
of Atmospheric Aerosol Particles 

Roger L. Tanner 

Energy and Environmental Engineering Center, Desert Research Institute, 
Reno, NV 89506 

Methods used to determine the strong acid content of aerosol particles 
in the ambient atmosphere are reviewed. These methods include those 
for generic determination of strong acid content and those in which 
the concentrations of individual strong acid species are determined. 
Difficulties in sampling these species due to their reactivity and oc­
currence under non-steady-state atmospheric conditions are dis­
cussed, and the methods currently used for resolving these difficulties 
are critically evaluated. 

F U N D A M E N T A L QUESTION about the interpretat ion of acidic aerosol data 
is whether researchers can characterize past and current atmospheric con­
centrations and distributions (spatial and temporal) w i t h sufficient accuracy 
for studies of their effects on ecosystems and h u m a n health . Part of the 
answer to this question can be prov ided by a rev iew of the methods that 
have been used to measure the strong acid content of aerosol particles 
col lected from the atmosphere. This chapter serves as such a rev iew, and , 
i n evaluating analytical procedures, it specifically assesses the abi l i ty of each 
procedure to overcome sampling artifacts, to dist inguish between strong and 
weak acids, to proper ly part i t ion strong acidity between gas-phase and aero­
sol-phase species, and to quantitate strong acidity at the levels at w h i c h i t 
is found i n the ambient atmosphere. 

Definitions of Acids and Bases 

Acids and bases are defined i n accordance w i t h B r 0 n s t e d - L o w r y theory i n 
terms of their propensity to donate or accept hydrated protons i n aqueous 

0065-2393/93/0232-0229$06.00/0 
© 1993 American Chemical Society 
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solution, a def init ion that is readily extended to nonaqueous solvents. A n 
acid is thus a substance w i t h a tendency to dissociate into a hydrated proton 
i n solution, and it is a strong acid i f that tendency is quantitat ively large 
compared to that of water; that is, at e q u i l i b r i u m its proton-donor reaction 
w i t h water lies far to the right. Weak acids are, by contrast, only part ial ly 
dissociated i n aqueous solution, and the degree of dissociation is quant i ta­
t ive ly expressed i n terms of the e q u i l i b r i u m constant for its proton-donor 
reaction w i t h water. A base i n aqueous solution is def ined analogously i n 
terms of its proton-accepting capacity relative to H 2 0 ; a strong base nearly 
complete ly dissociates i n aqueous solution to form free hydroxide ions. So l ­
v e n t dissociation is the process de termin ing co-existing [ H + ] and [ O H ] w h e n 
a solution is acidic or basic, that is, w h e n [ H + ] > [ O H ] or vice versa. T h e 
te rm [ H + ] signifies the molar concentration of hydrated protons i n solution, 
( H 2 0 ) r i H + . 

A logarithmic scale is used to express [ H + ] as p H , where p H = 
-log(a H+) = - l o g 7 [ H + ] ; 7 is the single- ion activity coefficient and aH+ is 
the H + activity. O t h e r terms have also been used to describe ac id levels i n 
env ironmenta l samples—titratable acidity, titratable strong acidity, and total 
acidity. Titratable acidity is the acid content i n aqueous solution that is 
neutral izable by addit ion of strong base; this term has meaning only i f the 
p H at the endpoint of the t itration is denned . If an endpoint p H is chosen 
at the low e n d of observed p H s of c loud-water or ra in (e.g., p H = 2 -4 ) , 
this quantity becomes total strong acidity i n atmospheric samples. H o w e v e r , 
i f a h igher p H is chosen (e.g., p H = 7), this quantity is often referred to 
as total strong and weak acidity ; at an even higher endpoint p H ( p H = 10), 
it becomes total acidity, because now such conjugate acid species as a m ­
m o n i u m are t i trated. T h e degree of neutral ization at a specified p H depends 
on concentration of the acidic species i n solution as w e l l as on the e q u i l i b r i u m 
constant. 

Atmospheric Strong and Weak Acids 

These definitions must be appl ied i n a clear and unambiguous way to at­
mospheric samples. In this chapter, strong and weak acids are assumed to 
be present i n the atmosphere i n both condensed (solid particle and l i q u i d 
droplet) and gaseous forms. In addit ion , fine particles ( < ~ 2 μπι i n diameter) 
as w e l l as water-soluble gaseous species are removed in large part by scav­
enging into clouds and rain droplets. Strong acids, whether present as gases 
or i n aerosol particles, are somewhat arbitrari ly assumed to be complete ly 
dissociated (>99%) into H + and an anion i n atmospheric water samples w i t h 
p H ^ 4. Th is def init ion is equivalent to ident i fy ing strong acids as those 
w i t h p K a values < ~ 2 . This def init ion w i l l be used w i t h the recognition that 
strong acid species may be undissociated i n solid-particle or concentrated 
droplet phases i n aerosols but dissociated w h e n scavenged into the more 
d i lute (by a factor of 1000) hydrometeor phase. 
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T h e most commonly occurr ing atmospheric strong acids are ni tr i c and 
sulfuric acids, w h i c h are der ived from the oxidation of ni trogen oxides and 
sulfur dioxide, and are present predominant ly i n the gaseous and particulate 
phases, respectively. H y d r o c h l o r i c acid and oxalic acid (the latter qual i fy ing 
as a strong acid based on its K d l be ing less than 2) may also be present 
occasionally i n the atmosphere (J , 2). H 3 P 0 4 , methanesulfonic ac id , and 
hydroxymethanesulfonic acid cou ld also be present, but the ac id forms of 
these species have not been specifically identi f ied. These strong acid species 
are neutral ized , part ial ly or i n toto, by atmospheric gaseous ammonia and 
to a lesser extent by so i l -der ived particulate matter; this neutral ization pro ­
duces the observed composit ion of sulfate- and nitrate-containing aerosols 
(with smaller amounts of other anions) along w i t h the equ i l i b r ium-de ter ­
m i n e d levels of gaseous ni tr i c ac id (3, 4). A c i d i c species that are present i n 
atmospheric sol id particles, condensed phases, or mixtures thereof may thus 
inc lude sulfuric ac id , a m m o n i u m bisulfate, and letovicite [ ( N H 4 ) 3 H ( S 0 4 ) 2 ] 
mixed w i t h neutral species (ammonium sulfate, a m m o n i u m nitrate, N a C l , 
NaNO . 3 , N a 2 S 0 4 , and certain mixed a m m o n i u m sulfate and nitrate salts). 
U n d e r higher h u m i d i t y conditions, aqueous solutions containing H + , N H 4

+ , 
N a + , H S 0 4 ~ , S 0 4

2 " , N 0 3 ~ , and C I " may also coexist w i t h some of these s o l i d -
condensed phases, or the sol id phases may be absent altogether. 

Weak acid species i n the atmosphere may inc lude any or a l l of the 
fol lowing: inorganic species such as nitrous ac id ; dissolved S(IV); d ihydrogen 
phosphates and hydrogen phosphates; hydrated transit ion meta l species; 
organic species, in c lud ing carboxylic acids and their hydroxy- and keto-acid 
relatives, phenols; and some pesticide compounds. Weak acid species, formic 
and acetic acids i n particular, certainly contribute to the acidity of p r e c i p i ­
tation, especially i n remote areas (5). A n important and unreso lved quest ion 
is the extent to w h i c h these weakly acidic species contr ibute to the free 
acidity of aerosol particles. In this chapter the discussion is restr icted to 
methods for de termin ing strong acidity i n aerosol particles and for d i s t i n ­
guishing strong acid species from weak acids and acidic gases. 

Measurement Methods 

Descr ipt ions of analytical methods for strong ac id and acidic sulfate content 
of atmospheric aerosols have been rev iewed (6-10). Methods for acidic aero­
sol determinat ion are rev iewed i n this chapter according to the measurement 
pr inc ip le : e i ther filter col lection and post-collection extraction, der iv -
atization or thermal treatment, and analysis; or i n situ col lect ion (real-time 
or stepwise) and analysis. 

Filter Collection 

Thermal Volatilization. T h e r m a l volat i l izat ion schemes have been 
popular for speciation of acidic sulfate compounds i n aerosols. B o t h filter-
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based and i n situ approaches are used; the former are discussed i n this 
section. F i l t e r samples were heated and H 2 S 0 4 was co l lected b y microdi f ­
fusion (J J , 12) or de termined direct ly by flame photometry after volat i l izat ion 
from poly(tetrafluoroethylene) (Teflon) filters (13,14). I n one method , H 2 S 0 4 

was dist inguished from other volati le sulfates (e.g., N H 4 H S 0 4 and 
( N H 4 ) 2 S 0 4 ) , and from nonvolati le sulfates (e.g., N a ^ C ^ ) b y heat ing consec­
ut ive ly to two different temperatures (15). P e r i m i d i n y l a m m o n i u m sulfate 
was formed from acidic sulfates and decomposed to S 0 2 for W e s t - G a e k e 
analysis i n another approach (16). 

These methodologies, developed i n the late 1960s and early 1970s, were 
st imulat ing attempts to analyze acidic sulfate species i n aerosols. H o w e v e r , 
because of serious recovery problems (15) and l i m i t e d success i n d is t inguish­
ing the two major aerosol species ( N H 4 H S 0 4 and ( N H 4 ) 2 S 0 4 ) from each other 
(17), they have fallen into disfavor i n the past decade. A few exceptions 
invo lv ing heated dénuder col lection and i n situ analysis are discussed i n the 
fo l lowing sections. 

Extraction with p H Measurement or H + Titration. F i l t e r - c o l ­
lected partic le samples have been analyzed for net strong ac id content by 
several related procedures, a l l starting w i t h extraction of the sample into 
water or d i lute minera l ac id . T h e strong acid content of particles may be 
de termined i n pr inc ip le , based on the def init ion, b y a s imple measurement 
of the p H of an aqueous extract. H o w e v e r , this procedure is nearly always 
subject to serious error w h e n atmospheric buffering agents such as dissolved 
C 0 2 , weak carboxylic acids, or hydrated forms of transit ion meta l ions (18, 
19) are present, because free acidity (determined by the p H measurement) 
cannot then be equated to strong acid content (the analyte of interest) i n 
these buffered solutions. H e n c e , most current procedures now prescr ibe 
filter extraction into weak minera l acid (e.g., Ι Ο 4 Ν H C 1 0 4 or H 2 S 0 4 ) , w i t h 
measurement of the free acidity as the difference between e x p ( - p H o b s ) and 
the free acid concentration contained i n the extractant (20, 21) ( p H o b s is 
observed p H ) . T h e pr inc ipa l differences between these p H - m e a s u r e m e n t 
approaches are i n the sampl ing apparatus, that is , the pretreatment of the 
atmospheric aerosol pr ior to col lect ion on the filter. These procedural dif­
ferences are discussed i n relation to sampl ing artifacts. 

T i trat ion procedures for strong acid content of atmospheric aerosols that 
use an exponential display of data points (titration according to G r a n , ref­
erence 22) were reported by Junge and Scheich (19), were perfected b y 
Brosset and co-workers (23, 24), and have since been w i d e l y used b y other 
groups (25, 26). E lec t ro ly t i c generation of strong base i n G r a n t i trat ion 
procedures has been used b y several groups (25, 27, 28). A g a i n , dissolution 
of filter samples i n ~ 0 . 1 m M minera l acid pr ior to G r a n t i trat ion , w i t h 
correct ion for the acid content of the extracting solution, allows for t i trat ion 
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of l-μιηοΐ amounts of strong acid (28), w i t h prec is ion and accuracy of the 
order of ± 1 0 % (26, 29). 

E r r o r s may occur i n the G r a n t itration procedure i f weakly acidic species 
w i t h dissociation constants (expressed as p K d ) i n the range of the extract p H 
are present. In part icular , curvature or reduct ion (or both) of the slope of 
the G r a n exponential plot results (24), because weak acid dissociation and 
titration of released free acidity take place d u r i n g the port ion of the t i tration 
used for end-point determinat ion. Fortu i tous ly , some of the c o m m o n , weak 
carboxylic acids (e.g., formic and acetic) are not stable toward microb ia l 
decomposit ion w h e n col lected i n aerosol samples from the atmosphere, so 
m u c h of the historical data base on strong ac id content of aerosols does not 
suffer from this positive error source, unless of course the microb ia l processes 
produce addit ional strong acids. 

Specific Extraction of Atmospheric Acids. Several efforts to spe­
cifically extract atmospheric acids from aerosol samples have been reported , 
focusing on sulfuric acid. Benzaldehyde has been shown to specifically extract 
H 2 S 0 4 f rom d r i e d acidic aerosol sulfate samples (15), w i t h analysis for sulfate 
made i n aqueous "back-extracts" of the H 2 S 0 4 - b e n z a l d e h y d e solutions. Iso-
p r o p y l alcohol quantitatively extracts H 2 S 0 4 from aerosol samples on quartz 
filters (30) but also removes a m m o n i u m bisulfate from samples as w e l l (15). 
D i s t r i b u t i o n coefficients of i sopropyl alcohol w i t h respect to m i x e d n i t r a t e -
sulfate aerosol phases are st i l l not w e l l known . I n addi t ion , difficulties have 
been reported i n two separate investigations of the quantitative removal and 
selectivity of extraction techniques that use benzaldehyde (31, 32). Because 
free H 2 S 0 4 is not a common constituent of ambient aerosols, use of specific 
extractant methods has decreased i n recent years i n favor of generic strong 
acid determinat ion. Techniques that specifically remove gaseous strong acids 
pr ior to aerosol col lect ion on filters are discussed here . 

Specific Extraction with Derivatization. A method has been re ­
ported (33) i n w h i c h filter-collected H 2 S 0 4 is converted to d i m e t h y l sulfate 
by reaction w i t h diazomethane, w i t h subsequent analysis b y gas ehroma-
tography- f lame photometr ic detection ( G C - F P D ) . Th is method apparently 
does not specifically determine sulfuric acid i n the presence of a m m o n i u m 
bisulfate and mixed acidic sulfate-nitrate salts (Tanner and Fajer , u n p u b ­
l i shed data, 1981). A method has been proposed for derivat izat ion of co l lected 
H 2 S 0 4 by reaction w i t h d iethylamine i n dry air , fo l lowed by reaction w i t h 
C S 2 and cupr ic i on to form a colored complex for spectrophotometric de ­
terminat ion (34). Th is method also suffers from a large a m m o n i u m bisulfate 
interference. A related method (35), i n w h i c h H 2 S 0 4 and other aerosol strong 
acids are converted to 1 4 C - l a b e l e d bis (diethylammonium) sulfate and analogs, 
is a useful (and underuti l ized) technique for determinat ion of l ow levels of 
strong acids i n aerosols. 
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In Situ Procedures 

Continuous Sampling with Periodic Determination. Sul fur ic ac id 
i n atmospheric aerosols may be de termined i n situ b y us ing a continuously 
sampl ing flame photometr ic detector ( F P D ) (36-38). T h e technique uses a 
diffusion dénuder inlet tube for S 0 2 removal pr i o r to F P D determinat ion 
of aerosol, i n the same way that an F P D instrument has been used for 
continuous aerosol sulfur analysis by several groups (39-41). H o w e v e r , i n 
this adaptation the temperature of the dénuder tube or a zone just upstream 
from it is cyc led between room temperature and about 120 °C. A t ambient 
temperatures, sulfuric acid remains i n the aerosol phase, but at about 120 
°C it is vo lat i l ized and removed to the walls of the dénuder tube. The 
difference between the signal at ambient temperatures and 120 °C is pro ­
port ional to [ H 2 S 0 4 ] . T h e m i n i m u m cycle t ime , and thus the t ime resolut ion, 
is about 6 - 8 m i n . Sensit ivity of the instrument is bare ly adequate for h igh 
ambient levels of acidic sulfate, and the l i m i t of detect ion i n this difference 
mode is insufficient for the usual levels of atmospheric H 2 S 0 4 . 

O n e adaptation of this approach uses a further temperature cycle to 220 
°C, w h i c h volatil izes a m m o n i u m sulfate and bisulfate i n aerosols but not 
nonvolati le sulfates (e.g., N a 2 S 0 4 ) (37, 40). A m m o n i u m bisulfate and a m ­
m o n i u m sulfate are not differentiated by this approach. A n o t h e r adaptation 
collects the aerosol sulfuric acid on a heated dénuder tube (38) for ~ 1 5 m i n , 
then removes it thermal ly for F P D analysis w h i l e co l lect ing another sample 
on a second dénuder tube. Because the sample is preconcentrated i n this 
approach, the more sensitive version of the F P D is not requ i red . 

A c i d i c sulfates, i n c l u d i n g sulfuric ac id aerosol, may be differentiated by 
us ing the humidograph technique of Char l son et a l . (42) w i t h the i m p r o v e d 
speciation of more recently developed thermidograph variations (43, 44). 
T h e latter technique involves heating the air stream containing the aerosol 
from 20 to 380 °C i n 5 -min cycles, rapid ly cool ing it to the dry b u l b t e m ­
perature, and measuring the l ight scattering at 65 to 7 0 % relative h u m i d i t y 
(RH) w i t h a nephelometer . B y comparing actual thermidograms w i t h those 
of test aerosols, the fractional acidity (neq H + / n e q S 0 4

2 ~ ; n e q denotes nano-
equivalents) can be measured and the approximate l eve l of H 2 S 0 4 deter­
m i n e d . M o r e recent work (45) demonstrates the ut i l i ty of this technique for 
de termin ing even background levels of acidic sulfate (<10 n e q / m 3 ) . 

O n e other i n situ technique can be used to determine fractional acidity 
i n atmospheric aerosols by means of F o u r i e r transform infrared (FTIR) spec­
troscopy (46). Or ig ina l ly , impactor samples were col lected and were pressed 
into a K B r matrix, and then the I R spectrum was taken by attenuated total 
reflectance (ATR) F T I R spectroscopy to determine relative acidity , based on 
differences i n absorption bands for sulfate and bisulfate species. Aerosols 
w i t h [ H + ] / [S0 4

2 ~] ratios greater than 1 cou ld also be qual i tat ively ident i f ied . 
M o r e recent innovations i n the F T I R technique (47, 48) have made possible 
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the quantitation of sulfuric ac id ; further, w i t h the use of A T R plates as 
substrates i n impact ive col lect ion of atmospheric aerosols, the technique can 
be used for i n situ determinat ion of acidic sulfates and other aerosol con ­
stituents w i t h distinguishable I R spectra (e.g., nitrates and silicates). A m o d ­
ification of this technique has also been appl ied to cascade impactor samples 
by B r o w n et a l . (49), albeit not in an i n s itu mode. T h e former technique 
deserves further study and might serve as a standard method for acidic 
aerosol species. 

Continuous Sampling and Determination. There are no t ru ly con ­
tinuous techniques for the direct determinat ion of sulfuric ac id or other 
strong acid species i n atmospheric aerosols. T h e closest candidate method 
is a further modif ication of the sensit iv ity-enhanced, flame photometr ic de ­
tector, i n w h i c h two detectors are used, one w i t h a room-temperature dé ­
nuder and one w i t h a dénuder tube heated to about 120 °C. Sul furic ac id is 
potential ly de termined as the difference between the two channels. I n fact, 
a device based on this approach d i d not per form w e l l i n ambient air sampl ing 
(Tanner and Springston, unpubl i shed data, 1990). E v e n w i t h the S F 6 - d o p e d 
H 2 fuel gas for enhanced sensitivity, the l i m i t of detect ion is unsuitably h igh 
(5 μ g / m 3 or greater) because of the difficulty i n cal ibrat ing the two separate 
F P D channels w i t h aerosol sulfates. 

Pitfalls of Sampling for Acidic Aerosols 

General Observations. Measurement techniques for traces of strong 
acids i n atmospheric aerosols have been plagued w i t h diff iculties, often re ­
ferred to as sampl ing anomalies or artifacts. Of ten , these difficulties have 
der ived from the use of materials on col lect ion surfaces (e.g., filters and 
impactor slides) that were designed for other purposes. These difficulties 
and means of c i r cumvent ing them are discussed i n this section. Artifacts are 
of two general types: (1) reversible or i rrevers ib le sorption losses to filter or 
impactor surfaces i n integrative sampl ing or to the sampl ing l ines (e.g., n i t r i c 
acid on Teflon lines) i n continuous, i n situ techniques; and (2) e q u i l i b r i u m -
d r i v e n loss or gain of species due to par t i c l e -par t i c l e reactions on the co l ­
lect ion surface or non-steady-state conditions i n the sampled atmosphere 
d u r i n g the t ime per iod of sample col lect ion. These types of sampl ing artifacts 
are summar ized i n terms of surface, gas-aerosol , and aerosol -aerosol in ter ­
actions. 

Surface Interactions. Loss of strong ac id content of atmospheric 
aerosols was observed and attr ibuted to reaction w i t h basic sites i n the glass 
or cellulose filter matrices commonly used for h igh-vo lume sampl ing of at­
mospheric aerosols (46, 50). These fi lter materials, and glass fiber filters of 
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al l types i n particular , are unsuitable for col lect ion of acidic aerosol particles 
for subsequent extraction and analysis. E v e n i f they are pretreated w i t h acid 
and fired to a h igh temperature, subsequent r ins ing exposes addit ional free 
basic sites that neutral ize acidic particles (28). H i g h - p u r i t y quartz filters can 
be pretreated w i t h acid to remove basic sites pr ior to sampl ing, and Teflon 
filter med ia are generally inert to acidic particles. T h u s , Teflon and treated 
quartz filter med ia have generally replaced glass or cel lulose filters for sam­
p l i n g acidic aerosols. In addit ion , the ir use el iminates a positive source of 
error i n sulfate measurements due to the base-catalyzed conversion of 
sorbed, gaseous S 0 2 to sulfuric acid, analyzed as sulfate after extraction (50 -
52). 

Gas-Aerosol Interactions. Re -equi l ibrat ion invo lv ing gas and par-
ticulate-phase species may lead to errors i n sampl ing and analysis of aerosol 
strong acids and other aerosol species, both under steady-state and non -
steady-state conditions. In particular , transport or exposure of condensed-
phase species on particles to environments w i t h lower gas-phase concentra­
tions may lead to loss of particulate species i n order to reestablish pert inent 
equi l ibr ia . T h e example of greatest significance for atmospheric ac id deter­
minations is the e q u i l i b r i u m between volati le a m m o n i u m salts and gaseous 
acid and ammonia levels. A l t h o u g h the s imple evaporation of neutra l salts 
from col lected particles should not d irect ly introduce errors i n strong acid 
determinations, the more subtle effects of equi l ibrat ion processes on accurate 
determinat ion of aerosol strong acid levels should be considered. 

Several studies have demonstrated that observed, atmospheric levels of 
gaseous ammonia and ni tr i c acid (or H C l ) are i n order-of -magnitude agree­
ment w i t h calculated e q u i l i b r i u m values under ambient temperature and 
relative humid i t i es , based on thermodynamic propert ies , whenever a sol id 
a m m o n i u m n i t ra te - ch lor ide aerosol phase (or m i x e d su l fa te -n i t ra te - ch lor ide 
phase) is present (53-57). A thermodynamic m o d e l has been deve loped and 
ref ined for aerosol formation and gas-aerosol part i t ioning of these phases 
(58, 59). These and other studies deal ing w i t h the effects of us ing averaged 
aerosol compositions, w i t h long sampling t ime compared w i t h the mean t ime 
for changes i n thermodynamical ly significant variables, have been rev iewed 
by Tanner and Harr i son (60). T h e l ike l ihood of k inet i c l imitations i n the 
achievement of gas-aerosol equ i l ib r ia has also been evaluated as a function 
of aerosol particle size and temperature , and the effect of such l imitat ions 
on strategies for sampl ing aerosol strong acids needs to be considered. 

T h e pr inc ipa l impl i cat ion of these studies for the accurate measurement 
of strong acids i n gaseous and aerosol phases is that sampl ing must be per ­
formed i n a way that does not disturb the e q u i l i b r i u m significantly i n the 
process. This necessity has l e d to the development of the diffusion dénuder 
sampler (61), w h i c h measures n i tr i c acid after its removal to the walls of a 
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tube coated w i t h a material that reacts i rrevers ib ly w i t h H N 0 3 . T h e residence 
t ime i n the tube is short enough (0 .2 -2 s) that particles are not measurably 
removed by diffusion, nor do they evaporate significantly there in to rees­
tablish gas-aerosol e q u i l i b r i u m . 

Is this re -equi l ibrat ion phenomenon important for the measurement of 
aerosol strong acid content, as it is for gaseous n i t r i c acid? Genera l ly , n i t r i c 
acid is taken up into aerosol particles (solid or l i q u i d droplets) only i f the 
particles have been nearly completely neutral ized by ambient ammonia , 
because the n i t r a t e - n i t r i c acid e q u i l i b r i u m favors the gas phase i n the pres ­
ence of significant particulate strong acid (62). M o s t concern, however , has 
been expressed concerning sampl ing of acidic aerosols i n the presence of 
ambient ammonia. 

T h e existence of thermodynamic e q u i l i b r i u m between gaseous N H 3 and 
H N 0 3 and aerosol particles i n ambient air should prec lude the uptake of 
ammonia dur ing sampling except under two circumstances. T h e first con­
d i t ion involves post-collection neutral ization of fine, acidic particles b y i m ­
pacting, coarse, basic particles; populations of these particles were not 
steady-state i n the atmosphere. This condit ion is discussed i n the fo l lowing 
section. T h e second circumstance is w h e n sampl ing must proceed for a per i od 
of many hours i n order to acquire enough material for analysis. I n this case 
the ambient conditions may change d u r i n g sampl ing; for example, ambient 
[ N H 3 ] may increase, and already col lected acidic aerosols may be neutral ized 
by exposure to air of h igher ammonia levels than those extant d u r i n g sam­
p l ing . I f the ambient [ N H 3 ] decreases but s t i l l exceeds gaseous [ H N 0 3 ] , net 
ammonia might be released from col lected a m m o n i u m acid salts, increasing 
the [ H + ] / [ a n i o n ] ratio (and the apparent [H*]) i n the remain ing deposit. 
E x p e r i m e n t a l confirmation of this phenomenon has apparently not been 
reported. 

O n e procedure that is w ide ly used to c i r cumvent these complications 
is to remove ambient ammonia from the sampled air wi thout remov ing 
particles by insert ing one of several types of diffusion denuders upstream 
from the filter(s). I n fact, i n a recent E n v i r o n m e n t a l Protect ion Agency 
(EPA)-sponsored intercomparison of methods for determinat ion of strong 
acid content of aerosols, a l l but one protocol u t i l i z ed an ammonia dénuder 
(63), and a l l used an impactor or cyclone to remove coarse particles. T h e 
presence of this dénuder clearly prevents neutral ization of acidic aerosols 
by ammonia but also disturbs the gas-aerosol e q u i l i b r i u m between su l fa te -
nitrate aerosols and gaseous species. A m m o n i a and n i t r i c ac id are released 
from the deposit ing particles (64, 65) and must be col lected downstream i f 
accurate particulate a m m o n i u m and nitrate determinations are to be made. 
I f equal amounts of ammonia and n i t r i c acid are released, then the absolute 
[ H + ] (neq/m 3 ) w i l l not be altered. N o specific evidence is available i n the 
l iterature to demonstrate alteration of the observed [ H + ] as the result of re -
equi l ibrat ion , but this area deserves further study. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

99
3 

| d
oi

: 1
0.

10
21

/b
a-

19
93

-0
23

2.
ch

00
8

In Measurement Challenges in Atmospheric Chemistry; Newman, L.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1993. 



238 M E A S U R E M E N T C H A L L E N G E S I N A T M O S P H E R I C C H E M I S T R Y 

Particle-Particle Interactions. Loss of strong ac id content of aerosol 
particles can also occur because of reactions between co-collected acidic and 
basic particles impacted together on the col lection surface. This phenomenon 
most frequently occurs as the result of interact ion o f coarse (>2.5 μπι d i ­
ameter), a lkal ine, so i l -der ived particles w i t h fine (<2.5 μπι diameter) acidic 
sulfate particles (66). Par t i c l e -par t i c l e interactions w i t h net neutral izat ion 
can be reduced i n many cases by sampl ing w i t h a v i r tua l impactor or a 
cyclone to remove coarse particles, although this procedure does not prevent 
the effect i f external mixtures of fine particles of different acid contents are 
sampled. I n situ methods w i t h shorter sampl ing t imes can be used such that 
these topochemical reactions are less l ike ly to occur. 

Summary and Conclusions 

M o d i f i e d f i lter sampl ing methods that are available w i l l measure ambient 
levels of strong ac id i n ambient aerosol samples, and these methods do so 
w i t h acceptable precis ion and accuracy [as indicated by the balance between 
measured anions and cations (56, 57)] i n the absence of significant levels of 
particulate weak acids. Add i t i ona l intercomparisons invo lv ing intr ins ical ly 
different techniques for particulate strong acidity [e.g., I R spectroscopy (48), 
thermal speciation (38, 45), and fi lter methods (28)] are needed. F u r t h e r 
information on the occurrence of various weak acids i n airborne particles is 
needed, along w i t h further studies of techniques for their specific deter­
minat ion i n atmospheric aerosol samples. 

I f long sampl ing times are requ i red to collect sufficient sample for anal ­
ysis, it is desirable to remove ambient ammonia (by diffusional removal to 
the walls of a coated dénuder tube) because increases i n the concentration 
of this gas d u r i n g sampl ing may result i n post-collection neutral izat ion of 
acidic aerosol particles. N o evidence of changes i n absolute [ H + ] caused by 
this procedure is reported, but further research is needed i n this area. 

Sulfuric acid may be determined i n the presence of other acidic aerosol 
constituents, but no method for the separation and determinat ion of b i s u l ­
fate, the most c ommon acidic species i n atmospheric aerosols, has been 
successfully developed. 

Remova l of coarse particles from the air stream is desirable for deter­
minat ion of fine particulate acidity because ambient coarse particles may 
contain basic substances. 

F u r t h e r study is needed of the phenomenon of k inet i c l imitations to the 
neutral ization of acidic aerosols. Simultaneous occurrences of acidic aerosols 
at gaseous [ N H 3 ] w e l l above the e q u i l i b r i u m values have been reported (56, 
67), and i t is st i l l unclear whether kinet ic l imits to microscale neutral izat ion 
or boundary layer mix ing (macroscale) kinetics (or both) are responsible for 
these l imitations. A n understanding of the extent of h u m a n exposure to acidic 
aerosols, as w e l l as of the availabil ity of acidic aerosols for wet scavenging 
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into hydrometeors , may depend on the results of further studies of n e u ­
tralization kinetics i n ambient air. 
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Measurement Challenges of Nitrogen 
Species in the Atmosphere 

David D. Parrish 1 and Mart in P. Buhr1,2 

1Aeronomy Laboratory, National Oceanic and Atmospheric Administration, 
Boulder, CO 80303 

2 Cooperative Institute for Research in Environmental Sciences, University 
of Colorado, Boulder, CO 80309 

Understanding the chemistry and physics of atmospheric nitrogen 
species presents several challenges for analytical chemists; these chal­
lenges are discussed in the context of an overview of measurement 
techniques and recent results from field studies. In the troposphere, 
reliable in situ techniques to measure HNO3, organic nitrates, NO3, 
N2O5, and HONΟ are required, and fast response (1 to 10 Hz) tech­
niques are needed to measure the surface fluxes of N2O, NH3, NO2, 
and HNO3 by micrometeorological techniques. In the stratosphere, 
fast response (about 1 Hz) instruments are required for in situ mea­
surements of NO2, N2O5, HNO3, ClONO2, and HO2NO2 from aircraft. 
In the troposphere and stratosphere, instruments to characterize 
aerosols must be developed. These instruments must be integrated 
into packages for surface and aircraft studies that simultaneously 
measure a wide range of atmospheric species, and these packages 
must be deployed in field studies to elucidate atmospheric processes 
and to define the spatial and temporal distributions of the atmo­
spheric nitrogen species. 

SOCIETY IS FACING SEVERAL CRUCIAL ISSUES invo lv ing atmospheric c h e m ­
istry. Species containing nitrogen are major players i n each. In the tropo­
sphere, nitrogen species are catalysts i n the photochemical cycles that form 
ozone, a major urban and rura l pol lutant , as w e l l as other oxidants (references 
1 and 2, and references c i ted therein) , and they are invo lved i n acid p r e ­
c ipitat ion, both as one of the two major acids (nitric acid) and as a base 
(ammonia) (3, 4). In the stratosphere, where ozone acts as a shie ld for the 

0065-2393/93/0232-0243$08.75/0 
© 1993 American Chemical Society 
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earth from the sun's harsh ultraviolet radiation, ni trogen species play several 
roles i n the ozone destruction cycles that threaten to reduce that sh ie ld 
(reference 5 and references c i ted therein). Ozone , as w e l l as one m e m b e r 
of the nitrogen family, N 2 0 , are "greenhouse" gases, w h i c h threaten to 
induce cl imate change through atmospheric w a r m i n g (reference 6 and ref­
erences c i ted therein). Thus , the distributions of the nitrogen species must 
be w e l l k n o w n to understand these important issues. 

T h e nitrogen species enter the atmosphere from a variety of natural and 
anthropogenic sources (7). T h e largest sources are concentrated i n urban 
and industr ia l ized areas. T h e levels of the species i n the atmosphere vary 
from hundreds of parts per b i l l i on by vo lume (ppbv, that is , 10~9 mole 
fraction) i n these source regions to be low one part per t r i l l i on by vo lume 
(pptrv, 10" 1 2 mole fraction) i n remote areas. E v e n at the pptrv l eve l , these 
species can play significant roles i n atmospheric chemistry , and measure­
ments of species at the sub-pptrv l eve l can y i e l d useful information con­
cern ing atmospheric photochemistry. 

Atmospher i c nitrogen spec ies—both characterized and uncharacter-
i z e d — i n c l u d e nearly a l l oxidation states of nitrogen and encompass a large 
n u m b e r of dist inct molecules. W i t h the cruc ia l roles these species play, the 
l ow concentrations of interest, the wide dynamic range of concentrations 
encountered, and the wide variety of species i n c l u d e d i n this family , ana­
lyt ical chemists face many challenges i n the development of instrumentat ion 
for characterizing the atmospheric nitrogen family. 

T h e development of instrumentat ion is only the first step. T h e deploy­
ment of the instrumentat ion i n p ioneer ing field studies is a second challenge. 
Atmospher i c chemistry is a new enough field, and the instrumental cha l ­
lenges are great enough, that progress is st i l l l i m i t e d by data. E v e r y n e w 
advance i n instrumentat ion deployed i n a we l l -p lanned field study can b r i n g 
excit ing new insights into the contro l l ing processes of atmospheric chemistry . 

T h e concentration of each nitrogen species exhibits systematic variations 
w i t h lat itude, longitude, and altitude. T h e concentration at each location i n 
the atmosphere w i l l usually exhibit d iurna l and seasonal cycles as w e l l as 
long-term trends. Super imposed on these systematic variations are more 
irregular changes that reflect the history of the part icular air parce l trans­
ported to the location. Thus , there is the mundane but daunt ing challenge 
of characterizing these variations for each of the species by field studies 
incorporat ing long-term monitor ing . Fortunate ly there are local , regional , 
and global computer models i n various stages of deve lopment that seek to 
predict these variations. U l t imate ly it should be possible to re ly on the results 
of these models to m i n i m i z e the routine moni tor ing requirements , but cur ­
rent ly field measurements are needed to validate the results of the computer 
models. 

A part icularly fruitful interaction exists between the experimental ist and 
the modeler . T h e experimentalist makes p ioneer ing field measurements that 
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guide the modeler i n selecting the important chemica l species and reactions 
to inc lude i n the developing mode l , and the sensitivity of the m o d e l results 
to part icular parameters guides the experimental ist i n p lann ing fruit ful f ie ld 
and laboratory k inet ic studies. Several examples of computer m o d e l results 
and how this interaction operates are discussed. 

This chapter focuses on several specific current challenges i n the mea­
surement of the nitrogen species. Examples of past results are i n c l u d e d to 
give an indicat ion of the insights into atmospheric processes that are poten­
tial ly realizable from f ie ld studies. M a n y laboratories around the w o r l d are 
invo lved i n these studies. The examples are drawn disproportionately from 
our laboratory s imply for convenience. A l though other examples can be 
c i ted , the ones inc luded here are to a great extent representative of the 
field's results. 

A n introduct ion to the species composing the atmospheric nitrogen fam­
i ly is fo l lowed by a discussion of the specific goals of the measurements. A 
survey of the general approaches to these measurements and a descr ipt ion 
of measurement platforms completes the introductory material . A n out l ine 
of the general challenges that are encountered i n making such measurements 
and descriptions of specific challenges that are part icular ly important to the 
atmospheric chemistry communi ty at the present t ime complete the chapter. 

Atmospheric Nitrogen Species 

T h e pr imary sources that are responsible for the presence of this family of 
compounds i n the atmosphere emit N H 3 , N 2 0 , and N O to the troposphere, 
the lowest leve l of the atmosphere, w h i c h extends to approximately 10 k m 
from the earth's surface. N H 3 seems to undergo very l i t t le chemistry i n the 
atmosphere except for the formation of aerosols, i n c l u d i n g a m m o n i u m nitrate 
and sulfates. N H 3 and the aerosols are h ighly soluble and are thus rap id ly 
removed by precipitat ion and deposit ion to surfaces. N 2 0 is unreactive i n 
the troposphere. O n a t ime scale of decades it is transported to the strato­
sphere, the next h igher atmospheric layer, w h i c h extends to about 50 k m . 
H e r e N 2 0 either is photodissociated or reacts w i t h excited oxygen atoms, 
Ο ( 1D). T h e final products from these processes are p r i m a r i l y unreactive N 2 

and 0 2 , but about 10% N O is also produced . T h e product N O is the pr inc ipa l 
source of reactive ox id ized nitrogen species i n the stratosphere. 

N O initiates the rap id photochemistry both i n the troposphere and i n 
the stratosphere that produces the majority of the family members . As the 
nitrogen is oxidized further, the manifold of species shown i n F i g u r e 1 is 
formed. These inc lude the l isted inorganic species and, i n regions where 
nonmethane hydrocarbons are also present, organic nitrates. T h e most i m ­
portant organic nitrate is P A N , peroxyacetyl nitrate, w i t h the formula 
C H 3 C ( 0 ) 0 2 N 0 2 ; other peroxyacyl nitrates and a lky l nitrates are also k n o w n . 
There is evidence that other nitrogen-containing organic species, and per -
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Figure 1. Reactive oxidized nitrogen species present in the atmosphere. R 
represents single- or multifunctional organic groups. (Reproduced with per­

mission from reference 57. Copyright 1990 Pergainon Press.) 

haps other inorganic species, are presently undetected; these species c o m ­
plete the family. 

Two terms are commonly used i n the field to col lect ively refer to these 
species. N O v represents the sum of N O plus N 0 2 . These two species are 
combined i n one term because they are interconverted i n the sunl it atmo­
sphere on a t ime scale of approximately 1 m i n , so the ir sum is a more 
conserved quantity than is e i ther separately. H o w e v e r , no technique cur ­
rent ly exists for d irect ly measuring the sum of the N O and N 0 2 concentra­
tions; each must be de termined separately. N O ? / , w h i c h can be referred to 
as total reactive oxidized nitrogen, represents the sum of the species that 
have nitrogen i n an oxidation state of + 2 or higher . H o w e v e r , techniques 
have been developed that are be l ieved to measure the complete family 
concentration of at least the gaseous species i n a single determinat ion . 

Goals of the Measurements 

In essence, measurements of these nitrogen species are r equ i red to under ­
stand the several biogeochemical cycles that transport material through the 
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atmosphere. Several specific goals can be identi f ied. F i r s t , as discussed in 
the introduct ion , these species are so int imately invo lved i n atmospheric 
photochemistry that the spatial and temporal distributions of the ir concen­
trations must be k n o w n to begin to develop a clear p icture of the atmospheric 
processes. Second, it is also important to quantify the fluxes of these species 
between the surface and the atmosphere and w i t h i n the atmosphere. I f the 
atmospheric concentrations and rates of transformation processes are k n o w n , 
then they can be combined w i t h the fluxes to develop a closed budget for 
a g iven atmospheric species. Determinat i on of the fluxes requires measure­
ment of the concentrations of the species and of concurrent meteorological 
parameters. T h i r d , and perhaps most interest ing, i f these species are mea­
sured i n wel l -des igned studies, photochemical relationships can be examined 
that provide direct tests of our understanding of the processes of atmospheric 
chemistry. 

Two examples serve to i l lustrate these photochemical relationships. O n e 
m e m b e r of the family of atmospheric peroxy radicals is the peroxy acetyl 
radical , C H 3 C ( 0 ) 0 2 . I n at least the w a r m port ion of the troposphere, P A N 
is near thermal e q u i l i b r i u m w i t h the peroxy acetyl radical and N O £ . T h e 
e q u i l i b r i u m constant for this reaction has been measured i n laboratory s tud­
ies. Therefore, i f concentrations of both P A N and N 0 2 are measured, the 
concentration of these radicals can be calculated from the e q u i l i b r i u m con­
stant and the ratio of the two nitrogen species as shown i n F i g u r e 2. T h e 

30 

> 
Φ·* α 

CM 
Ο 

ο 
Χ 
ο 

20 

101 

C H 3 C ( 0 ) 0 2 N 0 2 C H 3 C ( 0 ) 0 2 + Ν 0 2 

K e q = 4.2 Χ 1027 exp( -13 f 500/T) c m - 3 

7/4 7/5 7/6 7/7 

Figure 2. Peroxy acetyl radical equilibrium chemistry and concentrations de­
rived for a 4-day period dunng afield study in rural Pennsylvania. The two 
curves give model predicted concentrations for two different scenarios. 
(Adapted with permission from reference 8. Copyright 1991 American Geo­

physical Union.) 

American Ctemicai Society 
Library 

1155 16th SUHW. 
Washington, O.C. 200B 
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data points show the inferred peroxy acetyl radical concentrations, and the 
l ines are a photochemical mode l calculation for two different scenarios (8). 
Thus , more information concerning the atmosphere has been gained than 
s imply the concentrations of the two nitrogen species. F u r t h e r m o r e , a cr i t ical 
test of the mode l results is possible. I n addit ion , the behavior of the inferred 
concentration of the radicals can be evaluated for reasonableness. Because 
the radicals are produced from relatively rapid reactions in i t iated by pho ­
tolysis, their concentration is expected to drop at night. The results follow 
this expectation and give the investigators confidence i n the val id i ty of their 
measurements. 

Another example of a photochemical relationship is i n the a lky l nitrate, 
R O N 0 2 , chemistry. T h e a lky l nitrates are formed i n the atmosphere d u r i n g 
the oxidation of hydrocarbons (outlined i n F i g u r e 3). T h e rate -determining 
step of the oxidation is attack by a hydroxy l radical , w h i c h extracts a hydrogen 
atom from the hydrocarbon to y i e ld the a lkyl radical . T h e a lkyl radical qu i ck ly 
combines w i t h 0 2 to give the peroxy radical . This radical then reacts w i t h 
N O (usually by transferring an oxygen atom to oxidize it to N 0 2 ) and leaves 
the oxy radical , w h i c h then goes on to form an aldehyde or ketone. H o w e v e r , 
there is some probabi l i ty , a , that the peroxy radical s imply combines w i t h 
the N O to give the a lky l nitrate. The probabi l i ty of f orming an a lky l nitrate 
varies from about 0.08 for a C 2 peroxy radical to about 0.30 for a C 8 peroxy 
radical (9). The a lky l nitrate is removed from the atmosphere by photodis­
sociation (at the l ight-dependent photolysis rate /) or oxidation by a hydroxy l 
radical . These removal reactions are slow, so this reaction sequence can be 

O H 0 2 

RH R 
Γ Ί 

R 0 2 

P R O D U C T S K j 

h Z / , O H | 

More simply: 

R H ç 4 > a R 0 N 0 , 
2 

RONO 2 <=§> products 

k A » k 1 ÏÔHÏ k 
v.g- J + y o H i 

Figure 3. Alkyl nitrate chemistry and kinetics. 
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s impl i f ied to two sequential pseudo-first-order reactions. T h e rate constants, 
kA and kB, are related to the rate constants for the hydroxy l radical reactions 
and to the d iurna l averages of the hydroxy l radical concentration and pho ­
tolysis rate. Two sequential first-order reactions constitute a c o m m o n kinetics 
example handled i n undergraduate physical chemistry , and the t ime evo­
lut ion of the ratio of the a lky l nitrate to the parent alkane can be integrated 
to y i e l d 

[ R O N 0 2 ] / [ R H ] = [akJ(kB - *A)][1 - «f<*» " **>'] (1) 

T h e ratio of two isomers of penty l nitrate to pentane is compared w i t h 
the ratio of b u t y l nitrate to butane i n F i g u r e 4. These two ratios are cor­
related. T h e sol id l ine is the behavior expected from equation 1 w i t h the 
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substitution of laboratory-determined rate constants. Indicated on the l ine 
are the times requ i red for the ratio to be reached for an assumed d iurnal ly 
averaged hydroxy l radical concentration of 10 6 c m " 3 . T h e measured penty l 
nitrate to pentane ratio is somewhat higher than expected. This deviat ion 
indicates that more remains to be learned about this system. Possible causes 
of the deviation inc lude measurement error , uncertainty i n the k inet i c data, 
and the lack of completeness i n the descript ion of the atmospheric photo­
chemistry out l ined i n F i g u r e 3. 

Measurement Approaches 

Measurements can be made both i n s i tu, where a part icular air parcel is 
taken into an instrument and analyzed by an appropriate technique, or b y 
remote techniques. T h e latter inc lude long-path absorption and emission 
measurements, w h i c h y i e l d path-averaged concentrations, and potential ly 
L I D A R (light detection and ranging) techniques, w h i c h give concentration 
as a function of distance along a propagating laser pulse . B o t h i n situ and 
remote approaches have characteristic advantages and disadvantages as w e l l 
as certain engineer ing requirements . B o t h approaches are referred to i n this 
chapter, but the challenges of i n situ techniques are emphasized. T h e dif­
ferent approaches and platforms are to a large extent complementary ; each 
has its own advantages. 

A cr i t ical concern of a l l approaches is measurement specificity. T h e 
atmosphere is a complex mixture of gases and aerosols w i t h a mul t i tude of 
opportunities for interferences and artifacts. O n e means of approaching def­
inite specificity is through spectroscopic techniques. Such techniques are 
most readily appl ied to the stratosphere, where the ambient pressure is l ow 
enough to avoid serious pressure broadening of spectroscopic features. Strat­
ospheric applications are brief ly surveyed i n the Measurement Platforms 
section. 

Spectroscopic applications i n the troposphere must address the pressure-
broadening prob lem. Three approaches have been successfully used to mea­
sure concentrations of many of the nitrogen species. In differential optical 
absorption spectrometry ( D O A S ) and F o u r i e r transform infrared spectrom­
etry (FTIR) , the prob lem is s imply accepted as unavoidable, and i n favorable 
situations the broadened ambient spectrum of interest can be carefully sep­
arated from other interfer ing spectral features (see references 10 and 11 for 
an example of each technique). A n advantage of these two methods is that 
one or more nitrogen species plus other molecules can be measured s i m u l ­
taneously. Al ternat ive ly , i n tunable diode laser absorption spectrometry 
( T D L A S ) the ambient air is sampled into an absorption ce l l h e l d at l ow 
pressure i n order to reduce the pressure broadening to acceptable levels 
(see reference 12 and references therein). In addit ion , mul t iphoton , laser-
induced fluorescence ( L I F ) techniques can be used to avoid the pressure-
broadening prob l em through the use of diatomic molecules as the fluorescing 
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entity; w i t h this method the spectral features are adequately w e l l def ined 
for specificity. 

F T I R , T D L A S , and L I F are i n situ techniques, whereas D O A S is a 
long-path method that gives only a path-integrated result. N O , N 0 2 , N 0 3 , 
and H O N O have been successfully measured w i t h D O A S even i n rura l and 
remote regions. P A N , H N 0 3 , and N H 3 have been measured w i t h F T I R i n 
urban areas, but its sensitivity at present is not adequate for levels be low a 
few parts per b i l l i on by vo lume. N O , N 0 2 , P A N , H N 0 3 , and N H 3 have been 
measured w i t h T D L A S down to sub-ppbv levels. A rev iew w i t h references 
for applications of these three methods is available (23). T h e L I F method 
has been more recently developed, has been appl ied to the measurement 
of N O , N 0 2 , N H 3 , and H O N O (see reference 14 for an example), and offers 
sensitivity down to the parts per t r i l l i on by vo lume leve l . 

T h e L I F technique is w e l l i l lustrated by the example out l ined i n F i g u r e 
5 and diagramed i n F i g u r e 6: a vacuum U V , photofragmentation, laser-
induced fluorescence system for measuring ammonia (15). T h e air sample is 
passed through a photolysis ce l l where an excimer laser produces an intense 
pulse of vacuum U V l ight . Two photons are absorbed by the ammonia m o l ­
ecule to produce the Ν H radical in a metastable electronic state. A part icular 
vibrational leve l of this Ν H radical is excited w i t h a dye laser pulse to a 
higher electronic state, again i n a particular v ibrat ional l eve l . I n this l eve l 
the N H fluoresces to the ground state at a t h i r d wavelength. T h e prompt 
fluorescence induced from a variety of sources by the vacuum U V pulse 
decays to negligible levels whi l e the metastable state persists before the dye 
laser fires. T h e fluorescence occurs to the b lue of the^exciting radiation (at 
higher energy), so it is easily dist inguishable. 

App l i ca t i on of L I D A R techniques to the measurement of n i trogen spe­
cies has been very l i m i t e d . Sensit ivity seems to be the l i m i t i n g factor. F o r 
N 0 2 a detection l imi t of about 100 ppbv i n the lower troposphere is reported 
for a resolution of 50 m along the laser path (16). 

In situ measurements based on various nonspectroscopic analytical 
chemistry techniques have been successful i n achieving the l ow detection 
l imits requ i red . M o r e or less tradit ional analytical chemistry , r e q u i r i n g ex-

N H 3 + 2huj - > N H ( b i £ + ) + products 

NH(b*£\ v"=0) + h u 2 — » Ν Η ( θ ΐ π , v '=0) 

N H ( C % , v'=0) —• N H (a*A, v"=0) + hu 3 

λ! = 193 nm 
λ 2 = 452 nm 
λ 3 = 325 nm 

Figure 5. Processes involved in vacuum UV photofragmentation-laser induced 
fluorescence detection of ammonia. 
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AMBIENT AIR 

Nd.YAG 
LASER 

35Snm 
+ 

532nm 532nm 
•. + 

1064nm j—|1064nm \—\ t064nm 

osc TO ELECTRONICS 

Figure 6. Instrumental schematic for vacuum UV photofragmentation-laser 
induced fluorescence measurement of ammonia: SHGC, second harmonic gen­
eration crystal; SFMC, sum frequency mixing crystal; BS, beam splitter; BD, 
beam dump; TP, turning prism; C L , cylindrical lens; R, reflector; TD, trigger 
diode; OSC, oscillator cell; AMP, amplifier cell; BE, beam expander; G, grating; 
OC, output coupler; M, mirror; BC, beam combiner; L, lens; A, aperture; 
PD, photodiode; SC, sample cell; RC, reference cell; FP, filter pack; SAM.PMT, 
sample cell photomultiplier; REF.PMT, reference cell photomultiplier; PP, ad­
ditional photomultiplier port; EX, exhaust; and CGI, calibration gas inlet to 
flow line. (Reproduced with permission from reference 15. Copyright 1990 

Optical Society of America.) 

tensive manual operation and procedures, st i l l plays an important role , a l ­
though typical ly there is a cr it ical compromise between adequate detect ion 
l i m i t and long exposure t ime. A n example of this approach is the filter-pack 
measurement of n i tr i c acid and nitrate aerosols. T h e filters i n an automatic 
sequencing system are exposed for from 1 to 4 h and are changed once per 
day. T h e filters are taken to the laboratory, extracted, and analyzed by ion 
chromatography. A n important aspect of the measurement program is a 
careful moni tor ing of f ie ld blanks. This approach is certainly labor- intensive, 
but w i t h careful work low detection l imits can be obtained. F o r example, a 
detection l i m i t of 2 pptrv of H N 0 3 w i t h a 2-h exposure is possible (17). 

M o r e modern instrumental analysis has been used to improve sensit ivity 
and response t ime. Shown i n F i g u r e 7 is a schematic diagram of an i n s t r u ­
ment that has been developed to measure N O and N 0 2 (18). T h e detect ion 
scheme is based on the chemiluminescence produced w h e n N O i n the a m ­
bient air reacts w i t h ~ 1 % ozone added as a reagent to the sampled airstream. 
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Γ, Calibration 
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To Dump 
I Teflon Filter 

Mass Flow 
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en 

ο 
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Ο 

NO in N2 Mixture 

Ozone System 
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Sample Line 

To Dump 
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Figure 7. Schematic of 03 chemiluminescence instrument for the measurement 
of NO and N02. (Reproduced with permission from reference 18. Copyright 

1990 American Geophysical Union.) 
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T h e ambient N O concentration is proport ional to the measured l ight signal. 
N O alone is measured w h e n the arc- lamp shutter is closed, and N 0 2 can be 
de termined from the increase in the signal w h e n the shutter is opened. This 
instrument has a detection l i m i t of 2 and 10 pptrv for N O and N 0 2 , r e ­
spectively, for a 10-s averaging t ime. 

W i t h these nonspectroscopic approaches there is no guarantee of spec­
if icity, and even for the spectroscopic techniques, problems may exist. A n 
essential component of technique development is the evaluation of potential 
sampl ing artifacts and interferences. This evaluation w e l l may require more 
t ime and effort than the instrument development itself. 

Measurement Pfaforms 

In Situ Measurements: Surface Sites. F o r the determinat ion of 
temporal cycles and trends, surface sites where long-term measurements 
can be carr ied out are ideal . D e p e n d i n g on the meteorological condit ions, 
many air masses w i t h different characteristics and histories w i l l general ly be 
transported to the site. Automat ic instrument operation is advantageous so 
that the data can be col lected continual ly over weeks, months, or longer 
without constant operator control . In this application the requirements for 
instrument response t ime are usually easily met; a 1-min or longer t ime 
average is generally adequate for surface measurements unless flux deter­
minations are des ired (see discussion in the fol lowing sections). 

Concentrations at surface sites are often affected by the prox imity of the 
surface. T h e surface may emit the species, as is the case for N O , or the 
species may be deposited at the surface, as is the case for H N 0 3 . I n either 
case, the atmospheric concentration measured w i t h i n several meters of the 
surface may be significantly per turbed from the average for the troposphere 
as a whole or even for the boundary layer (the lowest layer of the troposphere 
i n direct thermal contact w i t h the surface; its thickness varies from 10 2 m 
or less at night to 10 3 m or more d u r i n g the day, at least over land). Therefore , 
the surface complicates the interpretation of concentration measurements. 
H o w e v e r , proper measurements near the surface can be used to determine 
surface fluxes of the species. 

In Situ Measurements: Aircraft. In situ measurements can also be 
made from aircraft platforms, but the engineer ing requirements are m u c h 
more stringent. These challenges inc lude design of compact, low-weight , 
low-power-consumption instruments ; achievement of quick start-up times 
and automatic operation to the fullest extent possible; and, because the 
aircraft is mov ing rapidly through the air , a fast response t ime (approximately 
1 H z or greater) to get good spatial information. A n example is the N O -
N O (y instrument that has been flown on the E R - 2 aircraft that the Nat ional 
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Aeronautics and Space Admin is t ra t i on ( N A S A ) operates. Th is aircraft is a 
converted U - 2 spy plane that was used i n , among other studies, the Antarct i c 
mission to investigate the ozone hole (19). This instrument weighs 170 kg , 
consumes about 1 k W , and has a 1-Hz response. A t takeoff the pi lot actuates 
one switch, w h i c h causes the instrument to automatically beg in operation 
and collect and store the measurements for later retr ieval . T h e dep loyment 
of such instrumentat ion on tropospheric aircraft is perhaps more relaxed, at 
least i n size, power, and weight constraints. F o r example, the N A S A L o c k ­
heed E l e c t r a aircraft was equ ipped w i t h a w ide variety of instrumentat ion 
for the measurement of N O , N 0 2 , P A N , H N 0 3 , and N O ? / (as w e l l as other 
trace species) d u r i n g the G l o b a l Troposphere E x p e r i m e n t / C h e m i c a l Ins t ru ­
mentation Test and Eva luat ion ( G T E / C I T E - 2 ) study (20). 

A n aircraft has three obvious advantages over a surface site. F i r s t , the 
aircraft can measure vert ical and horizontal profiles of concentrations; such 
measurements are not possible at the surface. H o w e v e r , because the typical 
aircraft travels horizontal ly m u c h faster than it ascends or descends, it may 
be difficult to deconvolute vert ical from horizontal variations. Second, the 
aircraft allows the investigator to choose the general type of air parcels to 
study rather than s imply al lowing sampl ing of whatever parcels are brought 
to a site (as on the surface). T h i r d , the aircraft can measure concentrations 
free from the surface influences discussed i n the preced ing sections. 

W i t h an aircraft platform the data set that is col lected is l ike ly more 
l i m i t e d i n t ime than is possible on the surface. H o w e v e r , this l imi tat ion is 
at least partial ly compensated by the aircraft's abi l i ty to rap id ly sample many 
different air parcels, whereas at a surface site different parcels must be 
transported to it . H o w e v e r , d iurna l and seasonal cycles may be more difficult 
to measure from an aircraft than from the surface. 

I n S i t u M e a s u r e m e n t s : B a l l o o n s . Balloons current ly prov ide the 
only i n situ platform that allows access to the upper part of the stratosphere 
(above 20 km). T h e engineer ing requirements are s imilar to those for aircraft 
except for a more relaxed t ime response. Regional coverage from balloons 
is difficult, part icularly because the launching facilities for the large strato­
spheric balloons are very l i m i t e d and generally local ized i n the midlat i tudes . 
H o w e v e r , vert ical profiles without horizontal distort ion are the natural data 
col lect ion mode. Measurement contamination due to emissions from the 
balloon is a potential prob lem. 

A bal loon-borne, open path, tunable diode laser spectrometer (21) p ro ­
vides a part icularly elegant technique that combines the advantages of i n 
situ and remote sampling. T h e radiation absorption path is def ined by the 
laser on the balloon gondola and a retro reflector suspended up to 500 m 
below. Thus , a wel l -de f ined parcel of air is analyzed and the effects of 
sampl ing inlets are avoided. N O , N 0 2 , H N 0 3 , N 2 0 , and 0 3 have been 
measured simultaneously (22). 
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R e m o t e M e a s u r e m e n t s . Long -path differential absorption mea­
surements of several nitrogen species have been made from the surface, 
from aircraft, from balloons, and from satellites. These measurements are 
all characterized by l ight that passes from a source through some atmospheric 
path to a detector. Surface-based measurements have used both artif icial 
l ight sources w i t h i n the troposphere and the natural sources of the sun and 
the moon, e i ther direct rays or sky-scattered radiation. T h e artif ic ial l ight 
sources can shine direct ly to the detector from a distance or can be reflected 
to the detector from a m i r r o r some distance away so that the detector and 
l ight source can be colocated. O n e example of such an approach has been 
effected i n Colorado , where a v i s i b l e - U V l ight source (a xenon arc lamp) is 
focused into a beam and passed 10.3 k m across a val ley to a retro-reflector 
array. Thus , the absorption measurement is carr ied out over nearly a 21 -
k m path length. 

Atmospher i c c o lumn absorption measurements from the surface are pos­
sible for N O , N 0 2 , N O i 3 , H N 0 3 , and C l O N O o (23-25). These measurements 
have def ined the seasonal cycle (25) as w e l l as m u c h more rap id variations 
(26) i n the stratospheric levels of N 0 3 . U n d e r favorable conditions these 
measurements can y i e ld information concerning the vert ica l profiles o f the 
measured species (24, 26). Such techniques can also be used from aircraft 
platforms (27, 28). 

Long-path absorption measurements from satellites are also possible. 
F o r example, F i g u r e 8 shows some results from the Atmospher i c Trace 
M o l e c u l e Spectroscopy ( A T M O S ) experiment (29) that was carr ied out on 
Spacelab 3. T h e l ight source is solar infrared radiation, w h i c h passes through 
progressively deeper layers of the atmosphere as the satellite moves into 
and out of the earth's shadow. The investigators cou ld extract the average 
vert ical profiles i n the stratosphere of the several nitrogen species inc luded 
in F i g u r e 8 plus N 2 0 (30) and N 2 0 5 (31). Measurements of ox id ized nitrogen 
species i n the stratosphere have also been made from the Stratospheric 
Aeroso l and Gas E x p e r i m e n t ( S A G E ) , L i m b Infrared M o n i t o r of the Strat­
osphere ( L I M S ) , and Solar Mésosphère E x p l o r e r ( S M E ) satellite exper i ­
ments; reference 32 gives a rev iew w i t h references to the satellite methods. 

Infrared emission spectra have been used to extract the concentrations 
of H N 0 3 (33), N 2 0 5 (34, 35), and N 2 0 (36) from bal loon-borne, cryogenical ly 
cooled interferometers. 

General Challenges 

T h e challenges that are presently faced i n the field can be d i v i d e d into five 
general categories: 

1. E n g i n e e r i n g challenges specific to the particular measurement 
approach, platform, and application. T h e y have been in t ro -
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Odd Nitrogen Volume Mixing Rotio 

Figure 8. Measurements of odd nitrogen compounds in the stratosphere by 
the ATMOS experiment on Spacelab 3. (Reproduced with permission from 

reference 29. Copyright 1988 American Geophysical Union.) 

duced i n the preceding sections, and , although they are of 
course very important , they are probably different for each 
experiment and thus, w i t h the exception of r e q u i r e d response 
t imes, are not discussed further. 

2. Demonstrat ion that techniques now i n use are specific, sen­
sitive, accurate, and precise enough for the measurements 
envis ioned. 

3. Extens ion of measurement capabilit ies. Techniques must be 
developed for species that at present cannot be measured. 
Addi t i ona l ly , for species presently measured, n e w techniques, 
as w e l l as adaptations of present techniques to other mea ­
surement platforms, are requ ired . 

4. T h e simultaneous measurement of as many species as possible. 
As was shown i n the photochemical relat ionship examples, 
and as is shown i n a few examples below, such simultaneous 
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measurements y i e l d m u c h addit ional insight into atmospheric 
chemistry. 

5. T h e p lanning and complet ion of wel l -des igned field studies 
that w i l l y i e ld a max imum of information. 

These general challenges are addressed by examples of specific challenges 
that exemplify them. 

Specific Challenges 

Rigorous Field Intercomparisons. To quantitate measurement u n ­
certainties, the atmospheric chemistry communi ty has developed a proce­
dure for carrying out rigorous field intercomparisons. T h e features of the 
most instructive of the intercomparisons that have been completed inc lude 

• involvement of several different techniques together at the 
same site measuring the same species under typical operating 
conditions, 

• supervision of the intercomparison by an independent referee, 

• analysis of each investigators results i n a b l i n d manner from 
the other investigators to a publ ication-ready status, 

• not only simultaneous ambient measurements, but also sam­
p l i n g of prepared mixtures of standards as w e l l as potential 
interferences i n air i n order to facilitate the interpretat ion of 
the results that are col lected, and 

• publ icat ion of the results i n a refereed journal . 

As an example, a recent intercomparison (37) inc luded three N 0 2 measure­
ment techniques: a T D L A S - b a s e d system and two chemical-based sys tems— 
the photolys is -ozone chemiluminescence system diagramed i n F i g u r e 7 and 
an instrument based on N 0 2 plus l u m i n o l chemiluminescence . A b o v e 2 ppbv 
the three instruments gave s imilar results, but at sub-ppbv the results from 
the three techniques became dissimilar . Tests on the prepared mixtures 
showed that the l u m i n o l results were affected by expected interferences 
from 0 3 and P A N . N o interferences were found i n the T D L A S system, but 
near the detection l i m i t the data analysis procedures calculated levels of 
N 0 2 that were too h igh . T h e outcome of this intercomparison was close to 
the ideal : the sensitivity, specificity, accuracy, and prec is ion of each i n s t r u ­
ment were objectively analyzed; previous data sets taken b y different systems 
can now be re l iably evaluated; and each investigator was able to perceive 
areas i n w h i c h the technique could be improved . 

C o m p l e t e d intercomparisons that have reached definit ive conclusions 
have invo lved N O (reference 38 and references c i ted therein) , NOy (39), 
and N H 3 (40) i n addit ion to others for N 0 2 (reference 41 and references c i ted 
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therein). F o r these species the atmospheric chemistry c ommuni ty can ob­
ject ively evaluate the current measurements of these species, at least i n the 
troposphere. T h e intercomparisons have demonstrated that measurements 
of N 0 2 invo lv ing surface conversion of N O £ to N O have significant interfer­
ences that are due to the conversion of nitrogen species other than N 0 2 . 

Measurement techniques for two other nitrogen species have been i n -
tercompared, w i t h instructive but less def init ive results. T w o nearly ident ica l 
systems for P A N measurements were intercompared as part of the N A S A 
C I T E 2 program (42). Genera l ly , the agreement between the instruments 
for measurements i n the remote troposphere was w i t h i n the expected l imits 
of accuracy and precis ion. H o w e v e r , the results indicated that there were 
difficulties i n the calibration of this species and that at least for some periods 
there were significant disagreements between the results of the two systems. 
A n addit ional intercomparison of methods to measure P A N w o u l d be des ir ­
able, in c lud ing at least one fundamental ly different technique i f it can be 
developed. Addi t i ona l ly , an intercomparison of existing methods used to 
calibrate P A N instruments w o u l d be wor thwhi l e , as w o u l d deve lopment of 
new cal ibration methods, g iven the demonstrated uncertainties i n this cr i t i ca l 
procedure. 

Several formal and informal intercomparisons of n i tr i c ac id measurement 
techniques have been carr ied out (43-46); these intercomparisons involve a 
mul t i tude of techniques. T h e i n situ measurement of this species has proven 
difficult because it very rapidly absorbs on any in let surfaces and because it 
is invo lved i n reversible so l id -vapor equ i l ib r ia w i t h aerosol nitrate species. 
These equ i l ib r ia can be d is turbed by the sampl ing process; these d i s tur ­
bances lead to negative or positive errors i n the determinat ion of the ambient 
vapor-phase concentration. T h e intercomparisons found differences of the 
order of a factor of 2 generally, and up to at least a factor of 5 at levels be low 
0.2 ppbv . These studies clearly indicate that the intercompared techniques 
do not al low the unequivocal determinat ion of n i t r i c ac id i n the atmosphere. 
A laser-photolysis, fragment-fluorescence method (47) and an active chemica l 
ionizat ion, mass spectrometric technique (48) were recently reported for this 
species. These approaches may provide more definite specificity for H N 0 3 . 
Chal lenges clearly remain i n the measurement of this species. 

Development of Techniques for Currently Unmeasured Species 
in the Troposphere. There is evidence that there are addit ional members 
of the nitrogen family that have not been measured. W i t h the possible 
exceptions of H N 0 3 and particulate N 0 3 ~ , reasonably rel iable techniques 
are current ly available for i n situ measurement of the concentrations of the 
major contributors to the N O y family i n the rura l troposphere. In addi t ion , 
a measurement of the total family concentration is available. Therefore the 
total of the concentrations of the ind iv idua l ly measured species can be c o m ­
pared w i t h the measured family concentration. This comparison can then 
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provide a check for the contr ibut ion of any unmeasured species. In this 
comparison the problems i n the measurement of H N 0 3 and particulate N 0 3 ~ 
contribute relatively small uncertainties because the ir sum enters the ca l ­
culat ion; because the sum is used, the effect of the equ i l ibr ia shifts is e l i m ­
inated. 

A s an example of an evaluation of the N O y budget , F i g u r e 9 shows the 
measurement results from three f ield studies. T h e ratio of the sum of the 
five independent ly measured species to the measured NOy l eve l as a function 
of N O v l eve l is shown. I n each of these studies, for levels of N O A . be low 
about 2 ppbv the measured species d i d not account for the total measured 
N O r Important contributions to N O y , approaching 30 to 4 0 % under re la ­
t ively clean conditions, must come from current ly unmeasured species at 
these two sites. T h e closed circles show the results of calculations from a 
mode l exc luding organic nitrates other than P A N ( M . Trainer , personal 
communication) . T h e difference between the calculated NOy concentration 
and the calculated sum of the concentrations of the five i n d i v i d u a l species 
was composed of a variety of organic nitrates. Pred i c ted species inc lude acyl 
nitrates in addit ion to P A N , a lky l nitrates ( R O N 0 2 ) , and di functional organic 
nitrates of the form R ' O N 0 2 , where R ' in c luded either a carbonyl or hydroxy l 
moiety. 
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Figure 9. Results from three field studies for the ratio of the sum ofNOy species 
concentration to total NOy concentration as a function of NOx concentration. 
The model result at the higher NOx levels is for the conditions at Scotia Range, 
Pennsylvania, and that for the lower NOK levels is for the conditions at Niwot 

Ridge, Colorado (M. Trainer, personal communication). 
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A n u m b e r of other theoretical and laboratory studies have pred i c ted the 
existence of a lkyl and mult i funct ional organic nitrates i n the atmosphere (9, 
49-56). T h e atmospheric chemistry of the organic nitrates was recently re ­
v iewed (57). 

Some progress has been made i n measuring these other organic nitrates, 
inc lud ing peroxypropionyl nitrate ( P P N ) , the three-carbon analog of P A N , 
peroxybenzoyl nitrate ( P B z N ) , and the Q - Q alky l nitrates ( R O N 0 2 ) . P P N 
has been detected i n the same chromatographic measurements that were 
used to measure P A N by a number of investigators (58-60). Peroxybenzoyl 
nitrate has been measured by first col lect ing a sample i n a bubb le r containing 
m e t h a n o l - N a O H and then using solvent extraction on the resul t ing m e t h y l 
benzoate, w h i c h was quantif ied w i t h gas chromatography- f lame ionization 
detection ( G C - F I D ) (57, 61). T h e a lky l nitrates have been measured by a 
n u m b e r of laboratories by using either packed or capil lary c o lumn gas chro­
matography coupled w i t h either an electron capture detector ( E C D ) ( 62 -
63) or w i t h a nitrogen-specific N O ? / detector (64). T h e measurements that 
have been made of P P N and the alkyl nitrates, i n conjunction w i t h N O ? / 

measurements, have shown that the P P N and R O N 0 2 contributions to N O { / 

are not great enough to balance the N O , , budget. Therefore , attempts must 
be made to measure the other organic nitrate species pred i c ted by m o d e l 
calculations. 

Measurements of these relatively minor species w i l l not only complete 
the budget of N O ? / but w i l l also indicate i f our understanding of the h y d r o ­
carbon oxidation schemes i n the atmosphere is complete . T h e organic n i ­
trates that completed the N O ? / budget in the example i n F i g u r e 9 arose 
pr imar i l y from the oxidation of the naturally emit ted hydrocarbon, isoprene 
(2-methylbutadiene). To demonstrate the oxidation mechanisms be l i eved to 
be invo lved i n the product ion of mult i funct ional organic nitrates, a partial 
O H oxidation sequence for isoprene is discussed. T h e reaction pathways 
descr ibed are mode led closely to those descr ibed i n reference 52 for propene. 
T h e first step in this oxidation is addit ion of the hydroxy l radical across a 
double bond. Subsequent addit ion of 0 2 results i n the formation of a peroxy 
radical . W i t h the two double bonds present i n isoprene, there are four 
possible isomers, as shown i n reactions 2 - 5 : 

C H 2 C ( C H 3 ) C H C H [2 + OH 

o 2 

» (0.35) HOCH 2 C(CH 3 )(00)CHCH 2 (2) 

o 2 

> 
(0.15) OOCH 2C(CH 3)(OH)CHCH 2 (3) 

o 2 

» (0.35) CH 2 C(CH 3 )CH(00)CH 2 OH (4) 

o 2 

» (0.15) CH 2 C(CH 3 )CH(OH)CH 2 00 (5) 
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T h e branching ratios shown are estimates based on reference 65. T h e further 
oxidation of each of the isomers is s imilar , so only the first i somer w i l l be 
examined i n detai l . In continental areas w i t h at least tens of pptrv 's of N O , 
the peroxy radical produced i n the first step w i l l react w i t h N O . T h i s reaction 
can result i n e i ther oxidation of N O to N O z or product ion of an organic 
nitrate (bold type indicates organic nitrates that are assumed to be stable): 

H O C H 2 C ( C H 3 ) ( 0 0 ) C H C H 2 + N O 

> (0.7) N 0 2 + H O C H 2 C ( C H 3 ) ( 0 ) C H C H 2 (6) 

> (0.3) HOCH2C(CH3)(ON02)CHCH2 (7) 

T h e branching ratio shown here for the product ion of the organic nitrate is 
based on reference 65. B o t h of the organic products s t i l l contain one double 
bond , so further oxidation is l ike ly . T h e alkoxy radical produced i n the first 
step rapidly decomposes; methylv inylketone and formaldehyde are pro ­
duced , as w e l l as a hydroperoxy radical : 

H O C H 2 C ( C H 3 ) ( 0 ) C H C H 2 

° 2 , f a S t > C H 2 C H C ( 0 ) C H 3 + H C H O + H 0 2 (8) 

T h e organic nitrate produced i n reaction 7 may undergo further oxidation 
by the hydroxy l radical v ia addit ion across the remain ing double b o n d as 
shown i n reactions 9 and 10. Aga in , i n air the result ing radicals rapid ly add 
0 2 to form peroxy radicals: 

HOCH 2C(CH 3)(ON0 2)CHCH 2 + O H 

(0.65) H O C H 2 C ( C H 3 ) ( O N 0 2 ) C H ( 0 0 ) C H 2 O H (9) 

-2*» (0.35) H O C H 2 C ( C H 3 ) ( O N 0 2 ) C H ( O H ) C H 2 0 0 (10) 

I n a manner s imilar to the reaction pathway shown i n reactions 6 and 7, the 
peroxy radicals generated i n reactions 9 and 10 w i l l react w i t h N O to y i e l d 
e i ther N O z and an alkoxy radical or a dinitrate : 

H O C H 2 C ( C H 3 ) ( O N 0 2 ) C H ( 0 0 ) C H 2 O H + N O 

» H O C H 2 C ( C H 3 ) ( O N 0 2 ) C H ( 0 ) C H 2 O H + N 0 2 (11) 

> HOCH2C(CH3)(ON02)CH(ON02)CH2OH (12) 

T h e stability of the dinitrate produced i n reaction 12 is not k n o w n . T h e 
alkoxy radical produced i n reaction 11 probably decomposes and then forms 
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the organic nitrate shown i n reaction 13, formaldehyde, and a hydroperoxy 
radical . A l ternat ive ly , the decomposit ion of this alkoxy radical can result i n 
hydroxy acetaldehyde and an organic nitrate peroxy radical as shown i n 
reaction 14. 

H O C H 2 C ( C H 3 ) ( O N 0 2 ) C H ( 0 ) C H 2 O H 

H O C H 2 C ( C H 3 ) ( O N 0 2 ) C H O + H C H O + H 0 2 (13) 

H O C H 2 C ( C H 3 ) ( O N 0 2 ) 0 0 + O H C H 2 C H O (14) 

T h e fate of the organic nitrate peroxy radical produced i n reaction 14 is 
probably oxidation of N O to N 0 2 and then decomposit ion, y i e l d i n g acetyl 
nitrate, formaldehyde, and a hydroperoxy radical as shown i n reactions 15 
and 16. 

H O C H 2 C ( C H 3 ) ( O N 0 2 ) 0 0 + N O 

> H O C H 2 C ( C H 3 ) ( O N 0 2 ) 0 + N 0 2 (15) 

H O C H 2 C ( C H 3 ) ( O N 0 2 ) 0 

H C H O + H 0 2 + C H 3 C ( 0 ) O N 0 2 (16) 

The further decomposit ion of acetyl nitrate i n the atmosphere has not been 
studied. T h e oxidation of isoprene by the hydroxy l radical proceeds v ia 
repeated steps of O H addit ion across the double b o n d , fo l lowed by addit ion 
of 0 2 to form a peroxy radical. T h e peroxy radical then e i ther oxidizes N O 
to N 0 2 or adds N O to form an organic nitrate. T h e alkoxy radical produced 
i n the former step underwent decomposit ion to form both stable and reactive 
products. A n u m b e r of possible pathways exist for f orming presumably stable 
organic nitrates (bold i n reactions 7 through 16). 

I n addit ion to be ing oxidized by the hydroxy l radical , alkenes may react 
w i t h the N 0 3 radical as has been descr ibed by several investigators (52, 56, 
66). L i s t e d i n Table I are some of the organic nitrates that have been p r e ­
d icted to be produced v ia reaction of O H and N 0 3 w i t h isoprene and pro -
pene. Analogous compounds w o u l d be expected from other s imple alkenes 
and from terpenes such as a - and β-pinene. O t h e r possible organic nitrates 
may be produced v ia the oxidation of aromatic compounds (53, 54) and the 
oxidation of carbonaceous aerosols (67). Quantitat ive determinat ion of these 
species has not been made i n the ambient atmosphere. 

The polar nature of many of these species may dictate the use of e i ther 
solvent extraction fol lowed by gas or l i q u i d chromatography or supercr it ical 
extract ion-chromatography ( S F E - S F C ) i n order to make effective ambient 
measurements. W h e n the measurements of these organic species are avai l -
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Table I. Possible Unmeasured Atmospheric Organic Nitrates 
Organic Nitrate Formula 
H O C H 2 C ( C H 3 ) ( O N 0 2 ) C H C H 2 

H O C H 2 C ( C H 3 ) ( O N 0 2 ) C H ( O N 0 2 ) C H 2 O H 
H O C H 2 C ( C H 3 ) ( O N 0 2 ) C H O 
C H 3 C ( 0 ) O N 0 2 

C H 3 C H ( 0 ) C H 2 O N 0 2
E 

C H 3 C H ( O N 0 2 ) C H 2 O N 0 2 " 
C H 3 C H ( O H ) C H 2 O N 0 2

& 

C H 3 C H ( O N Q 2 ) C H 2 O H B 

Parent Hydrocarbon 
C H 2 C ( C H 3 ) C H C H 2 

C H 2 C ( C H 3 ) C H C H 2 

C H 2 C ( C H 3 ) C H C H 2 

C H 2 C ( C H 3 ) C H C H 2 

C 3 H 6 

C 3 H 6 

C 3 H 6 

"Reference 52; organic nitrate produced via addition of an N 0 3 radical. 
''Reference 52; organic nitrate produced via O H oxidation of propene. 

able it should be possible to determine i f any other species make significant 
contributions to N O y . 

Completion of Fie ld Studies in the Troposphere with Better 
Spatial Coverage, A l l of the examples of tropospheric measurements i n 
this chapter were made at surface sites w i t h the instrument inlets w i t h i n 4 
to 10 m of the ground. W i t h the important influences of the surface on the 
near-surface concentrations of some atmospheric species and the lack of 
spatial information from surface studies, it is important to coordinate the 
surface measurements w i t h aircraft (or balloon) measurements. Some aircraft 
measurements of nitrogen species i n the troposphere have been made, but 
it is important to ensure that the measurement techniques on the surface 
and i n the air give equivalent results. This assurance can only be accom­
pl i shed through careful intercomparison of instruments u t i l i z ed i n each plat­
form. 

F i g u r e 10 shows an example of needed data that cannot be obtained 
from surface studies; the mode l pred ic ted ni tr i c acid concentrations are 
shown as a function of altitude i n the troposphere up to 2000 m immediate ly 
before sunrise. Three scenarios are given: no nightt ime ni tr i c acid source; 
inc lusion of n i tr i c acid from nitrate radicals reacting w i t h carbonyl c o m ­
pounds and hydroperoxy radicals; and the addit ion of N 2 O s reacting on 
aerosols to produce n i tr i c acid. A t the surface, deposit ion from the shallow, 
near-surface layer under a l ow- ly ing nocturnal invers ion reduces the n i t r i c 
acid concentration to near zero at night. Measurements and calculations for 
a l l three scenarios agree on this characteristic, so surface measurements 
cannot give any information concerning these postulated n ightt ime reactions. 
H o w e v e r , i f i t were possible to measure a vert ical profi le of n i t r i c ac id , the 
val id i ty of each scenario could be assessed. M e a s u r i n g vert ical profiles of 
the nitrate radicals and N 2 0 5 w o u l d be even more informative, but this 
measurement w o u l d require the development of new techniques as discussed 
i n the next section. 

Once developed, pilotless aircraft w i t h long f l ight-t ime capabilities w i l l 
be an excit ing new platform for extending spatial coverage of measurements, 
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0 5 1 0 1 5 20 

H N O 3 (ppbv) 

Figure 10. Nighttime vertical distributions of nitric acid predicted by model 
calculations for three scenarios. (Adapted with permission from reference 8. 

Copyright 1991 American Geophysical Union.) 

both i n the upper troposphere and the lower stratosphere. F o r example, 
the B o e i n g C o n d o r (68) can operate at up to 20 k m , can remain aloft for 
several days, and can carry a payload of 800 kg . Ut i l i za t i on of such an aircraft 
w o u l d al low measurements by a sophisticated suite of instrumentat ion at 
any point from the midd le troposphere to the lower stratosphere. 

Development of In Situ Techniques for Additional Inorganic NOy 

Species. O f the tropospheric inorganic species i n F i g u r e 1, N 0 3 , N 2 O i 5 , 
and H O N O lack reasonably w e l l established, i n situ measurement techniques 
that are routine and provide t ime resolution on the order of minutes . These 
three species are a l l be l ieved to play important roles i n the atmosphere, 
even though their concentrations are expected to be no h igher than the l o w -
pptrv to sub-ppbv range outside urban areas, but a paucity of measurements 
has prevented the fu l l verif ication of these roles. 

T h e roles that these species play are a strong function of the ir photolyt ic 
and thermal stability. F u l l sunlight photodissociates N 0 3 and H O N O on 
t ime scales of seconds and tens of minutes , respectively (17). N 2 0 5 thermal ly 
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dissociates to N 0 2 and N 0 3 on a t ime scale of minutes at temperatures of 
the lower troposphere. Thus , the concentrations of a l l three species are 
expected to reach significant levels i n the troposphere only at night , and 
their roles are expected to be significant only d u r i n g this t ime . As i l lustrated 
in F i g u r e 10, n ightt ime product ion of H N 0 3 from both N 0 3 and N 2 0 5 is 
possible. I n addi t ion , N 0 3 reactions w i t h organic compounds are be l i eved 
to be an important source of peroxy and hydroxy l radicals at night (69). T h e 
properties , atmospheric roles, and measurements of N 0 3 and N 2 0 5 have 
been extensively rev iewed recently (70). I f significant sources are present, 
H O N O concentrations w i l l increase at night (or perhaps d u r i n g other low-
sunlight situations) and then provide a very important source of O H radicals 
(71) after sunrise (or w h e n the sunlight intensity increases). T h e source of 
H O N O shown in F i g u r e 1 is combinat ion of O H w i t h N O , w h i c h w i l l be 
significant only i n sunlit conditions, but nonphotolyt ic sources have been 
suggested: direct emission in automobile exhaust (72) and biomass b u r n i n g 
(73), conversion of N O v on wet aerosols (reference 74 and references c i ted 
therein), and heterogeneous hydrolysis of N 0 2 on surfaces of physical objects 
(75). 

Measurement techniques for the troposphere for these three species 
require significant further work. As ment ioned i n preced ing sections, N 0 3 

and H O N O (but not N 2 O s ) have been measured by D O A S , but i n situ 
techniques are m u c h less w e l l developed. N 0 3 has been measured by matrix 
isolation electron spin resonance (ESR) (see references and discussion i n 
reference 70), but the t ime resolution is of the order of an hour , and the 
method is very labor- intensive. N o measurements at a l l of N 2 0 5 have been 
reported for the troposphere. Dénuder tube techniques (references 76 and 
77 and references c i ted therein) have been appl ied to measure H O N O , but 
hydrolysis of N 0 2 on the dénuder col lect ion surfaces, and perhaps other 
processes, ev ident ly produce artifact signals. A n intercomparison (78) be ­
tween a dénuder system and a D O A S technique indicated poor agreement 
at sub-ppbv levels, w i t h the dénuder system g iv ing h igher levels. A n L I F 
method is available for H O N O (79), but it suffers from an interference 
associated w i t h ambient ozone. It w o u l d be very useful to develop sensitive, 
rout ine , i n situ methods for the measurement of a l l three species to verify 
their postulated roles and tropospheric levels , and it w o u l d be part icularly 
useful i f these techniques were portable enough to deploy on aircraft w i t h 
a wide suite of other measurements, because they are l ike ly to exhibit s ig­
nificant vert ical gradients. 

Micrometeorological Flux Measurements. It is important to q u a n ­
tify the flux of the nitrogen species to or from the atmosphere due to surface 
emission or deposit ion. Measurements of fluxes of N O and N 2 0 have been 
made by enclosure techniques, but the enclosures placed on a surface must 
be suspected of d is turb ing the flux that they are designed to measure. F luxes 
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also have been determined from measurements of vert ical concentration 
gradients; however , this technique is o f l i m i t e d accuracy and appl icabi l i ty . 

A general technique for de termin ing fluxes is to measure the correlation 
of fluctuations of concentration w i t h those of vert ica l w i n d speed, w h i c h are 
due to vert ical eddies i n the atmosphere (see reference 80 and references 
c i ted therein). I f a species is emit ted from the surface, for example, it is 
somewhat more concentrated i n air parcels m o v i n g u p w a r d than i n those 
mov ing downward. To effect this approach requires sensors w i t h at least 1 
H z , and preferably 10 H z , t ime response. Present ly , such instrumentat ion 
is unavailable, except for N O and NOy measurements. D e v e l o p i n g such 
techniques for N 2 0 , N 0 2 (or N 0 X ) , N H 3 , and H N 0 3 w o u l d be desirable. 

Development of Techniques for the Stratosphere. Simultaneous 
measurement of as many of the nitrogen species as possible w i t h h igh spatial 
resolution is a powerful technique for the stratosphere, just as it is for the 
troposphere. F o r example, F i g u r e 11 shows data that were col lected i n the 
polar stratospheric ozone studies. T h e figure shows the relationships between 
NOy and N 2 0 i n the stratosphere, both inside and outside the polar vortices. 
Genera l ly , the longer the air has been i n the stratosphere, the lower the 
N 2 0 and the higher the NOy levels. Th is behavior occurs because N 2 0 reacts 
i n the stratosphere to y i e l d N O w i t h about a 7% net efficiency. This reaction 
is the source of nearly a l l the NOy i n the stratosphere. Outs ide the polar 
vortex regions NOy is negatively correlated w i t h N 2 0 , and the 7% net y i e l d 
of NOy is w e l l matched by the slope of the NOy versus N 2 0 regression l ine . 

I n F i g u r e 11 the N 2 0 levels are shown to have cont inual ly decreased 
as the aircraft passed into each polar vortex, because air parcels that had 
spent progressively longer periods of t ime i n the stratosphere were be ing 
sampled. H o w e v e r , the NOy levels d i d not continue to increase as w o u l d 
have been expected; instead they dropped precipitously . Th i s behavior i n ­
dicated to the investigators that the N O y had been removed from the air i n 
the polar vortex. This observed denitri f ication was one strong conf irmation 
for the models that po inted to heterogeneous chemistry as the cause of the 
polar stratospheric ozone deplet ion that has been intensively investigated 
i n the last few years. 

C u r r e n t l y the vert ical profiles of the fu l l suite of nitrogen species i n the 
stratosphere can be measured remotely from satellites, and many total c o l ­
u m n measurements can be obtained from the ground (see the preced ing 
discussion). H o w e v e r , these results represent such large spatial averages 
that m u c h of the power of simultaneous measurements is lost. I n situ spe-
ciation of the nitrogen family is required . To obtain the requ i red spatial 
information demands the adaptation of the measurements to an aircraft p lat ­
form. T h e nitrogen species that are current ly of most interest i n the strat­
osphere and are current ly not measured by such i n s i tu, fast-response tech ­
niques are N 0 2 , N 2 O s , H N 0 3 , C 1 0 N 0 2 , and H 0 2 N 0 2 . 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

99
3 

| d
oi

: 1
0.

10
21

/b
a-

19
93

-0
23

2.
ch

00
9

In Measurement Challenges in Atmospheric Chemistry; Newman, L.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1993. 



268 M E A S U R E M E N T C H A L L E N G E S I N A T M O S P H E R I C C H E M I S T R Y 

O L J I I I I I I ' '• ' ' ' -
80 120 160 200 240 280 

N 2 0 (ppbv) 
Figure 11. Rehtionship between NOy and N20 in the polar stratosphere. The 
curves are labeled with the potential temperatures; the lower potential tem­
peratures correspond to lower altitudes and, in these cases, lower absolute 
temperatures. (Reproduced with permission from reference 85. Copyright 1990 

Macmillan Magazines Ltd.) 

Chemical and Physical Characterization of Nitrogen-Containing 
Aerosol. Nitrogen-containing aerosols are important i n both the tropo­
sphere and the stratosphere. Tropospheric aerosols contain a m m o n i u m n i ­
trate and probably other nitrogen species (81). In the stratosphere the aero­
sols that form polar stratospheric clouds (PSCs) have been found to contain 
n i tr i c acid (19, 82-84). T h e y are be l ieved to play essential roles i n the 
reactions i n the polar regions that release chlor ine from the reservoir species 
C 1 0 N 0 2 to form the active C I forms that destroy 0 3 . F u r t h e r m o r e , the 
gravitational sedimentation of the aerosol removes the ox id ized nitrogen 
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species from the stratosphere and prevents the reservoir species from re ­
forming. 

The characterization of the chemistry and physics of atmospheric aerosols 
is a science in its infancy, and v ir tual ly the entire f ie ld is an open challenge 
for analytical chemists. E v e n techniques for proper ly col lect ing samples of 
atmospheric aerosols need development (see, for example, reference 86). 
Several challenges specific to nitrogen species can be l isted. F i r s t , very l i tt le 
is k n o w n concerning the organic nitrate component of aerosols. A study from 
an urban area recently appeared (87) that indicates a photochemical source 
for such species. Second, the N O y converter measures some fraction of the 
oxidized nitrogen i n aerosols, but the fraction is variable and not w e l l char­
acterized. This variabi l i ty contributes to the difficulty i n characteriz ing the 
balance between the NOy measurement and the sum of the ind iv idua l ly 
measured species (88). T h i r d , heterogeneous reactions on aerosols may be 
invo lved i n the transformations of gaseous species. There is evidence for the 
reaction of N 2 0 5 on wet aerosols to y i e l d n i tr i c acid (89). It is of interest to 
learn i f the aqueous-phase nitr ic acid evaporates or remains as particulate 
nitrate w h e n the aerosol dries or evaporates. 

Summary 

T h e application of analytical chemistry to the measurement of atmospheric 
nitrogen species is st i l l a young f ield. In situ methods to measure species 
that we are not current ly able to measure re l iably ( H N 0 3 , gaseous and 
particulate organic nitrates, N 0 3 , N 2 O s , and H O N O i n the troposphere and 
N 0 2 , N 2 0 5 , H N 0 3 , C 1 0 N 0 2 , and H 0 2 N 0 2 i n the stratosphere) must be 
developed. E v e n for species that investigators bel ieve they can measure, 
addit ional methods should be developed, part icularly approaches w i t h def­
inite specificity, rap id t ime response, and good spatial resolution. T h e n these 
different methods must be subjected to rigorous intercomparisons to ensure 
that each is free of interferences and artifacts. T h e methods, both current 
and yet to be developed, must be adapted not only to surface f ie ld studies, 
but also to aircraft and balloon platforms. Wel l -des igned field studies that 
simultaneously measure as many of these species as possible need to be 
carr ied out. In addit ion, numbers should not s imply be col lected; the results 
must be analyzed i n an imaginative manner to gain as m u c h information as 
possible concerning atmospheric photochemical processes. 
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Nonmethane hydrocarbons are important participants in the atmo­
spheric chemical reactions that cause photochemical smog, acid 
deposition, and greenhouse gases. In order to understand their in­
volvement in these processes, researchers are using sophisticated air­
-quality simulation models. In most cases, these models require in­
dividual species information. Consequently, considerable effort is 
currently being directed toward the development and validation of 
analytical methods for measuring the concentration of nonmethane 
organic species in various ambient environments. Analytical methods 
currently used to define ambient concentrations of hydrocarbons and 
their oxygenated derivatives (carbonyls and organic acids) are sum­
marized. This review emphasizes strengths and weaknesses of the 
various analytical techniques and shows where new or improved 
methods are needed. 

THE METHODOLOGIES USED to determine the concentration of n o n ­
methane organic compounds ( N M O C s ) i n ambient atmospheres are rev iewed 
i n this chapter. T h e sympos ium from w h i c h this chapter evo lved was de ­
signed to provide analytical chemists who are not d irect ly invo lved i n at­
mospheric measurements w i t h a br i e f summary of measurement technologies 
current ly used for de te rmin ing nonmethane organic compounds, w i t h the 
hope that interest i n deve loping i m p r o v e d measurement methods cou ld be 

0065-2393/93/0232-0275$06.00/0 
© 1993 American Chemical Society 
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generated. T h e volatile organic compounds of interest inc lude true hydro ­
carbons (i .e. , they contain C and H only) as w e l l as various families of 
oxygenated hydrocarbons. O v e r the past 10 to 15 years, the true hydrocar­
bons have received the most attention and consequently are best charac­
ter ized . O f the oxygenated hydrocarbons, those containing the alcohol func­
t ional group are least understood. Carbonyls and organic acids have attracted 
considerable interest i n recent years; the result is a growing data base of 
concentration information i n various ambient atmospheres. 

Volati le organic compounds are important atmospheric constituents from 
both a chemical and biological standpoint. Bio logical ly , they serve as (1) a 
carbon source for terrestrial Microorganisms, (2) plant hormones (e.g., e t h ­
ylene), (3) pheromones, andV(4) a contr ibut ing factor i n contro l l ing plant 
selection and grazing pressure through vegetation palatabil ity. Hydrocarbons 
play an important role i n tropospheric chemistry . F i g u r e 1 summarizes some 

ΐ/RBAN ATMOSPHERE 

PHOTOCHEMICAL SMOG 

N M O C + NOx+SUNLIGHT • SMOG 

REGIONAL ATMOSPHERE 

PHOTOCHEMICAL SMOG 

ACID DEPOSITION 

NMOC +OXIDANT • PEROXY COMPOUNDS 

• H2SO4 AND HNO3 
PEROXY COMPD'S + SO2/NO2/O2 

• ORGANIC ACIDS 

GLOBAL ATMOSPHERE 

GLOBAL WARMING 

NMOC +OXIDANT • CO + C 0 2 

NMOC + NOx + SUNLIGHT • OZONE 

Figure 1. The role of hydrocarbons in atmospheric chemistry. 
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of the significant atmospheric functions of nonmethane organic species. H y ­
drocarbons are one of the pr imary ingredients i n the chemical process that 
produces smog on the urban and regional scale. Organic acids contr ibute to 
the l ower ing of p H i n acidic deposit ion processes. Hydrocarbons inf luence 
atmospheric acidity because products of the ir oxidation, such as peroxy rad ­
icals, facilitate the oxidation of sulfur and nitrogen oxides to sulfuric and 
ni tr i c ac id . O n a global scale, hydrocarbon oxidation leads to products such 
as C 0 2 and 0 3 , w h i c h absorb outgoing IR radiation and thus can contr ibute 
to c l imate warming . C a r b o n monoxide, w h i c h is a product of hydrocarbon 
oxidation, is not a pr imary greenhouse gas; however , it can affect c l imate 
change indirect ly through its reaction w i t h atmospheric hydroxy l radical . 
Increases i n C O w i l l reduce O H levels, w h i c h i n t u r n w i l l lead to an increase 
i n atmospheric methane concentrations, because O H is the major sink for 
methane. M e t h a n e is one of the more important greenhouse gases i n the 
troposphere. 

I n order to better understand nonmethane hydrocarbon invo lvement i n 
the processes out l ined i n F i g u r e 1, researchers are us ing sophisticated a ir -
qual i ty s imulat ion models. These models usually require i n d i v i d u a l species 
information. Consequent ly , considerable effort is current ly be ing d irected 
toward the development and val idation of analytical methods for measur ing 
the concentrations of vapor-phase organic compounds i n various e n v i r o n ­
ments. 

Determination of Atmospheric Concentrations 

A l l of the methods used to determine atmospheric hydrocarbon concentra­
tions inc lude the three distinct steps of 

• col lect ion, 
• speciation, and 
• detection. 

T h e three phases are of roughly equal importance. I f sample integrity is not 
maintained d u r i n g col lect ion, the result w i l l not reflect true ambient con ­
ditions. Separation of the air matrix into ind iv idua l components is c learly a 
requirement for meaningful analysis, and without sensitive and precise de ­
tectors, quantitation is not possible. 

Collection. Procedures commonly used to collect vapor-phase organic 
compounds inc lude whole-air , cryogenic, adsorption, absorption, and de ­
rivatization methods. Who le -a i r sampl ing involves the capture of an air parcel 
i n a container. Stainless steel canisters or plastic bags constructed from an 
inert mater ia l , such as Teflon or Tedlar , are most commonly used. E a c h of 
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these container types has advantages and disadvantages. R i g i d meta l can­
isters are easier to c lean, less prone to leakage, and better for sh ipp ing 
samples from f ie ld sites to an analytical laboratory. H o w e v e r , canisters are 
expensive. I n addit ion , because of the ir rigid structure, cans are not as useful 
as bags for the col lection of t ime- integrated samples. In several recent field 
studies, a combinat ion of bags and canisters was used. F o r example, Teflon 
bags, because of their m i n i m a l weight , can be attached to a tethered bal loon 
l ine and f i l led at various altitudes i n order to define vert ical hydrocarbon 
profiles. Contents of the bags are then transferred to stainless steel canisters 
for storage and shipment to the laboratory. I f storage t imes are short, a l l of 
the true hydrocarbons present in ambient air can be recovered at h igh 
efficiency from canisters and bags. Th is is not true , however , for the more 
polar oxygenated hydrocarbons. Organic acids and alcohols are recovered at 
very low efficiencies; carbonyls are intermediate between these compounds 
and the hydrocarbons. Canis ter losses appear to be due to w a l l losses and 
not chemical degradation. T h e usual procedure for filling canisters involves 
flushing the container for a few minutes and then closing the downstream 
valve and pressuriz ing to about 2 atm (200 kPa). Passage of the airstream 
through a p u m p removes most of the ozone, and what remains is qu i ck ly 
destroyed on contact w i t h the container walls. H u m i d i t y i n the canister 
reduces N M O C adsorptive losses (I). Apparent ly water occupies active w a l l 
sites more efficiently than N M O C s . Laboratory studies designed to quantify 
storage l i fetimes of N M O C s i n canisters must inc lude the addit ion of water 
i n order to simulate real atmosphere conditions. T h e inc lus ion of humid i f i ed 
d i lut ion air is essential w h e n N M O C standards are prepared i n stainless 
steel canisters. 

Cryogen ic col lection uti l izes a glass, Tef lon, or stainless steel trap that 
is cooled to subambient temperatures. A l i q u i d argon or l i q u i d oxygen cooled 
trap (-185 °C) w i l l quantitatively retain a l l o f the nonmethane organic c o m ­
pounds but permi t passage of nitrogen and most of the oxygen i n ambient 
air. This separation is important because a b i g p l u g of ni trogen or oxygen 
flushed onto a capil lary c o l u m n w i l l d isrupt the in i t ia l port ion of the chro -
matogram. This is a good col lection method for hydrocarbons, i n c l u d i n g 
many of the oxygenates. H o w e v e r , ozone and water vapor i n ambient air 
can cause problems. Ozone w i l l be concentrated i n the cryogenic trap, and 
w h e n the loop is w a r m e d to transfer its contents to the gas chromatograph, 
ozonolysis reactions w i l l occur. Thus , i f olefins are to be measured, the ozone 
must be removed from the airstream before the sample enters the trap. A 
short preco lumn of potassium carbonate or sodium sulfite w i l l scavenge the 
ozone without affecting most of the organic compounds. Ice w i l l restrict the 
amount of air that can be passed through the cryogenic trap. 

T h e most common sorbent used to collect organic compounds i n air is 
Tenax. It has the des ired property of not retaining significant amounts of 
water, and the organic compounds that are adsorbed can be e luted by heat­
ing . T h e m a i n advantage of the adsorbent method is that large vo lumes of 
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ambient air can be processed; these large samples lead to very l ow detection 
levels for many organic compounds. C a r e must be exercised, however , w h e n 
interpret ing data acquired w i t h Tenax or other adsorbents. Co l l e c t i on and 
desorption efficiencies must be established for each organic species. F o r 
example, the breakthrough volume is a few h u n d r e d cubic centimeters or 
less for h igh ly volatile hydrocarbons (fewer than six carbons) w h e n Tenax is 
used. O t h e r sorbents have been used that w i l l retain the lower molecular 
weight organic compounds, but w i t h many of these, quantitative recovery 
of the higher molecular weight species is not possible. A single adsorbent 
that provides an acceptable m e d i u m for col lect ing hydrocarbons over the 
entire C 2 - C 1 2 range is not yet available. So l id adsorbents w i l l produce some 
b leed peaks d u r i n g the heat desorption process. Therefore, " b l a n k " analyses 
must be performed on a regular basis, and these must be integrated into 
the final data interpretation. T h e adsorbent methodology is good for i n d i ­
v idua l species i f qual ity assurance studies show that interferences are absent. 

Der ivat izat ion is commonly used to collect polar, oxygenated hydrocar­
bons. M o s t carbonyls can be extracted from an air sample by passage through 
a m e d i u m containing 2 ,4-dini trophenylhydrazine ( D N P H ) . T h e usual m e t h ­
odology involves coating a chromatographic material such as si l ica gel , F l o r -
i s i l , or C 1 8 w i t h an acidic solution of the D N P H . W h e n ambient air containing 
carbonyls is passed through the der ivat iz ing m e d i u m , hydrazones are 
formed. T h e hydrazones can be e luted w i t h an appropriate organic solvent 
and quantif ied b y conventional analytical methods. Organic acids can be 
col lected as salts upon passage of an airstream through a filter impregnated 
w i t h a base. Dénuder tubes coated w i t h a basic material such as sod ium 
carbonate are an effective col lection m e d i u m for organic acids as w e l l . 

Use of the derivatization methods requires that col lect ion and recovery 
efficiencies be established for each species. In addit ion, extreme care must 
be exercised i n order to exclude contamination d u r i n g storage before and 
after exposure to ambient air. A series of blanks must be in c luded that 
represents the various sources of contamination—solvents , transportation to 
col lection site, and storage pr ior to e lut ion for analysis. I n addit ion to positive 
interferences due to contamination by the species of interest, negative i n ­
terferences are also possible. F o r example, i f ozone is present at concentra­
tions i n excess of 50 parts per b i l l i on by vo lume (ppbv), the ozone w i l l cause 
a negative interference w i t h formaldehyde w h e n the latter is col lected by 
passing air through a cartridge containing si l ica that is impregnated w i t h 
D N P H (2). Studies have shown that formic ac id can be formed on filters 
impregnated w i t h base (3). This formation presumably occurs through the 
oxidation of formaldehyde, w h i c h is then trapped as formic acid. Th is reaction 
doesn't appear to be a prob lem w i t h dénuder tubes. 

Absorpt ion methods are current ly be ing used to collect polar air con ­
taminants that are soluble i n water. Low-molecular -weight organic acids and 
peroxides are examples of species that can be removed from ambient air 
that contacts a water surface. F o r m i c and acetic ac id can be col lected by 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

99
3 

| d
oi

: 1
0.

10
21

/b
a-

19
93

-0
23

2.
ch

01
0

In Measurement Challenges in Atmospheric Chemistry; Newman, L.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1993. 



280 M E A S U R E M E N T C H A L L E N G E S I N A T M O S P H E R I C C H E M I S T R Y 

in ject ing ambient air into a chamber containing a water vapor mist . W i t h 
this methodology, the acids are reported to be scrubbed from the airstream 
w i t h 100% efficiency (4). Another method i n w h i c h air is a l lowed to diffuse 
past a condensation plate that is cooled be low the d e w point has been ut i l i zed 
for the col lection of organic acids i n ambient atmospheres (5). T h e gaseous 
acids are absorbed i n the water layer that condenses on the cooled plate. 
Lazrus et al . col lected airborne peroxides by passing air through a water 
trap (6). Various trap designs have been used for co l lect ing the peroxides. 
T h e preferred procedure and that current ly used involves scrubbing the 
peroxides from an airstream that is slowly p u m p e d through a co i l containing 
l i q u i d water. 

Co l l e c t i on technology for vapor-phase organic compounds can be s u m ­
mar ized as follows: 

• True hydrocarbons can be col lected and stored i n passivated 
stainless steel canisters without significant losses. 

• Cryogen ic col lection of true hydrocarbons as w e l l as some ox­
ygenated hydrocarbons works w e l l i f precautions are taken to 
remove ozone. 

• Adsorpt ion of organic compounds on materials such as Tenax 
is best done on an ind iv idua l species basis i n w h i c h the co l ­
lect ion and recovery efficiencies are established and blank anal ­
yses show no interferences from the adsorbent material . 

• Der ivat izat ion and absorption are be ing used for col lect ion of 
polar and reactive organic species that do not behave w e l l w h e n 
col lected by the whole-air , cryogenic, or adsorption tech­
niques. 

As ide from whole-a ir col lection i n stainless steel canisters, addit ional 
analytical studies are needed w i t h the other col lect ion methodologies. F o r 
example, the cryogenic col lection procedure potential ly offers an excellent 
way of automating the col lection of hydrocarbons. H o w e v e r , methods for 
remov ing ozone and water must be developed that are applicable for con­
tinuous operation. A single sol id adsorbent material that w i l l quantitatively 
retain and elute organic species w o u l d be h ighly desirable. 

S p e c i a t i o n . T h e method used to resolve a complex air matrix into 
ind iv idua l species is dependent on the col lect ion procedure that was used. 
Gaseous samples are separated into the ind iv idua l components w i t h gas 
chromatography, whereas samples i n l i q u i d med ia (derivatized and absorbed) 
are usually resolved on a l i q u i d or ion chromatograph. 

T h e favored method w i l l always incorporate a gas chromatographic sep­
aration w h e n possible because of the m u c h better resolution achievable on 
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gas chromatograph (GC) columns as compared to the l i q u i d systems, L o w -
molecular-weight oxygenated compounds that don't behave w e l l (low r e ­
sponse or h igh polarity) i n gas chromatographic systems are best resolved 
w i t h l i q u i d chromatographic conditions. 

Gas Chromatography. F u s e d si l ica capil lary columns are used to sep­
arate gaseous mixtures. A preconcentrated (cryogenic or adsorbent) sample 
is injected onto the head of a capil lary c o lumn that has been cooled to 
subambient temperature ( ~ - 5 0 °C). This setup provides a mechanism for 
focusing most of the hydrocarbons i n a th in band at the head of the co lumn. 
The G C oven is then programmed to increase the temperature to approxi ­
mately 100 °C. A typical r u n w o u l d go from - 5 0 to 100 °C at 4 °C/min, w i t h 
a h o l d at the final temperature for an addit ional 15 m i n . U n d e r these con­
dit ions, hydrocarbons containing up to 10 carbons can be e luted i n 45 m i n . 
F i g u r e 2 (a through c) shows examples of the separation that can be achieved 
w i t h this procedure. T h e urban sample chromatogram, shown i n F i g u r e 2a, 
contains over 100 peaks. T h e C 2 hydrocarbons (ethane, ethylene, and acet­
ylene) are not resolved, and resolution is marginal for the C 3 hydrocarbons. 
D o m i n a n t hydrocarbons i n the C 4 to C 8 molecular weight range are w e l l 
resolved. Separation is acceptable for anthropogenic hydrocarbons i n the C 9 

and C 1 0 range, but quanti fying trace amounts of monoterpenes that might 
be present i n urban atmospheres w o u l d be difficult. 

Complex i ty of the chromatogram is reduced i n rura l samples; about 25 
major species are usually present. T h e use of fused si l ica capi l lary co lumns 
allows separation of locally emit ted biogenic hydrocarbons from the back­
ground mix of long- l ived anthropogenic species. As shown i n F i g u r e 2b, 
isoprene and the pinenes can be readi ly quantif ied. Samples representative 
of the free troposphere (Figure 2c) contain very few peaks because hydro ­
carbons i n the C 4 and above molecular weight range are present at concen­
trations near or be low the detection l i m i t of most G C systems. 

Hydrocarbons containing two and three carbons are generally separated 
on packed columns. C h e m i c a l l y bonded materials such as η-octane or p h e n y l 
isocyanate on Porasi l have proven to be good separator systems for these 
highly volatile nonmethane hydrocarbons. H o w e v e r , these systems require 
a separate analysis from that employed for the C 4 - C 1 2 hydrocarbons (7). 
Recent developments inc lude the use of capi l lary-type columns [e.g., A l 2 0 3 

porous layer open tubular (PLOT) ] for separation of the lower molecular 
weight hydrocarbons (8). 

Liquid-Ion Chromatography. Oxygenated hydrocarbons, such as car­
bonyls , that have been converted to derivatives and that absorb l ight i n the 
U V range can be quantif ied by l i q u i d chromatographic procedures. R e -
versed-phase chromatographic techniques w i t h gradient e lut ion are normal ly 
used. W h e n compared to gas chromatography separations, the l i q u i d chro -
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TIME • 

Figure 2. Chromatograms typical of a, an urban environment. GC conditions: 
30-m DB-1 fused silica capillary column; oven temperature -50 to 100 °C at 

4 °C/min. Continued on next page. 

matography ( L C ) separations are poor. H o w e v e r , L C c o l u m n eluent systems 
have been developed that provide adequate resolution of the low-molecular -
weight carbonyl derivatives (9). F i g u r e 3 illustrates the type of separation 
achievable for several of the more volati le carbonyl species present i n urban 
atmospheres. 

Organic acids have rece ived considerable interest recently because of 
the ir potential for reduc ing the p H i n prec ipitat ion (10). A n ion ehromato-
graph (IC) w i t h a conduct iv i ty detector is best suited for de te rmin ing organic 
acid concentrations. As indicated i n the " C o l l e c t i o n " section, the acids are 
removed from ambient air either through derivatization to an alkal i metal 
salt (by a filter-denuder) or by absorption i n water. I n either case, a water 
mixture is injected onto the I C co lum n, where separations as depic ted i n 
F i g u r e 4 can be expected. Ion chromatography, l ike l i q u i d chromatography, 
has m u c h greater potential for interference than gas chromatography because 
of m u c h poorer co lumn resolution. 
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Figure 2. Continued. Chromatograms typical of b, a rural forested environ­
ment, and c, a clean continental environment. GC conditions: 30-m DB-1 
fused silica capilhry column; oven temperature -50 to 100 °C at 4 °Cimin. 
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Figure 3. LC chromatogram of carbonyls collected on a DNPH-impregnated 
silica gel cartridge. Peak identities: 1, DNPH; 2, formaldehyde; 3, acetaldehyde; 
4, acrolein; 5, acetone; 6, propionaldehyde; 7, x-acrolein; 8, crotonaldehyde; 
9, butyraldehyde; and 10, benzaldehyde. (Reproduced with permission from 

reference 8. Copyright 1992.) 

D e t e c t i o n . Near ly a l l of the vapor-phase organic compounds w i l l 
respond w h e n added to a flame ionization detector. Consequent ly , this de ­
tector is most commonly used. O t h e r special-purpose detectors inc lude pho -
toionization, mass spectrometry, atomic emission, i on mob i l i ty , mercury 
oxide reduct ion , and chemiluminescence detectors. 

Flame Ionization. This has proven to be the best detect ion system for 
most organic compounds. Its nearly equal carbon response for the true 
hydrocarbons greatly facilitates cal ibration. F o r example, a single hydrocar ­
bon (or a mixture of a few hydrocarbons) can be used to determine the 
response-versus-concentration curve for cal ibration of a G C system. It is 
then a s imple matter to determine the concentrations of a l l the hydrocarbons 
i n a complex mixture , such as that represented by the chromatogram i n 
F i g u r e 2a. I n addit ion to be ing easy to calibrate, flame ionization detectors 
(FIDs) are robust systems that can be transported to and operated at remote 
field sites. T h e wide l inear response range and l ow detection l i m i t make the 
F I D an ideal detector for quanti fying hydrocarbons i n urban atmospheres. 
T h e practical detection l i m i t for a typical flame system is approximately 10 
parts per t r i l l i on by vo lume (for an air vo lume of 1 L ) ; however , prec is ion 
deteriorates rapid ly as concentrations fall be low 100 pptrv . T h u s , the F I D 
is marginal ly acceptable for the analysis of free troposphere samples i n w h i c h 
most of the hydrocarbons are present at l ow parts -per - tr i l l i on levels . A n 
enhancement of F I D sensitivity by a factor of 10 to 100 w o u l d be very 
beneficial for the determinat ion of hydrocarbon concentrations i n clean at­
mospheres. 
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Figure 4. IC chromatogram showing resolution of organic acids. A polysty-
rene-divinylbenzene (HPIC-AS4A) separator column was used; the elu-
ent solution was 0.0013 M sodium tetraboratedecahydrate at a flow rate of 

2 mL/min. 

Mass Spectrometry. T h e use of a quadrupole mass spectrometer as a 
G C detector for nonmethane hydrocarbon analysis has come of age i n recent 
years. Deve l opment of capil lary columns w i t h low carrier gas flows has 
greatly facilitated the interfacing of the G C and mass spectrometer (MS) . 
T h e entire capil lary co lumn effluent can be d u m p e d direct ly into the M S 
ion source to maximize system sensitivity. G C - M S detect ion l imits are 
compound-specif ic but i n most cases are s imi lar to those of the flame i o n i ­
zation detector. Quantitat ion w i t h a mass spectrometer as detector requires 
i n d i v i d u a l species cal ibration curves. H o w e v e r , the N M O C response pattern 
as represented by a G C - M S total i on chromatogram is usually very s imi lar 
to the equivalent F I D chromatogram. Consequent ly , the M S detector can 
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be used to establish hydrocarbon identities and an F I D system for quant i ­
tation. 

T h e coupl ing of two mass spectrometer systems has rece ived attention 
i n recent years. Th is system can be operated i n an atmospheric pressure 
mode by passing the air matrix d irect ly into the ionizat ion source (II) . Th is 
method min imizes sample contamination and degradation problems. D e ­
tection l imits are compound-dependent and can vary over more than an 
order of magnitude for different families of hydrocarbons. F o r example , an 
aromatic hydrocarbon such as toluene cannot be detected at levels be low 5 
ppbv , whereas most aldehydes are detectable at levels as low as 50 pptrv . 
T h e tandem M S - M S system has the potential to be a useful detect ion system 
for organic compounds that do not store w e l l i n col lect ion containers. 

Atomic Emission. C o u p l i n g an atomic emission detector ( A E D ) w i t h 
a gas chromatograph has the potential for selective and sensitive d e t e r m i ­
nation of nonmethane hydrocarbons. Organic compounds exit ing the G C 
co lumn are excited i n a microwave plasma that yields l ight emissions at 
wavelengths characteristic of the elements present. B y measur ing the i n ­
tensity of l ight emit ted , chromatograms selective for various elements (e.g., 
C , H , O , and so forth) are obtained. A G C - A E D system is now commerc ia l ly 
available, but no reports have appeared document ing its use i n the deter­
minat ion of trace organic compounds i n the atmosphere. L i t e ra ture p r o v i d e d 
by the manufacturer (Hewlett-Packard) indicates that detect ion l imi ts for 
carbon and hydrogen are lower than those of the flame ionizat ion detector. 
T h e system appears to have an acceptable l inear dynamic range (~10 4) as 
w e l l . T h e abi l i ty to verify the presence of C , H , and Ο i n a single analysis 
should prove to be very beneficial for the identif ication of trace organic 
compounds i n the atmosphere. Quantitat ion w i l l require i n d i v i d u a l species 
cal ibration. 

Special-Purpose Detectors. Ion mobi l i ty , H g O reduct ion , and c h e m i ­
luminescence are used as special-purpose detection systems that can be 
u t i l i z ed for N M O C analysis. H i l l and co-workers (12) have descr ibed the 
use of a capil lary co lumn gas chromatograph coupled to an i on mobi l i ty 
detector for trace organic analysis. Eff luent from the G C c o l u m n enters the 
detector, where the organic molecules are ion ized b y a proton-transfer m e c h ­
anism invo lv ing ( H 2 0 ) n H + . T h e ion ized organic c ompound then passes 
through a drift tube at a part icular velocity that depends on factors such as 
col l is ion frequency w i t h drift-gas molecules, temperature , charge on the i on , 
and so forth. T h e ion mobi l i ty detector is reported to have picogram sen­
sit ivity and can provide very selective detection. 

T h e mercur i c oxide reduct ion detector was or iginal ly descr ibed for m o n ­
i tor ing carbon monoxide i n clean atmospheres (13). H o w e v e r , because the 
pr inc ip le of detect ion relies only on the transformation of H g O to H g vapor, 
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any species that w i l l effect this reduct ion can be detected. Organic molecules 
that contain unsaturated bonds w i l l respond. O ' H a r a and S ingh used the gas 
reduct ion ce l l to measure acetaldehyde and acetone concentrations (14). 
T h e y report a w ide l inear range (103) and sensit ivity 20 to 40 t imes that of 
a flame ionization detector. Z i m m e r m a n and G r e e n b e r g have used a gas 
chromatograph equ ipped w i t h a gas reduct ion ce l l for analysis of b iogenic 
hydrocarbons i n forest environments (15). Isoprene and monoterpenes can 
be detected at l ow parts -per-b i l l ion levels w i t h a 1-cm 3 in ject ion. T h i s sen­
sit ivity is advantageous for rura l studies because it e l iminates the need for 
cryogenic preconcentration. T h e contents of a 1-cm 3 sample loop can be 
transferred direct ly to a megabore-type capi l lary co lumn. A n addit ional pos­
it ive feature of this detector is that it doesn't require flame support gases 
(hydrogen and oxygen). 

T h e reaction between olefins and ozone produces l ight that can be 
measured and related to the concentration of the reactants. O n e of the 
preferred methods for measuring ambient ozone concentrations uti l izes the 
chemiluminescence generated i n the ozone -e thy lene reaction for detect ion. 
Recent ly , H i l l s and Z i m m e r m a n (16) descr ibed the use of this detect ion 
pr inc ip le for de termin ing hydrocarbon concentrations. T h e y u t i l i z ed the 
chemiluminescence created w h e n ozone reacts w i t h isoprene for deve lop­
ment of a continuous, fast-response isoprene analyzer. Th is real - t ime iso­
prene system is reported to be l inear over three orders of magnitude and 
to have a detection l i m i t of about 1 ppbv . Because the system doesn't inc lude 
a preseparation of hydrocarbons, interferences from other olefins (ethylene, 
propylene , and so forth) could occur. Thus far the chemi luminescent detector 
has been used to monitor isoprene emissions under conditions i n w h i c h the 
concentrations of olefins that cou ld interfere are negl igible compared to those 
of the biogenic hydrocarbon. 

Future Directions 
State-of-the-art moni tor ing systems for nonmethane hydrocarbons are cur ­
rent ly available and very adequate for def ining the qualitative and q u a n t i ­
tative N M O C composit ion i n urban environments . F u t u r e deve lopment 
efforts for urban moni tor ing need to be d irected toward automation and 
i m p r o v e d speciation of oxygenated hydrocarbons. Recent moni tor ing efforts 
i n At lanta have ut i l i zed an automated system that collects ambient h y d r o ­
carbons on an adsorbent trap and then causes a thermal desorpt ion and 
automatically transfers the sample to a capi l lary G C c o l u m n . Information 
concerning the success of this analytical procedure should be available i n 
the near future. Scientists i n the Nat ional Oceanic and Av ia t i on A d m i n i s ­
tration ( N O A A ) A e r o n o m y Laboratory are perfect ing an automated system 
for determinat ion of C 3 - C 1 0 hydrocarbons in c lean, rura l environments (R 
G o l d a n , unpub l i shed data). T h e a im is to develop a system that w i l l prov ide 
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hour ly speciated hydrocarbon concentrations on a continuous basis. A cap­
i l lary c o l u m n - F I D gas chromatographic system is be ing u t i l i z ed along w i t h 
cryogenic co l lect ion-preconcentrat ion methods. T h e real challenge comes 
i n designing a col lection system that w i l l retain the organic compounds but 
continuously remove water, ozone, and any other inter fer ing species from 
an ambient air sample. 

T h e procedures used to determine ambient carbonyl concentrations 
involve a col lection step w i t h si l ica or C 1 8 cartridges impregnated w i t h 2,4-
d in i trophenylhydraz ine . Contaminat ion is inevitable w i t h this system, and 
blanks must be used to compensate for the degree of contamination. Selec­
t ion of the appropriate blank values to subtract is a difficult and uncerta in 
process. Consequent ly , development of a gas chromatographic system that 
w i l l resolve and respond to the low-molecular-weight aldehydes and ketones 
is needed. T h e mercur ic oxide and atomic emission detectors should prov ide 
adequate response for the carbonyls. 

S impl i f i ed analytical procedures for determinat ion of gas-phase organic 
acids w o u l d be very beneficial . C u r r e n t l y , the acids are col lected b y us ing 
impregnated filters, dénuder tubes, or water absorption techniques and then 
an ion chromatographic analysis. N o r m a l l y , the col lect ion and analysis steps 
are decoupled i n t ime (i.e., samples col lected at a field site are r e turned to 
a home laboratory for I C analysis). O n c e again, b lank samples must be 
u t i l i z ed to compensate for contamination d u r i n g transport and storage pr ior 
to analysis. 

Deve l opment of fast-response techniques for measurement of N M O C 
fluxes is badly needed. Detectors w i t h specificity for a c ompound and the 
speed to be networked w i t h fast eddy correlation micrometeorological t ech ­
niques w o u l d be very useful. Present development activities i n this area are 
a imed at coupl ing existing fast micrometeorological sensors w i t h slow ana­
lyt ical methods for the N M O C s . F i g u r e 5 illustrates a condit ional sampl ing 
system designed to provide hydrocarbon flux information. T h e inlet for h y ­
drocarbon sampl ing is colocated w i t h the sensor uni t of a sonic anemometer . 
A computer -contro l led solenoid network is designed to channel hydrocarbon 
sample l ine flow into one of three col lect ion containers, depend ing on the 
d irect ion of air movement . W h e n eddies are mov ing u p w a r d as de termined 
b y the anemometer , ambient air flows into the up container w h i l e neutra l 
air mot ion fills the stagnant collector; d u r i n g downward mot ion , air is chan­
ne led to the remain ing container. T h e flux is proport ional to the difference 
i n concentrations i n the up and down collectors t imes the vert ica l w i n d 
speed fluctuations (a w ) . T h e N M O C concentrations are measured w i t h a 
conventional G C - F I D system. 

Methods are also needed for establishing accuracy of N M O C analysis. 
A t present, each research group making N M O C measurements must prepare 
its o w n cal ibration standards. Measurement accuracy is then j u d g e d b y i n -
tercomparing the results obtained w h e n two or more laboratories analyze 
the same samples. W h e n the results of urban samples have been in tercom-
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s o n i c 
ometers 

U a n e m c o m p u t e r 

s a m p l e 
i n l e t 

v a l v e a n d 
p u m p c o n t r o l 

Figure 5. Block diagram of a conditional sampling system for quantifying 
NMOC fluxes. 

pared, agreement between laboratories has been generally quite good. T h e 
relative standard deviation for a l l of the dominant hydrocarbons was 2 0 % or 
less for samples col lected i n several northeastern U n i t e d States cities and 
analyzed by three independent laboratories (17). H y d r o c a r b o n concentra­
tions i n the urban intercomparison studies generally var ied between 10 and 
100 p p b C . Laboratory intereomparabi l i ty for C 2 - C 5 hydrocarbons i n samples 
col lected i n the remote atmosphere is not very good. T h e percent relative 
standard deviation for ethane (—2 ppbv) from 10 laboratories was about 2 0 % 
but increased to greater than 100% for many hydrocarbons present at 500 
pptrv or less (18). 
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Measurement Methods for Peroxy 
Radicals in the Atmosphere 

Chris A. Cantrell, Richard E. Shetter, Anthony H. McDaniel, and 
Jack G. Calvert 

Atmospheric Kinetics and Photochemistry Group, Atmospheric Chemistry 
Division, National Center for Atmospheric Research, P.O. Box 3000, 
Boulder, CO 80307-3000 

The measurement of peroxy radicals (RO2) in the atmosphere is an 
important and challenging problem. Determining the concentrations 
of HO2 and RO2 has been accomplished in the atmosphere and in the 
faboratory with systems that may be broadly grouped into two cat­
egories: chemical and spectroscopic. Several chemical conversion 
techniques and the use of spectroscopic methods in various wave­
length regions are described. These approaches are critically eval­
uated for their potential use as atmospheric monitoring tools, pri­
marily in the troposphere, although stratospheric applications are 
also mentioned. 

THE CHEMISTRY OF THE TROPOSPHERE is an in ter twin ing of cycles i n ­
vo lv ing gas-phase, condensed-phase, and mult ip le -phase reactions (1-8). I n 
order to understand the distributions (spatial and temporal) of a chemica l 
species, the important factors (i .e. , sources, sinks, and chemica l reactions) 
that govern its behavior must be understood. T h e roles p layed b y free radicals 
i n the earth's atmosphere are many and var ied . O n e radical family of par­
t icular interest is the odd hydrogen family ( H O 4- H 0 2 ) . T h e organic peroxy 
and oxy radicals ( R 0 2 and R O ; R = C H 3 , C 2 H 5 , etc.) are chemical ly s imilar 
to the odd hydrogen radicals and are important intermediates i n the oxidation 
of organic compounds i n the atmosphere (9). 

Peroxy radicals are formed i n the troposphere through the interact ion 
of sunlight w i t h certain molecules or as products of other radical reactions. 

0065-2393/93/0232-0291$09.00/0 
© 1993 American Chemical Society 
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Important peroxy radical sources inc lude the reactions of the hydroxy l radical 
w i t h various compounds, for example, carbon monoxide: 

alkanes: 

or alkenes: 

H O + C O > H + C 0 2 (1) 

H O + R H > H 2 0 + R (2) 

R + 0 2 ^ R 0 2 (3) 

H O + R C H = C H R — R C H ( O H ) C H R (4) 

R C H ( O H ) C H R + 0 2 > R C H ( O H ) C ( 0 2 ) H R (5) 

These equations demonstrate the l ink that is expected between H O and R 0 2 

i n the troposphere. H y d r o x y l radicals are formed i n processes in i t iated by 
photolysis of various precursors, for example, the ultraviolet photolysis of 
ozone (0 3 ) or nitrous acid ( H O N O ) . 

0 3 + hv > Ο (LD) + 0 2 (6) 

Ο C D ) + H 2 0 > 2 H O (7) 

H O N O + hv > H O + N O (8) 

Peroxy radicals are also formed i n the troposphere through the photolysis 
of aldehydes (10, I I ) and through nitrate radical ( N 0 3 ) reactions (12-14). 
T h e hydrogen atom and formyl radical that are formed then react w i t h 
molecular oxygen (0 2 ) (reactions 11 and 12) under tropospheric condit ions. 

C H 2 0 + hv > H + H C O (9a) 

Η + H C O > H 2 + C O (9b) 

C H 2 0 + N 0 3 > H C O + H N 0 3 (10) 

Η + 0 2 - ^ H 0 2 (11) 

H C O + 0 2 > H 0 2 + C O (12) 
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T h e reactions of alkenes w i t h ozone are also very important sources of 
tropospheric peroxy radicals (15, 26): 

C H 2 + 0 3 • H 2 COO* + C H 2 0 (13) 

CH s OO* —* H C 0 2 H * (14) 

H C 0 2 H * > 2H + C 0 2 (15a) 

H C 0 2 H * —* H 2 + C O z (15b) 

H C 0 2 H * — H 2 0 + CO (15c) 

H C 0 2 H * H C 0 2 H (15d) 

T h e H atoms formed i n reaction 15a can react w i t h 0 2 (reaction 11) to form 
H 0 2 . T h e stabil ized Cr iegee intermediate ( C H 2 0 0 ) can participate i n further 
reactions, some of w h i c h w i l l result i n the formation of peroxy radicals. 
Larger alkenes react w i t h ozone to produce organic peroxy radicals. 

Peroxy radicals play many roles i n the troposphere. A reaction of cruc ia l 
importance is the oxidation of n i tr i c oxide (NO) b y peroxy radicals. 

R 0 2 + N O > R O + N 0 2 (16a) 

A second pathway i n this reaction results i n organic nitrate formation (9, 17, 
16?). T h e size and structure of the organic group controls the y i e l d of reaction 
16b relative to 16a. 

R 0 2 + N O R O N 0 2 (16b) 

These a lky l nitrate compounds have been measured i n the troposphere and 
constituted about 1.5% of the total o d d nitrogen budget at a r u r a l eastern 
U . S . site (19). Reaction 16a competes w i t h the oxidation of N O b y ozone i n 
the troposphere. 

0 3 + N O > 0 2 4- N 0 2 (17) 

T h e 0 3 that is formed i n the troposphere is contro l led approximately b y 
the rate of its generation by N 0 2 photodecomposit ion (reactions 18 and 19) 
and by the rate of its removal by reaction w i t h N O ; the concentration is 
roughly [0 3 ] = j N o 2 [N0 2 ] / ( f c 1 7 [NO] ) (20). Th is balance is inf luenced by the 
presence of peroxy radicals because of the reaction shown i n equation 16a. 

N 0 2 +'hv > N O + Ο (18) 

o + o 2 ^ o 3 
(19) 
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( a ) H0 2 

15 f « . , r-

Time, days 

sum peroxy 
50, ( , , , , r 

Qf , , t , , I . I · . . •* 

0 1 2 3 4 5 

Time, days 

Figure 1. Hydroperoxy and organic peroxy radical concentrations as simulated 
for the marine boundary layer with (solid line) and without (dotted line) peroxy 
radical permutation reactions. (Reproduced with permission from reference 

22. Copyright 1990 American Geophysical Union.) 
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Equat ions 17 through 19 govern the so-called N O - N 0 2 - 0 3 photostationary 
state system i n the atmosphere. Measurements of key components i n this 
system have been used to infer peroxy radical concentrations. 

Peroxy radicals are the only gas-phase source of peroxide compounds i n 
the troposphere. 

H 0 2 + H 0 2 > H 2 0 2 + 0 2 (20) 

R 0 2 + H 0 2 > R O O H + 0 2 (21) 

Peroxy radicals are intermediates i n the atmospheric oxidation of v i r tua l ly 
a l l organic compounds. H 0 2 is soluble i n aqueous aerosols (21) and can 
participate i n a n u m b e r of oxidation reactions i n the aerosols. T h e overal l 
importance of the aqueous-phase processes compared to the gas-phase c h e m ­
istry is uncertain . 

T h e results of computer simulations can be used to estimate the degree 
of sensit ivity r equ i red for measurement of the peroxy radicals i n the t ro ­
posphere. M a d r o n i c h and Ca lver t (22) gave results of 5-day simulations for 
free tropospheric ("clean") and A m a z o n boundary layer ("moderately p o l ­
luted") conditions (Figures 1 and 2, respectively). T h e sol id and dotted l ines 
show the simulations w i t h and without reactions among the peroxy radicals 

sum peroxy 
5001 , . , 1 , , . 

0 1 2 3 4 5 

Time, days 

Figure 2. Organic peroxy radical concentrations as simulated for the mod­
erately polluted Amazon boundary layer with (solid line) and without (dotted 
line) peroxy radical permutation reactions. (Reproduced with permission from 

reference 22. Copyright 1990 American Geophysical Union.) 
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themselves, respectively. F o r this discussion, we concentrate on the sol id 
l ines. T h e total midday m a x i m u m peroxy radical concentrations vary from 
about 7 Χ 10 8 m o l e c u l e s / c m 3 (28 parts per t r i l l i on (ppt) by vo lume m i x i n g 
ratio) for the clean conditions to around 5 Χ 10 9 m o l e c u l e s / c m 3 (200 ppt) 
for the more po l luted case. T h e H 0 2 concentration is about one - th i rd and 
one-fifth of the total peroxy radical concentration for the two cases, respec­
t ively . M o d e l s of stratospheric concentrations of H 0 2 (see F i g u r e 8, details 
discussed later) that use kinetics from the evaluations of D e m o r e et a l . (23) 
indicate concentrations of 3 Χ 10 6 , 1 Χ 10 7 , and 3 x 10 6 m o l e c u l e s / c m 3 

for altitudes of 20, 40, and 60 k m , respectively. T h u s , very sensitive tech ­
niques w i l l be requ i red to measure the d iurna l cycles and spatial variations 
of the peroxy radicals i n the troposphere or i n the stratosphere. 

Measurement Methods 

T h e discussion that follows is d iv ided into two sections. T h e Spectroscopic 
Methods section includes those measurement techniques that invo lve the 
interaction of a photon w i t h a peroxy radical . T h e C h e m i c a l C o n v e r s i o n 
Methods section describes the measurement of another molecule or radical 
to w h i c h a peroxy radical has been converted. 

Spectroscopic Methods. H 0 2 and the other peroxy radicals have 
characteristic absorptions due to various molecular processes. I n pr inc ip l e , 
these spectroscopic features could be used to determine atmospheric con­
centrations of peroxy radicals. T h e discussion of spectroscopic techniques i n 
the measurement of peroxy radicals is d i v i d e d into descriptions of specific 
spectral regions. G e n e r a l issues related to the use of spectroscopy for q u a n ­
titative analysis are presented next. 

T h e basis of absorption spectroscopy is straightforward. Radiat ion of the 
des ired wavelength is passed through a ce l l (or atmospheric air mass) con­
ta ining the gas of interest. T h e amount of l ight absorbed is d e t e r m i n e d by 
comparison w i t h a reference measurement taken w i t h the ce l l empty or w i t h 
the gas of interest removed (more difficult for atmospheric sampling!). F r o m 
the B e e r - L a m b e r t law relat ing the ce l l path length (/), the absorption cross 
section (σ) at wavelength λ, and the intensity of l ight for the reference ( i 0 ) 
and the sample (I), the concentration (C) can be de termined : 

C = ^Ml (22) 
σ (λ ) / 

This procedure is repeated for a l l the wavelengths o f interest. F o r this 
approach to be effective, one must e i ther be able to find a region of the 
spectrum that is free of interference due to absorption by other atmospheric 
molecules or one must be able to compensate for the inter fer ing absorption 
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by some method (spectral subtraction or spectral fitting, for example). T h e 
prob l em of spectral overlap w i t h other molecules often l imi ts the use of 
absorption spectroscopy in atmospheric measurements. F o r atmospheric 
measurements where measurement of i 0 can be difficult or imposs ib le , dif ­
ferential absorption can be used. H e r e the difference i n absorption between 
the peak and val ley i n a spectral feature is used, and this approach el iminates 
the requirement for an accurate reference spectrum. T h e degree of spectral 
overlap can also be m i n i m i z e d by narrowing the spectral features. Th i s step 
is often accomplished through reduc ing the total pressure b y p u m p i n g the 
sample to be measured into a measurement ce l l . A t lower total pressures, 
not only are the l ine widths smaller, but the peak cross sections are also 
larger; thus, this approach yields a double benefit. 

T h e r m a l emission spectroscopy can be used i n m i d d l e - and far- infrared 
spectral regions to make stratospheric measurements, and it has been app l i ed 
to a n u m b e r of important molecules w i t h bal loon-borne and satell ite-based 
detection systems. In this approach, the molecules of interest are promoted 
to excited states through collisions w i t h other molecules. T h e re turn to the 
ground state is accompanied by the release of a photon w i t h energy equal 
to the difference between the quantum states of the molecule . Therefore , 
the emission spectrum is characteristic of a g iven molecule . Ca l cu la t i on of 
the concentration can be compl icated because the emission may have o r ig ­
inated from a n u m b e r of stratospheric altitudes, and this situation may ne ­
cessitate the use of computer-based invers ion techniques (24-27) to retr ieve 
a concentration profi le. 

V i s ib l e and ultraviolet fluorescence spectroscopy can also be used i n 
certain instances. In this case the molecule is promoted to an excited state 
w i t h a photon of energy that matches a transit ion. After a t ime , the molecule 
returns to the ground state, sometimes by emission of a photon that has 
been red-shifted (is of lower energy) from the wavelength of the exc i t ing 
photon. This shift is due to the v ibrat ional relaxation that occurs as the 
molecule loses energy i n coll isions, usually p lac ing the molecule i n the lowest 
v ibrat ional l eve l of an excited electronic state. F luorescence spectroscopy 
can be very sensitive, but there can be problems w i t h quench ing and w i t h 
differentiating photons scattered by air molecules and b y aerosols from those 
photons that are due to fluorescence. Indeed , the net quantum y i e l d for 
fluorescence can be a strong function of total pressure, and this observation 
has p r o m p t e d research of fluorescence spectroscopy i n cells at reduced pres­
sure. 

Ultraviolet Spectral Region. H 0 2 and the other peroxy radicals have 
an absorption i n the midd le ultraviolet spectral region due to a transit ion of 
the nonbonding electron to a σ-antibonding orbital (η-σ*) . Unfortunate ly , 
these absorptions show few structural features, as shown i n F i g u r e 3. Th i s 
lack of structure probably arises from the dissociative nature of the absorption 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

99
3 

| d
oi

: 1
0.

10
21

/b
a-

19
93

-0
23

2.
ch

01
1

In Measurement Challenges in Atmospheric Chemistry; Newman, L.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1993. 



298 M E A S U R E M E N T C H A L L E N G E S I N A T M O S P H E R I C C H E M I S T R Y 

» 1 2 

C H 3 C ( 0 )0 2 / V 3 

/ \ 
/ \ 

/ 
/ \ 

/ \ 
/ \ 

/ \ 

200 220 240 260 
Wavelength (nm) 

280 

Figure 3. Ultraviolet cross sections for hydroperoxy and acetylperoxy radicak 
of Moortgat et al. (51) compared with cross sections for ozone of Molina and 

Molina (134). 

process. F r o m an atmospheric standpoint absorption due to ozone dominates 
the ultraviolet region from 200 to 300 n m . T h e p r o b l e m is c ompounded by 
the fact that the concentration of ozone is typical ly 50 to 2000 t imes greater 
than the peroxy radical concentration, so even at the m i n i m u m of the ozone 
spectrum (210 nm) the absorption due to ozone w o u l d be 7 to 300 t imes 
greater than that due to H 0 2 . O t h e r ultraviolet -absorbing compounds (e.g., 
various hydrocarbons) w i t h unstructured spectra i n this region make the use 
of absorption spectroscopy for the measurement of atmospheric peroxy r a d ­
icals impract ical . Ul trav io le t absorption spectroscopy has been used suc­
cessfully i n laboratory studies ( I I , 28-57), where the reaction mixture can 
be contro l led (i .e. , i n the absence of ozone) and I 0 can easily be measured. 

Ultrav io le t absorption spectroscopy has been appl ied to the measure­
ment of some tropospheric molecules, i n c l u d i n g C H 2 0 , H O , 0 3 , N 0 2 , and 
H O N O (58-60), i n the spectral region from about 300 to 400 n m . These 
measurements are most rel iable i f the resolution of the instrument is less 
than or equal to the absorber l ine widths for the g iven exper imental con­
dit ions. F i g u r e 4 shows a section of the h igh ly s tructured formaldehyde 
spectrum (61). Th is structure is crucia l i n order to unambiguously identify 
and quantify a tropospheric molecule . T h e potential problems of spectral 
overlap w i t h inter fer ing species can be ignored for the purpose of calculating 
a detect ion l i m i t for H O z i n an absorption exper iment conducted under ideal 
conditions. I n this case, for a 200-m optical path, a m i n i m u m measurable 
absorbance of 10~ 3, and a wavelength of 210 n m , about 1 Χ 10 1 0 molecules / 
c m 3 of H 0 2 cou ld be detected. This n u m b e r is approximately 5 t imes the 
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Figure 4. Ultraviolet cross sections for formaldehyde from the study of Cantrell 
et al (61). 

total peroxy radical concentration expected for a moderately po l lu ted tro­
posphere (see F i g u r e 2). Researchers making the atmospheric measurements 
discussed for other important molecules have often used optical paths of 5 
k m or more and used instrumentation capable of measuring absorbances i n 
the 10" 4 range. U s i n g a 5-km path length results i n a calculated detect ion 
l i m i t of 4 Χ 10 8 m o l e c u l e s / c m 3 of H 0 2 , sufficiently l ow to make tropospheric 
measurements under moderately po l luted conditions. I n the use of u l t ra ­
violet absorption spectroscopy for the measurement of tropospheric H 0 2 , 
the prob lem of spectral interference (overlap) is of more concern than the 
relatively small strength of the absorbance. This spectral interference prob ­
l e m precludes the use of ultraviolet absorption for tropospheric H 0 2 and 
R 0 2 measurement. 

Ultravio let fluorescence spectroscopy as descr ibed earl ier cannot be 
appl ied to peroxy radicals because the absorption leads almost exclusively 
to dissociation. Photodissociation has been exploited i n the laboratory to 
measure H 0 2 and C H 3 0 2 , because the fragments ( H O , C H 3 0 , etc.) f ormed 
i n the photodissociation can be found i n electronical ly excited states, w h i c h 
can then emit measurable radiation. This so-called "photofragmentation" 
technique has been successfully appl ied to the measurement of a n u m b e r 
of molecules i n the atmosphere, i n c l u d i n g n i t r i c ac id ( H N 0 3 ) , for w h i c h a 
detection l i m i t of about 2.5 Χ 10 9 m o l e c u l e s / c m 3 (0.1 ppb) has been reported 
(62). T h e use of photofragmentation to measure atmospheric peroxy radicals 
has not been reported. 
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Near-Infrared Spectral Region. Absorpt ions due to the peroxy radicals 
do not occur i n the vis ible spectral region. Peroxy radicals do have a weak 
near-infrared absorption due to a forbidden transit ion to a l ow- ly ing elec­
tronic state, w h i c h i n H 0 2 is designated 2A' «— 2 A " . These absorptions have 
been observed by H u n z i k e r and W e n d t (63) for H O £ and D 0 2 , as w e l l as 
for C H 3 0 2 and C H 3 C H 2 0 2 (64) (see F i g u r e 5). T h e band-peak cross sections 
seem to be very weak (σ ~ 10~ 2 0 cm 2 /mo lecu le ) , a l though the exact values 
are uncertain. T h e weakness of this absorption may prec lude its use for 
atmospheric monitor ing , although the recent technological improvements 
i n near- infrared diode lasers may make absorption or fluorescence w i t h near-
infrared transitions viable options. T h e various organic peroxy radicals (e.g., 
C H 3 0 2 , C 2 H 5 0 2 , etc.) may have sl ightly different near- infrared absorption 
features, and therefore speciation of various atmospheric peroxy radicals may 
also be possible. 

If near- infrared diode lasers have low-noise characteristics s imi lar to 
those of mid- in frared diode lasers, and thus m i n i m u m absorbances of 10~5 

or less are possible, then an approximate detection l i m i t can be calculated 
for an absorption experiment. F o r a 200-m optical path , the calculated de ­
tection l i m i t is 5 Χ 10 1 0 m o l e c u l e s / c m 3 , w h i c h is w e l l above levels of H 0 2 

expected to be found i n the atmosphere. A n absorption exper iment i n this 
spectral region apparently w o u l d require extremely long optical path lengths, 
and , indeed , a calculation w i t h a 5-km path yields a calculated detect ion 
l i m i t of 2 Χ 10 9 m o l e c u l e s / c m 3 , s t i l l rather h igh for tropospheric measure­
ments. O t h e r issues associated w i t h the use of diode lasers i n absorption 
spectroscopy are discussed i n the next section. 

Middle-Infrared Spectral Region. T h e middle - in f rared spectral region 
shows several features due to peroxy radicals, k n o w n at least since 1963 (65-
74). T h e v 3 band of H 0 2 is shown i n F i g u r e 6. Infrared absorption spec­
troscopy has been used successfully i n laboratory measurements of H 0 2 

kinetics (68, 75-78). Diode- laser-based infrared absorption spectroscopy has 
also been appl ied to measurements of a n u m b e r of trace gases i n the at­
mosphere, i n c l u d i n g C H 4 , N O , N 0 2 , N 2 0 , C H 2 0 , H N 0 3 , H C l , H 2 0 2 , 0 3 , 
H 2 0 , and C 0 2 (79-83). This diode laser absorption technique has advantages 
over other infrared-based techniques because of the l ow noise levels asso­
ciated w i t h the laser diode as a l ight source, a l lowing absorptions of 10" 5 or 
lower to be measured, and also because of the l ine narrowing (and concom­
itant peak cross section increase) associated w i t h e i ther p u m p i n g the air 
sample into a ce l l to a total pressure of a few torrs (millipaseals) or making 
measurements i n the stratosphere direct ly . This l ine narrowing leads to 
enhanced selectivity (and increased sensitivity) because of reduced overlap 
w i t h possible interfer ing absorptions. 

T h e infrared spectrum of H 0 2 is h igh ly structured, and this feature 
potential ly allows the absorption due to H O £ to be differentiated from other 
atmospheric species. Some infrared absorption data are also available for 
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1.0 1.2 1.4 1.6 

WAVELENGTH (MICRONS) 

Figure 5. Near-infrared absorption spectra of HO2 (top), CH302 (middle), and 
CH3CH2O2 (bottom) from the study of Hunziker and Wendt (64). (Reproduced 
with permission from reference 64. Copyright 1976 American Institute of 

Physics.) 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

99
3 

| d
oi

: 1
0.

10
21

/b
a-

19
93

-0
23

2.
ch

01
1

In Measurement Challenges in Atmospheric Chemistry; Newman, L.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1993. 



302 M E A S U R E M E N T C H A L L E N G E S IN A T M O S P H E R I C C H E M I S T R Y 
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Figure 6, Infrared absorption spectrum of v3 band of H02 obtained by Burk-
holder (74). 

organic peroxy radicals (84). Zahniser et a l . (73) reported l ine strengths for 
H 0 2 for nearly coincident l ine pairs i n the v 2 band of H 0 2 at 1371.927 and 
1411.180 cm" 1 and suggest they cou ld possibly be used for laboratory and 
field measurements of H 0 2 . T h e l ine pairs have c o m b i n e d l ine intensities 
of 1.2 X 10~ 2 0 c m 2 molecule" 1 cm" 1 . A peak cross section of 5 Χ 10" 1 8 c m 2 / 
molecule is estimated for a D o p p l e r - w i d t h l ine of this strength (the peak 
cross section cou ld be smaller depending on the total pressure; this repre ­
sents the best case). This estimate results i n a calculated detect ion l i m i t for 
H 0 2 of 2.5 X 10 9 m o l e c u l e s / c m 3 (ambient concentration) i n a diode laser 
absorption experiment w i t h a m i n i m u m detectable absorbance of 10" 5 , a ce l l 
pressure of 30 torr (3390 Pa), and a 200-m optical path length. Th i s concen­
tration is approximately what is expected for a midday m a x i m u m value i n a 
moderately po l luted atmosphere. C lear ly , longer optical paths or lower ab­
sorbance l imits or both w o u l d be requ i red to measure atmospheric H 0 2 by 
diode-laser-based infrared absorption spectroscopy w i t h reasonable s ignal -
to-noise ratios. T h e detection l i m i t for a 5 -km optical path is 1 X 10 8 m o l ­
e c u l e s / c m 3 . 

Far-Infrared and Millimeter-Wave Spectral Regions. A t least two mea-
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surements of H O £ have been reported from the measurement of emission 
from thermal ly populated rotational levels i n H 0 2 . Traub et a l . (85) used a 
balloon-borne far-infrared spectrometer to measure H 0 2 from an alt itude of 
19 to 49 k m . A balloon or satellite platform is r equ i red for this approach, 
w h i c h is appl ied to stratospheric measurements because the troposphere is 
essentially opaque i n the far-infrared region. T h e y evaluated R -branch ro ­
tational l ines at a resolution of 0.04 c m " 1 from 142 to 147 c m " 1 and compared 
each l ine to a synthetic spectrum generated from a layered m o d e l atmosphere 
(Figure 7). T h e amount of H 0 2 i n the mode l was adjusted u n t i l the least-
squares difference between the mode l and the measurement was m i n i m i z e d . 
E s t i m a t e d detection l imits for this technique are about 1 Χ 10 7 molecules / 
c m 3 (6 ppt) near 20 k m and about 5 Χ 10 5 m o l e c u l e s / c m 3 (30 ppt) near 50 
k m . T h e der ived day and night H 0 2 profiles were compared w i t h results of 
a photochemical m o d e l based on kinetics from the evaluations of D e m o r e 
et a l . (23) (Figure 8). T h e dayt ime mode led profi le agrees w i t h measurements 
up to an alt itude of 40 k m , and is 3 0 % below the measurements above 40 
k m . T h e n ightt ime measurements are m u c h less than those f rom the dayt ime, 
as expected from theory, and are i n general agreement w i t h the mode l . 

142 " 1 4 3 144 145 146 147 
Wavenumber (cm-1) 

Figure 7. A, Atmospheric emission spectrum of region near that used by Traub 
et ah (85) to quantify stratospheric H02 concentrations. B , A laboratory H02 

spectrum. C , The best-fit calculated spectrum. (Reproduced with permission 
from reference 85. Copyright 1990 American Association for the Advancement 

of Science.) 
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1 0 - 1 1 1 0 - 1 0 1 0 - 9 

H0 2 mixing ratio 

Figure 8. Far-infrared emission measurements of H02 of Traub et ah (85,) (•), 
millimeter-wave emission measurements of de Zafra et al. (86) ( + ), resonance 
fluorescence measurements of Anderson et al. (107) ( Δ ) , and matrix isohtion-
EPR measurements of Helten et al. (96) (Ο). (Reproduced with permission 
from reference 85. Copyright 1990 American Association for the Advancement 

of Science.) 

de Zafra et a l . (86) measured H 0 2 b y us ing ground-based m i l l i m e t e r -
wave spectroscopy and three rotational emission l ines near 265.8 G H z (~8.9 
cm" 1 ) . T h e y compared their results to a photochemical mode l based on 
kinetics from the evaluations of D e m o r e et a l . (23) and found good agreement 
above 35 k m . Traub et a l . (85) compared their far-infrared measurements to 
the mi l l imeter -wave measurements and to two i n situ results, to be discussed 
i n fo l lowing sections. T h e y found the mi l l imeter -wave measurements to be 
about 18% larger than those of the theoretical profile f rom 37 to 67 k m . T h e 
estimated accuracy of this technique is about ± 2 5 % throughout the range 
from 37 to 67 k m . This accuracy corresponds to an uncertainty of about 
4 X 10 6 m o l e c u l e s / c m 3 at 37 k m to 6 x 10 5 m o l e c u l e s / c m 3 at 67 k m . This 
method of H 0 2 measurement is sensitive to the c o l u m n abundance and the 
broad shape of the H 0 2 d is tr ibut ion i n the upper stratosphere and lower 
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mésosphère, but not to the details of the d is tr ibut ion . As seen i n F i g u r e 8, 
the mi l l imeter -wave results match the shape of the theoretical curve w e l l . 

N o data have been presented to date on the ut i l i ty of far- infrared or 
mi l l imeter -wave spectroscopy for other peroxy radicals or on its possible use 
i n the troposphere w h e n combined w i t h a low-pressure absorption ce l l . 

Laser Magnetic Resonance and Electron Paramagnetic Resonance. 
This category i n "spectroscopic" techniques of peroxy radical measurement 
is somewhat different from the others, i n that the sample must be p laced 
i n a magnetic field i n order for the absorptions to occur. Laser magnetic 
resonance of H 0 2 is based on the absorption of far-infrared laser radiation 
(87). Typica l ly , a gaseous sample is p u m p e d through a section of the cavity 
of a continuous-wave gas laser operating at far- infrared wavelengths. A spec­
t r u m is obtained b y scanning the magnetic field strength to b r i n g the ac­
c idental near-resonance of the molecular transitions into resonance w i t h a 
fixed wavelength laser l ine through the Zeeman effect. T h e amount of ab­
sorption is de termined by moni tor ing the laser power w i t h an infrared de ­
tector. This technique has been l i m i t e d to laboratory studies of the spec­
troscopy and kinetics of H 0 2 and other radicals (88-92) and may not be 
applicable to ambient measurements because of the mass and power r e q u i r e d 
to generate the magnetic f ie ld . T h e detect ion l i m i t reported for the H o w a r d 
and E v e n s o n study (88) was 2 Χ 10 9 m o l e c u l e s / c m 3 , a l though they po int 
out that this value is dependent on the exper imental condit ions, such as the 
gas pressure and the magnetic modulat ion ampl i tude . 

T h e prob lem of br ing ing a large magnet into the field for ambient mea ­
surements has been overcome i n electron paramagnetic resonance ( E P R , 
also cal led electron spin resonance, E S R ) by M i h e l c i c , H e l t e n , and co­
workers (93-99). T h e y combined E P R w i t h a matrix isolation technique to 
al low the sampl ing and radical quantif ication to occur i n separate steps. T h e 
matrix isolation is also requ i red i n this case because E P R is not sensitive 
enough to measure peroxy radicals d irect ly i n the atmosphere. E P R spec­
troscopy has also been used i n laboratory studies of peroxy radical reactions 
(100, 101). 

E P R is based on the spl i t t ing of magnetic energy levels caused b y the 
action of a magnetic field on an unpaired electron i n a molecule . Typ ica l ly 
the magnetic field strength is on the order of 3500 G , and sweep coils al low 
the field to be var ied over a small range so the radiation can be made resonant 
w i t h the transition. T h e radiation is i n the microwave region at about 9.5 
G H z (0.3 cm" 1 ) . O t h e r techniques such as magnetic field modulat ion w i t h 
l ock - in detection improve the signal-to-noise ratio of these measurements. 
Because of the interaction of the electron sp in w i t h nearby nuclear spins, 
hyperf ine spl i t t ing patterns i n the spectra al low differentiation between the 
various radicals present. This property has been exploited i n the most recent 
of the atmospheric measurements of M i h e l c i c et a l . (99). 
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T h e matrix isolation procedure relies on the condensation of H 2 0 and 
C O £ on a l iquid-nitrogen-cooled cold finger to form a stable matrix for radicals 
and other atmospheric species (Figure 9). Typica l ly about 20 L of air are 
r equ i red to achieve the des ired sensitivity for ambient measurements. A 
matrix of deuterated water ( D 2 0 ) narrowed the E P R l ine widths and i m ­
proved the signal-to-noise ratio, and thus this matrix has been used for 
measurements since October 1982. Recent improvements i n the use of this 
matrix i s o l a t i o n - E P R technique have been i n the analysis of the spectra. 

T h e analysis o f the spectrum is a mult ip le -step process. T h e first step 
is the removal of the contr ibut ion to the spectrum due to the sampl ing 
apparatus. T h e next step is subtraction of the relat ively large contr ibut ion 
due to N 0 2 . T h e remain ing absorptions are due to H 0 2 , other organic peroxy 
radicals, and possibly other u n k n o w n radicals. A numer i ca l f i t t ing procedure 

Figure 9. Cold finger sampling apparatus used in matrix isolation-EPR mea­
surements of Mihelcic et al. (97). (Reproduced with permission from reference 

97. Copyright 1985 Yluwer Académie.) 
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that has been developed successfully quantifies the amounts of the H 0 2 , 
C H 3 C ( 0 ) 0 2 , and the sum of the other R 0 2 radicals (98). Th i s sequence is 
shown graphical ly i n F i g u r e 10. T h e early calibrations of this method were 
per formed by us ing the thermal decomposit ion of peroxyacetyl nitrate ( P A N ) , 
w h i c h generates peroxyacetyl radicals, although cal ibration of other peroxy 
radicals ( H 0 2 , C H 3 0 2 , etc.) has since been per formed. T h e P A N decom­
posit ion reaction yields one peroxy radical and one N 0 2 molecule that is also 
measured, and thus results, i n pr inc ip le , i n an absolute cal ibrat ion. 

T h e matrix i s o l a t i o n - E P R technique ( M I E S R ) has proven to be a useful 
method of peroxy radical measurement i n the atmosphere. T h e matrix iso­
lation results shown i n F i g u r e 8 are from measurements reported i n 1984 
(96), and significant improvements have since been made i n this technique , 
although n e w concentration profiles such as those i n F i g u r e 8 have not yet 
been reported. T h e drawbacks to this method are a moderate detect ion l i m i t 
(a few parts per t r i l l i on by vo lume m i x i n g ratio, approximately 10 8 molecules / 
cm 3 ) , w h i c h l imits its usefulness i n remote measurement situations; the 
requirement of remov ing the absorption due to N 0 2 , w h i c h l imits mea ­
surements to situations w i t h relatively low N 0 2 levels; and the fairly long 
integration times requ i red (of the order of 0.5 to 2 h). 

T h e technique of spin-trapping radicals has been app l i ed to the mea­
surement of atmospheric hydroxy l by Watanabe et a l . (102), a lthough there 
are no reports of its use for peroxy radicals. T h e pr inc ip le involves the 
reaction of the radical of interest w i t h an organic nitrone i m m o b i l i z e d on a 
filter paper or other substrate. T h e sample is r e turned to the laboratory, 
and the n i t r one - rad i ca l product is dissolved i n a suitable solvent and mea­
sured w i t h E P R . T h e disadvantages of the sp in- trapping technique are dif­
ficulty i n f inding suitable organic nitrone compounds and the fact that most 
of these molecules are photochemical ly unstable. 

Mass Spectrometry. Mass spectrometric detect ion was used in early 
laboratory studies of H 0 2 (103, 104) and has also been used i n more recent 
investigations (J05). T h e H 0 2 peak at the mass-to-charge ratio mie = 33 is 
useful i n laboratory identif ication and quantif ication, but i n the atmosphere, 
most l ike ly mul t ip le species w i l l interfere because of, for example, frag­
mentation of hydrocarbons, hydrogen peroxide, or oxygen isotopes. 

Chemical Conversion Methods. Laser-Induced and Resonance Flu­
orescence of HO. Cons iderable effort has been app l i ed to the measurement 
of H O i n the stratosphere and troposphere. Ul trav io le t fluorescence tech ­
niques based on lasers or resonance lamps have rece ived a great deal of 
attention and study. Because H O concentrations are typical ly factors of one-
tenth to one -hundredth those of H 0 2 i n the atmosphere, the difficulties 
associated w i t h making H O measurements by us ing fluorescence [low s ignal -
to-noise ratio, laser-generated H O , background fluorescence, etc. ; see the 
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2.04284 2.01255 1.98313 1.9S457 g-Value 
ι » 1 » 1 1 f:9283.06 MHz 

— J I I I I I I I 1 

100 300 500 700 900 

Magnetic Field (Channels) 

Figure 10. Illustration of spectral analysis from the matnx isolation-EPR 
measurements of Mihelcic et al. (99). The curves correspond to A , an ESR 
spectrum of a sample collected on July 5,1986, from 11:39 to 12:09 (CET); Β, 
spectrum of sample holder; C, difference of A and B; D, NO2 reference spec­
trum; E, Difference of C and D magnified by a factor of 3; F, sum of H02 (13 
ppt), CH3C(0)02 (16 ppt), CH302 (15 ppt), C2H502 (11 ppt), and C4H902 (60 
ppt) as retrieved by the fit (magnified by a factor of 3); G through K, amounts 
of H02, CH3C(0)02, CH302, C2H502, and C4H902, all magnified by a factor 
of 3, as retrieved by the multiple fit; and L, residuals after subtraction of F 
from E. (Reproduced with permission from reference 99. Copyright 1990 

Kluwer Academic.) 
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discussion of S m i t h and Cros ley (106)] become m u c h less important w h e n 
a method of convert ing H 0 2 to H O quantitatively is found. T h e reaction of 
H 0 2 w i t h N O is one means of accomplishing this conversion. 

H 0 2 + N O > H O + N 0 2 (23) 

Anderson et a l . (107) reported a series of H 0 2 measurements i n the 
stratosphere between 29 and 37 k m ; they induced reaction 23 and recorded 
resonance fluorescence detection of H O at 309 n m . The excit ing radiation 
for this measurement was generated by microwave discharge of a H e - H 2 0 
mixture . T h e measured mix ing ratios were compared to the photochemical 
mode l of Logan et a l . (I). The mean H 0 2 levels were systematically h igher 
than those of the mode l , although the range of values measured over lapped 
the m o d e l results. A comparison w i t h computer simulations is also shown 
i n F i g u r e 8 [model results reported by Traub et al . (85)], again indicat ing 
measured values h igher than those of the mode l . O n e aspect of this tech­
n ique , w h i c h was apparently not recognized i n the or ig inal paper, is that 
methylperoxy radicals are also converted to H O by the fo l lowing sequence 
along w i t h reaction 24, although reaction 25 may be sufficiently slow under 
stratospheric conditions (low temperature and low 0 2 concentration) that its 
contr ibut ion is negl igible . 

C H 3 0 2 + N O > C H 3 0 + N 0 2 (24) 

C H 3 O + 0 2 > H 0 2 + C H 2 0 (25) 

T h e use of laser- induced fluorescence ( L I F ) for tropospheric H O and 
H 0 2 measurements was reported by H a r d and co-workers (108-110), who 
developed a fluorescence technique based on p u m p i n g the air sample into 
a low-pressure ce l l ( F A G E ) and excit ing it w i t h a copper vapor laser -pumped 
dye laser w i t h a h igh repet i t ion rate. T h e i r H 0 2 measurements were not 
made i n conjunction w i t h enough other support ing measurements to al low 
an accurate test of photochemical models from the results. 

Photofragment-Induced Emission. L e e and co-workers at San D i e g o 
State Univers i ty (111-113) used the photodissociation of H 0 2 at 147 n m to 
produce excited H O radicals. T h e emission of radiation from H O has been 
used to quantify the H O a concentration in laboratory kinetics experiments: 

H 0 2 + hv > H O ( A 2 X + ) + Ο (26) 

H O ( A 2 2 + ) > H O (Χ 2 Π) + hv (306-320 nm) (27) 

A s imilar approach was described by H a r t m a n n et a l . (114) for methylperoxy 
radicals i n laboratory photodissociation experiments. T h e exc imer laser pho -

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

99
3 

| d
oi

: 1
0.

10
21

/b
a-

19
93

-0
23

2.
ch

01
1

In Measurement Challenges in Atmospheric Chemistry; Newman, L.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1993. 



310 M E A S U R E M E N T C H A L L E N G E S IN A T M O S P H E R I C C H E M I S T R Y 

tolysis at 248 n m produces H O ( A 2 X + ) , w h i c h emits radiation as shown i n 
reaction 27. These photofragmentation techniques may not be applicable to 
atmospheric measurements because of the large n u m b e r of possible inter -
ferents at the photo lyz ing wavelengths, although such interferents have not 
yet been demonstrated. 

Near-Infrared Chemiluminescence. T h e technique of c h e m i l u m i n e s ­
cence has been most successfully appl ied i n the atmosphere to the mea­
surement of N O and other oxides of nitrogen through various conversion 
procedures. G lasch i ck -Sch impf et a l . (115) and H o l s t e i n et a l . (116) reported 
results of laboratory kinet ic studies i n w h i c h the H 0 2 concentration was 
de termined through the chemiluminescence reaction system shown i n equa­
tions 28 and 29. It involves the same molecular transitions i n the near-
infrared as discussed previously (for H 0 2 : emission from the 2 A ' state). 

H 0 2 + 0 2 ( ΧΔ) > H 0 2 (Α 2 Α' ) + 0 2 (28) 

H 0 2 (Α2Α') • > H 0 2 (A2X") + hv (1.43 μπι) (29) 

Thus , i n a constant concentration of 0 2 (ιΔ) that is m u c h greater that the 
concentration of H 0 2 , the radiation intensity at 1.43 μηι is proport ional to 
the H 0 2 concentration. This information has not been appl ied to atmospheric 
measurements or to other peroxy radicals to date. 

Chemical Amplification. The measurement of a smal l e lectr ical signal 
is often accomplished by amplif ication to a larger, more easily measured 
one. This technique of amplif ication can also be appl ied to chemica l systems. 
F o r peroxy radicals, C a n t r e l l and Stedman (117) proposed, as a "poss ib le" 
technique, the chemical conversion of peroxy radicals to N 0 2 w i t h a m p l i ­
fication (i.e., more than one N 0 2 per peroxy radical). Th is method has also 
been used for laboratory studies of H 0 2 reactions on aqueous aerosols (21). 
T h e fo l lowing chemical scheme was proposed as the basis of the instrument : 

H 0 2 + N O > H O + N 0 2 (23) 

H O + C O > H + C 0 2 (1) 

This chain reaction converts N O and C O to N 0 2 and C 0 2 at a rate 
proport ional to the sum of the H 0 2 and H O concentrations. T h e technique 
also measures certain organic peroxy radicals, because they are converted 
to H 0 2 after a few steps. Peroxy radicals are converted to H 0 2 according to 
the fo l lowing reactions for pr imary peroxy radicals: 

R C H 2 0 2 + N O > R C H 2 0 + N 0 2 (30) 

R C H 2 0 + 0 2 > R C H O + H 0 2 (31) 
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11 . C A N T R E L L E T A L . Measurement Methods for Peroxy Radicals 3 1 1 

and for secondary peroxy radicals: 

R R ' C H 0 2 + N O > R R ' C H O + N 0 2 (32) 

R R ' C H O + 0 2 > R R ' C O + H 0 2 (33) 

Tert iary peroxy radicals have no alpha hydrogen that can be abstracted by 
0 2 i n the second step. However , a unimolecular decomposit ion of the alkoxy 
radical results i n the formation of a peroxy radical , w h i c h can be measured. 

R R ' R " C 0 2 + N O • R R ' R " C O + N 0 2 (34) 

R R ' R " C O > R + R ' R " C O (35) 

R + 0 2 R 0 2 (3) 

A r y l peroxy radicals may not He as effectively converted because the 
analogous unimolecular decomposit ion reaction may not occur. A c y l peroxy 
radicals are converted to H 0 2 i n a s imilar fashion, shown for acetylperoxy 
radicals: 

C H 3 C ( 0 ) 0 2 + N O > C H 3 C ( 0 ) 0 + N 0 2 (36) 

C H 3 C ( 0 ) 0 > C H 3 + C 0 2 (37) 

C H 3 + 0 2 C H 3 0 2 (38) 

The m e t h y l peroxy radical that is formed converts to H 0 2 i n the sequence 
for pr imary peroxy radicals shown i n equations 30 and 31. T h e chain reaction 
is subject to terminat ion steps that inc lude the fol lowing: 

O H + N O H O N O (39) 

H 0 2 + wa l l » nonradical products (40) 

H 0 2 + H 0 2 > H 2 0 2 + 0 2 (20) 

H 0 2 + N 0 2 H 0 2 N 0 2 (41) 

F o r most conditions employed i n the current instrument , the chain is ter ­
minated by reactions 39 and 40, although reaction 41 can be important for 
certain circumstances. F o r o p t i m u m conditions of about 3 p p m by vo lume 
N O , 10% v / v C O , and 5 s of reaction t ime , chain lengths (amplification 
factors) of 500 to 1000 are possible (118-122). 

T h e measurement of N 0 2 (typically ppb by vo lume levels) i n the pres ­
ence of large N O and C O concentrations is the greatest analytical challenge 
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i n the use of this technique. E a r l y attempts invo lved the use of optoacoustic 
spectroscopy i n w h i c h a chopped 488-nm argon ion laser beam induces a 
pressure pulse proport ional i n strength to the N 0 2 concentration (see ref­
erences 123-125). H o w e v e r , this approach was not sensitive enough for 
tropospheric peroxy radical measurements. T h e measurements reported i n 
the l i terature are a l l based on the measurement of N 0 2 w i t h l u m i n o l c h e m i ­
luminescence (126, 127). A l though the presence of N O and C O does affect 
the strength of the chemiluminescent signal, N 0 2 cal ibration can be per ­
formed i n the ir presence. T h e l u m i n o l instrument uses an aqueous, p H 12.5, 
0.01 M N a 2 S 0 3 , 1.0 Χ 10~4 M l u m i n o l solution that is f lowed over a disk of 
f i lter paper, and the emission from the excited 3-aminophthalate molecules 
produced i n the reaction is v i ewed through a glass w i n d o w by an end-on 
photomult ip l i er tube. L u m i n o l can be oxidized by molecules other than 
N 0 2 , i n c l u d i n g 0 3 , P A N (peroxyacetyl nitrate) (127, 128), and H 2 0 2 (129). 
These interferences are not a prob lem i n the measurement of peroxy radicals 
because of the modulat ion approach, w h i c h is descr ibed i n the fo l lowing 
discussion. 

O t h e r molecules i n the atmosphere oxidize N O to N 0 2 aside from peroxy 
radicals, ozone be ing the most abundant. Therefore, a large background is 
present from the N 0 2 produced because of the N O - o z o n e reaction as w e l l 
as from ambient N 0 2 . Th is background must be per iodical ly measured to 
ensure accurate determinat ion of the peroxy radical signal. Typica l ly , one-
t h i r d to one-half of the t ime N 2 is substituted for C O , and a l l those species 
that do not participate i n the chain reaction are measured. Thus , the peroxy 
radical measurement is the difference between this background and the 
signal w i t h C O present. 

A schematic diagram of the chemical ampli f ier system is shown i n F i g u r e 
11. Typica l raw signals are shown i n F i g u r e 12. A m b i e n t N 0 2 modulat ion 
data from the 1988 Scotia Range f ield study (a rura l site near Scotia, P e n n ­
sylvania) (130) are shown i n F i g u r e 13. Abso lute radical cal ibration is an area 
of research that w i l l he lp b r i n g the chemica l ampli f ier technique to fruit ion. 
T h e reports i n the l iterature have used the second-order decay of H 0 2 

(reaction 16) i n the laboratory to determine the peroxy radical sensit ivity 
(119-122). A ful l - f ie ld cal ibration procedure current ly under investigation 
uti l izes a t itration procedure to determine the radical concentration i n a 
synthetic radical source. Detec t ion l imits for a 1-min averaging t ime w i t h a 
stable background signal are of the order of 1 Χ 10 8 molecules / c m 3 w i t h 
the current system. 

Missing Oxidant from Photostationary State Measurements. As was 
discussed i n the introduct ion , the photolysis of N 0 2 , the reaction of N O 
w i t h 0 3 , and the combination of Ο atoms w i t h 0 2 form the photostationary 
state system. If differential rate equations are wr i t t en and solved assuming 
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N0 2 Source 

waste m :Air 

= Air 

Luminol 

Luminol D.l.hLO 

H 2 0 2 Source 

Inlet 

Scrubber 
Coil 

Liquid 
Pump 

H—h 

NO=j 

waste 

CO N 2 

Luminol N 0 2 Detector 

PC 

b= waste 

Figure 11. Schematic diagram of chemical amplifier system of Cantrell et al. 
(130). 

a steady-state concentration for either N O or N 0 2 , a relation is derived that 
relates the concentrations of N O , N 0 2 , 0 3 , and two kinetic parameters, 
namely j N o 2 and ku: 

J N O , [ N 0 2 ] 

U N O ] 
= [o 3] (42) 

W h e n atmospheric measurements are per formed for [ N O ] , [ N 0 2 ] , [ 0 3 ] , 
j N o 2 , and temperature (to determine fc17), the ratio on the left o f equation 42 
is typical ly larger than the ozone concentration. I n other words , the [ N 0 2 ] / 
[ N O ] ratio is larger than w o u l d be expected on the basis of the other values 
i n the equation. Th i s finding can be interpreted i n terms of reaction 16a, 
w h i c h is the oxidation of N O to N 0 2 by a peroxy radical . I f reaction 16a is 
inc luded i n the photostationary state system, the five measurements m e n ­
t ioned y i e l d an estimate of the total peroxy radical concentration (weighted 
inversely by the rate coefficient for the reaction w i t h N O ) . 

*16a V M N O J 
(43) 
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Figure 12. Sample modulation data of chemical amplifier of Cantrell et al. 
(130), showing stability over a 1-h time period (top) and the time dependence 

on a shorter time scale (3 min). 
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200 
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Figure 13. Six days ofN02 modulation data from the chemical amplifier system 
from the Scotia Range, Pennsylvania, study, summer 1988 (130). 

T h e te rm i n large brackets yields the so-called "miss ing oxidant" i n units of 
ozone concentration, and the rate constant ratio (kl7/km3) converts to units 
of peroxy radical concentration. N e a r room temperature, kl7/km is about 
1/500 for H 0 2 and C H 3 0 2 , a fact indicat ing the m u c h greater efficiency of 
peroxy radicals i n ox id iz ing N O , per uni t concentration, as compared to 0 3 . 
Because the calculation may involve a relatively small difference between 
two larger values (equation 43), h ighly precise and accurate concentration 
and photolytic rate data are requ ired . Several photostationary state mea­
surements have been reported (131-133). As an example, miss ing oxidant 
concentrations calculated by using data from the Scotia Range f ie ld study of 
1988 (J30) are shown i n F i g u r e 14. T h e y can be compared w i t h R 0 2 mea ­
surements made by us ing the chemica l ampli f ier (discussed i n a preced ing 
section) d u r i n g the same t ime per i od (Figure 15). W i t h i n the scatter of the 
measurements, the agreement is good. This result demonstrates that the 
value of peroxy radical measurements is enhanced by comparison w i t h other 
pert inent species, although clearly the missing oxidant method for the de ­
terminat ion of peroxy radical concentrations is rather indirect and only usable 
i n daylight hours. T h e detection l i m i t for this method depends on a variety 
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Figure 14. Six days of missing oxidant calculations from measurements at the 
Scotia Range, Pennsylvania, study, summer 1988 (130). 

150 

50 100 
"Missing" oxidant 
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Figure 15. Comparison of radical signals (see Figure 13) and missing oxidant 
values from the Scotia Range, Pennsylvania, study, summer 1988 (130). 
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of factors, in c lud ing the stability of the photolysis rate and species concen­
trations, but an estimated detection l i m i t of 2 Χ 10 8 m o l e c u l e s / c m 3 is rea­
sonable. 

Summary 

Several potential peroxy radical measurement techniques exist i n the realm 
of atmospheric chemistry studies, although most have been used only i n the 
laboratory. T h e techniques are summarized i n Table I. Possibly, some lab­
oratory methods could be appl ied to atmospheric measurements. T h e da ­
tabase for ambient peroxy radical concentrations i n the troposphere and 
stratosphere is meager. M u c h of the available stratospheric data y i e l d con­
centrations of H 0 2 h igher than those calculated w i t h computer models. T h e 
reasons for this systematic difference are not known. I n the troposphere, 
more measurements are cal led for i n conjunction w i t h other related species 
such as ozone, NO^, NOy, j N 0 2 , and jo 3« It w i l l also be appropriate to develop 
mul t ip l e methods, and, w h e n they have reached maturity , to per form i n ­
tercomparison studies. 
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Tropospheric Hydroxyl Radical 

A Challenging Analyte 

Robert J. O 'Brien and Thomas M. H a r d 

Chemistry Department and Environmental Sciences Program, Portland State 
University, Portland, O R 97207 

The methods for the direct measurement of tropospheric hydroxyl 
radical, HO, are reviewed, and the technical hurdles that remain to 
be surmounted are discussed in the light of theoretical and experi­
mental results. Sensitivities, advantages, and disadvantages of several 
HO methods are compared, and a way to compare many of the existing 
HO methods experimentally is presented. 

TROPOSPHERIC HYDROXYL RADICAL IS FORMED i n sunlight and reacts rap­
id ly w i t h a variety of trace atmospheric constituents, usually convert ing t h e m 
from water- insoluble to water-soluble forms. (Hydroxy l radical , here t e r m e d 
H O , is w i d e l y cal led O H i n the atmospheric science communi ty . W e prefer 
the I U P A C name H O because it is consistent w i t h other hydrogen oxides, 
H 2 0 , H 2 0 2 , and H 0 2 , and because it better distinguishes H O from O H " , a 
species often confused w i t h H O by nonatmospheric scientists.) H y d r o x y l 
greatly assists wet deposit ion or precipitation-scavenging of natural and a n ­
thropogenic atmospheric species. A l t h o u g h dayt ime H O concentrations are 
m u c h higher than nightt ime levels (J), even the dayt ime tropospheric H O 
concentrations are l ow (e.g., a sea leve l n u m b e r density between 10 5 and 
10 7 molecules per cubic cent imeter or a mole fraction of 4 X 10~ 1 5 to 4 X 
10~1 3). This l ow concentration is partly a result of the h igh chemica l reactivity 
of H O . D e p e n d i n g on the atmospheric n i tr i c oxide (NO) concentration, H O 
is often regenerated i n chain sequences such as this : 

C O + ΗΟ· > C 0 2 + Η· (1) 

Η· + 0 2 > Η 0 2 · (2) 

0065-2393/93/0232-0323$13.25/0 
© 1993 American Chemical Society 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

99
3 

| d
oi

: 1
0.

10
21

/b
a-

19
93

-0
23

2.
ch

01
2

In Measurement Challenges in Atmospheric Chemistry; Newman, L.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1993. 



324 M E A S U R E M E N T C H A L L E N G E S I N A T M O S P H E R I C C H E M I S T R Y 

Η0 2 · + N O * Ν0 2 · + H O 

Ν0 2 · + hv * N O + Ο 

Ο + 0 2 0 3 

(3) 

(4) 

(5) 

I f the N O concentration is appreciable, the efficiency of trace gas oxidation 
(free radical chain length) is h i g h for this species. I n remote air masses, very 
l ow N O concentrations l i m i t recyc l ing of H O , and the H O oxidation rate 
approaches the p r i m e H O generation rate, for instance b y these reactions: 

I n the global troposphere, the role of H O has been to mainta in the l o w and 
relat ively constant trace gas composit ion that apparently has persisted for at 
least 10,000 years (2). M o r e recently, however , measured increases i n tro ­
pospheric methane (3-9) have l e d to concern about humanity 's possible 
influence on the natural abundance of H O (JO). 

I n remote regions of the troposphere, nonmethane hydrocarbons and 
oxides of nitrogen are quite l ow i n concentration i n large measure because 
of H O - c a t a l y z e d removal of these species d u r i n g the process of long-range 
transport from more po l luted regions. In po l luted atmospheric regions rang­
i n g from continental to urban , these same natural c leansing processes gen­
erate concentrations of intermediate products that col lect ively have been 
cal led photochemical smog. These products inc lude ozone, peroxyacetyl 
nitrate ( P A N ) , H 2 0 2 , and other oxidants; aldehydes and ketones; sulfuric , 
n i t r i c , and organic acids; and free radicals i n addit ion to H O (11-14). T h u s , 
hydroxy l radical plays a key role i n chemica l models for e i ther the remote 
or the po l lu ted troposphere, and accurate assessment of the reactions that 
control its concentration is a prerequis i te for credib le m o d e l i n g of atmo­
spheric processes. 

A l t h o u g h H O was already k n o w n as an agent active i n combust ion , the 
1960s brought the realization of H O ' s tropospheric react ivity . L e i g h t o n (14) 
speculated about the "nature and indeed the reality of [the] apparent excess 
rate of olefin [alkene] consumpt ion" i n photochemical smog studies. Th i s 
excess rate was soon ident i f ied w i t h the presence of hydroxy l radical i n 
addit ion to the recognized reactive species ozone and oxygen atoms. I n fact, 
a current estimation (15) o f the relative rates of removal o f several classes 
of hydrocarbons b y 0 3 , H O , and N 0 3 (Table I) indicates that (except for 
certain alkenes) H O dominates the daytime removal of most hydrocarbons. 
(Although very reactive, Ο atoms are rapid ly scavenged b y 0 2 to generate 

Interest i n tropospheric H O concentrations has been h i g h since at least 
the late 1960s, w h e n Weinstock (16) suggested that tropospheric C O might 

0 3 4- hv —> 0 2 (^Ag) + Ο (alD); \ < 320 n m 

Ο (XD) + H 2 0 > 2ΗΟ· 

(6) 

(7) 

0 3 . ) 
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be removed by reaction w i t h H O . Reactions 1 through 5 provide a succinct 
i l lustration of H O catalysis. T h e result of such a cycle is to split molecular 
oxygen; H O is conserved. T h e net of reactions 1 -5 is 

C O + 2 0 2 + hv > C 0 2 + 0 3 · (8) 

I n remote tropospheric air , where N O concentrations can be qui te l ow (17), 
the H O + C O oxidation mechanism can follow other pathways, leading to 
net ozone destruction rather than formation (18, 19). Reactions 1 through 5 
typify the more complex catalytic reactivity of H O w i t h hydrocarbons, w h i c h 
produce a complex array of oxidation products wh i l e generating ozone pho -
tochemical ly (11-13). 

Interest i n actually measuring the concentration of tropospheric H O 
fol lowed Weinstoek's (16) 1969 discussion of the role of H O i n contro l l ing 
tropospheric C O and Levy ' s (20-22) descript ion of the product ion of H O 
throughout the troposphere i n reactions 6 and 7. Th is mechanism is be l i eved 
to dominate H O product ion i n the least po l lu ted air and remains a significant 
source i n po l lu ted air where a n u m b e r of other sources also exist. 

T h e importance of H O as a theoretically interest ing small free radical 
and as an important catalyst i n combustion and i n atmospheric chemistry 
has l e d to measurements of rate constants for its reaction w i t h a w ide array 
of other gases. These measurements have achieved, over the last several 
decades, a h igh degree of sophistication and accuracy, and they are regularly 
rev iewed and evaluated (13, 23). 

T h e role of H O as the "sole reactant" for many tropospheric trace gases 
has a l lowed the measurement, under s imulated atmospheric condit ions, of 
the relative reaction rate constants of H O w i t h a host of hydrocarbons, other 
organic compounds (24), and other trace gases, i n c l u d i n g N 0 2 (25). These 
rate constants are i n good agreement w i t h those measured by the more 
direct techniques, and they corroborate the concept of H O control of ho ­
mogeneous dayt ime tropospheric chemistry . This evidence for H O control 
of trace gas l i fetimes can form the basis for indirect measurement of ambient 
H O concentrations and can serve as a means of cal ibrat ing H O measurement 
devices (discussed later i n the chapter). Condensed-phase atmospheric ox­
idations (in aerosols, fogs, and clouds) that convert S 0 2 (aq) to S O / " (aq), 
although not d irect ly inf luenced by H O , may be ind irec t ly coup led to i t , 
because gaseous H O may determine the concentration of oxidants such as 
ozone or hydrogen peroxide, w h i c h have significant aqueous so lubi l i ty . A l ­
though H O reacts rapid ly at many surfaces and may be thereby removed , 
it may also be absorbed or emit ted from atmospheric aerosols and droplets. 
Z e l l n e r et a l . (26) have measured aqueous H O generation rates from solutions 
of nitrate, n i t r i te , and hydrogen peroxide. O n the basis of the ir measure­
ments they suggested that i n situ H O generation rates w i t h i n aerosols may 
be comparable to H O deposit ion rates. T h u s , even the d irect ion of the H O 
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flux at aerosol surfaces may be in doubt. T h e h igh heterogeneous and ho ­
mogeneous reactivity of H O has important ramifications for H O measure­
ments i n sampled ambient air , for relative-rate measurement of H O rate 
constants under s imulated atmospheric conditions, for indirect measurement 
of ambient H O concentrations, for chemica l removal of H O from sampled 
air d u r i n g H O background signal measurements, and for the cal ibration of 
ambient measurement instruments. 

HO Chemical Lifetime: Implications for Measurement 
Aside from those species that react w i t h atmospheric oxygen, n i trogen, or 
water vapor (e.g., Η, Ο ( 3P), Ο (*D), or organic radicals), hydroxy l radical 
is apparently the atmosphere's most reactive species, and its short chemica l 
l i fet ime has various implications for measurement strategies. I n rough terms, 
a single H O radical survives for about 1 s i n the cleanest regions of the 
troposphere but only about 1 ms i n the most po l lu ted regions. These l i fetimes 
are inversely proport ional to the concentrations and H O reactivities of those 
species w i t h w h i c h H O reacts. In remote marine air [nonmethane h y d r o ­
carbon concentrations less than 25 parts per b i l l i on by vo lume (ppbv)] (27), 
C O is the dominant reactant w i t h H O and methane is second, whereas i n 
po l luted air an immense array of anthropogenic and biogenic hydrocarbons 
dominate H O removal . T h e l i fet ime of an i n d i v i d u a l H O radical should be 
dist inguished from the decay of H O concentration w h e n the photolyt ic pro ­
duct ion terms (e.g., reactions 6 and 7) are reduced—for instance, w h e n a 
c loud passes i n front of the s u n — o r stopped—as at sunset or w h e n air enters 
a dark sampling system. T h e chemical l i fet ime of an i n d i v i d u a l H O molecule 
is g iven by (Xik^Tj)" 1 , where [T {] indicates the concentration of an atmo­
spheric trace gas that reacts w i t h H O and k{ is the rate constant. I n contrast 
to this short l i fet ime, the concentration response t ime , characteriz ing the 
decl ine of H O concentration w h e n darkness is imposed , depends upon the 
reactivity of the ind iv idua l H O entity, the regeneration of H O by chain 
processes, and the collapse of labi le H O reservoirs, w h i c h i n general store 
a m u c h larger concentration of H O than is present i n the free radical state. 
S imi lar considerations apply to the increase i n H O concentration w h e n i r -
radiance is increased. 

In contrast w i t h the typical 1-s l i fetime of H O in the cleanest tropo­
spheric air , a significant fraction of the reacting H O can be regenerated v ia 
reactions 2 and 3, so the observed decay of H O concentration is pro longed. 
T h e importance of the regeneration process depends on the relative con­
centrations of the various H O radical sinks. O n e predominant radical sink 
is N 0 2 , w h i c h stoichiometrical ly converts H O to the stable nonradical species 
H N 0 3 as follows: 

ΗΟ· + Ν 0 2 · > Η Ν 0 3 (9) 
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Important H O reservoirs are H 0 2 , H N 0 4 , P A N , and others. I n clean 
air, the concentration of H 0 2 is about 100 times that of H O (1), and H 0 2 

continues to generate H O i n darkness by reaction 3 and other steps. L a b i l e 
nonradical reservoirs dissociate to produce H O i n several steps. F o r instance, 

H N 0 4 > Η 0 2 · + Ν 0 2 · (10) 

and this reaction can then be fol lowed by reaction 3 to produce H O . 
Short H O radical l i fetimes i n the dark prevent the col lect ion of ambient 

air samples for later analysis, except perhaps for the case of filter col lect ion 
techniques that use a spin-trapping reagent (28). F u r t h e r m o r e , rap id reac­
t iv i ty of H O w i t h surfaces mandates careful attention to the sampl ing train 
used to move ambient air into a more amenable analysis environment . 

Two goals can be envis ioned w h e n ambient H O measurements are con­
templated, both related to the reciprocal control that H O maintains upon 
other trace gases and that they, i n t u r n , maintain upon the H O concentration. 
This dichotomy arises because H O comes into rap id e q u i l i b r i u m w i t h its 
chemical surroundings and at the same t ime alters this chemica l env ironment 
on a m u c h longer t ime scale ranging from hours to years. Thus H O e q u i l ­
ibrates w i t h C O and C H 4 i n the cleanest tropospheric air i n a matter of 
seconds but continues to remove C O and C H 4 , w h i c h have chemica l l i fetimes 
of about 2 months and 7 years, respectively. I n po l lu ted air H O bears the 
same relationship w i t h a mult i tude of hydrocarbons, N O , and N 0 2 , w h i c h 
have chemical l ifetimes that range from less than 1 hour for the most reactive 
w i t h H O to the 7-year l i fet ime of methane, the least reactive hydrocarbon. 
T h e simplest goal i n H O determinations is to obtain H O concentrations that 
are broadly representative of the air mass be ing sampled. E v e n i n the remote 
troposphere, removed from local emission sources, [ H O ] may vary signif i ­
cantly i f there are fluctuations i n its contro l l ing chemical species ( C O , 0 3 , 
H 2 0 , N 0 2 , N O , and so forth) because of vert ical convection. I f the more 
abundant trace gases have relatively constant concentrations, for instance i n 
the mixed layer, H O w o u l d be expected to have a stable concentration over 
large regions of the atmosphere. In po l luted regions, the prox imity of sources 
and surface sinks results i n m u c h greater variabi l i ty i n these contro l l ing 
chemical entities; this variabi l i ty is expected to result i n larger var iabi l i ty i n 
H O concentrations, so more care must be used i n def ining a "representat ive" 
H O concentration. Nevertheless , it is useful to have measured values of 
[ H O ] representative of the "mid lat i tude free troposphere" , the "remote 
continental mixed layer" , the layer "be low the invers ion height i n downtown 
Los Ange les " , or elsewhere. 

A second goal i n H O measurements is more specifically or iented toward 
compar ing the predictions of chemical models w i t h measured H O concen­
trations. N o w , the concentrations of a l l relevant chemica l species, l ight 
fluxes, and so forth must be concurrent ly measured. T h e rap id equi l ibrat ion 
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of H O i n photostationary e q u i l i b r i u m w i t h its surroundings facilitates such 
comparisons. Thus , i f the proximity of the ground or another surface has 
altered the atmospheric albedo or the total chemica l composit ion of an air 
sample so that it is not representative of any particular air mass, meaningful 
mode l comparisons can st i l l be made as long as anci l lary measurements are 
made of the relevant chemical entities w i t h w h i c h H O has equi l ibrated . A n 
atmospheric chemical mode l may then be tested for its abi l i ty to correct ly 
predict H O concentrations from an input of the relevant atmospheric con­
ditions (light fluxes and dominant trace gas species concentrations). 

A key element i n measuring such a low-concentration, short - l ived , 
chemical species is the averaging t ime requ i red to obtain acceptable s ignal-
to-noise ratios. T h e ult imate desire is to achieve sampl ing t imes shorter than 
the H O concentration response t ime itself. Such sensitivity w o u l d al low 
fol lowing short-term fluctuations i n H O brought about b y natural ly occurr ing 
or del iberately introduced perturbations. Except for the complexity of at­
mospheric composit ion, these experiments w o u l d be the open-atmosphere 
equivalent of relaxation kinetics w ide ly employed i n the laboratory b y c h e m ­
ical kinetics scientists. I n the laboratory, a s imple chemica l composit ion 
allows unambiguous correlation of reaction rates w i t h rate constants. I n the 
open atmosphere, the more difficult goal is to relate measured H O fluctua­
tions w i t h the entire suite of trace gases w i t h w h i c h H O may react or from 
w h i c h i t could be formed. Sufficient sensitivity has yet to be achieved i n 
ambient H O measurements because the continuous measurements have 
required long averaging times and the point measurements have not be 
made w i t h sufficiently h igh frequency. 

Tropospheric HO: A Challenging Analyte 

Al though the focus of this chapter is tropospheric H O measurements, i t is 
worthwhi le to ment ion techniques that have proven useful i n the laboratory 
or i n other regions of the atmosphere. As a smal l molecule i n the gas phase, 
H O has a much-studied and wel l -understood discrete absorption spectrum 
i n the near U V (29), shown i n F i g u r e 1, that lends itsel f to a variety of 
absorption and fluorescence techniques. T h e total atmospheric H O c o l u m n 
density has been measured (30-32) from absorption of solar U V radiat ion, 
observed w i t h a high-resolution scanning F a b r y - P e r o t spectrometer. L o n g -
path measurements of stratospheric H O from its thermal emission spectra 
i n the far infrared have been reported (33-35). L o n g absorption paths i n the 
atmospheric boundary layer have been used for H O detection from its U V 
absorption (36-42). 

Fluorescence measurements of H O have been a c o m m o n feature of 
laboratory kinetics studies of the reaction-rate coefficients of H O w i t h various 
molecules and of studies of this free radical i n combust ion systems (24). I n 
fact, although direct tropospheric fluorescence H O measurements were first 
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Figure 1. Portions of the UV excitation spectra of HO ( N " = 1 to 6) at 300 K; 
line positions are from Dieke and Crosswhite (29)y and Einstein Β coefficients 
are from Chidsey and Crosley (47). (Top) 1 <— 0 band near 282 nm; (bottom) 

0 <— 0 band near 308 nm. 

proposed by Baardsen and Terhune (43), H O had already been de te r mined 
i n the mésosphère by fluorescence that was excited b y solar U V radiation 
(44). A s w i t h the upper atmosphere concentration measurements, most lab­
oratory studies of H O kinetics that use fluorescence have been carr ied out 
at l ow pressure, where the h igher fluorescence y i e l d for a g iven absolute 
concentration allows better detection sensitivity. 
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Atmospher i c chemical models provide essential information about ex­
pected concentrations of H O as a target analyte. Typ i ca l predict ions are 
shown i n F i g u r e 2, w h i c h gives a calculated vert ical profi le (45) and a d iurna l 
concentration cycle (1). F o r an atmospheric trace gas, bo th the absolute and 
relative concentrations are of interest. Absorpt ion techniques prov ide a mea­
surement of the n u m b e r of absorbing molecules w i t h i n the propagation path 
of the probe l ight beam (i.e., of absolute concentration). F luorescence mea­
surements of excited states produced by an excit ing l ight source, on the 
other hand , are l inear i n the analyte mole fraction w h e n the total air pressure 
is above the analyte's quenching hal f pressure (discussed later i n the chapter). 
T h e dichotomy between absorption and fluorescence is i l lustrated b y the 
fo l lowing s impl i f ied absorption mechanism for H O near 308 n m v ia the 
transit ion Α 2 Σ (ν' = 0) « - Χ 2 Π (ν" = 0): 

Absorpt ion H O + hv H O * (11) 

Fluorescence H O * — U H O + hv (12) 

Q u e n c h i n g H O * + M — H O + M (13) 

H e r e M denotes any other molecule w i t h w h i c h H O may col l ide . I f saturation 
is absent, the U V absorption rate is g iven by σ / 0 ( η / η 0 ) [ Η Ο ] , where σ is the 
absorption cross section, i 0 is the inc ident U V flux, and n / n 0 represents the 
fractional populat ion of H O i n the absorbing state. F o r H O , this state is 
descr ibed b y appropriate lambda coupl ing between rotational and spin states 
(29, 46-48). 

I n absorption, the path length L determines the magnitude of l ight 
attenuation from i 0 to i , and [ H O ] is g iven b y the B e e r - L a m b e r t law as 

[ H O ] - -γτψ-) <"> 
It is essential to correctly evaluate the absorption cross-section σ relative to 
the laser l ine profi le, the spectral resolution of the l ight col lect ion optics, 
and the natural H O l ine w i d t h as inf luenced by D o p p l e r , Voigt , or col l is ional 
broadening. T h e pr inc iples governing absorption measurements of H O over 
a distance through the atmosphere are discussed by H u b l e r et a l . (38). 

I n order to obtain sufficient attenuation by ambient H O , absorption path 
lengths of 1 to 20 k m have been used, and three groups of researchers have 
made such measurements. A l l of the early measurements and many of the 
current ones have used a single retroreflector, w h i c h allows the laser beam 
to retrace its base path. These measurements determine a path- length-av­
eraged H O concentration. This averaging may be a disadvantage w h e n the 
result is to be compared w i t h model-calculated H O concentrations. A l t h o u g h 
early attempts to measure H O w i t h a folded-path absorption ce l l were not 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

99
3 

| d
oi

: 1
0.

10
21

/b
a-

19
93

-0
23

2.
ch

01
2

In Measurement Challenges in Atmospheric Chemistry; Newman, L.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1993. 



3 3 2 M E A S U R E M E N T C H A L L E N G E S I N A T M O S P H E R I C C H E M I S T R Y 
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Figure 2. Atmospheric distributions of HO. A , vertical distribution. (Repro­
duced with permission from reference 45. Copyright 1978.) B , diurnal cycle 
at 45°N and 0-km altitude. (Reproduced with permission from reference 1. 

Copyright 1981.) 
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very successful (49, 50), more recent measurements (51-54) i n such a ce l l 
have successfully used a base path length of 6 m and a total path of 1.2 k m 
w i t h a rapidly scanned, narrow-band, f requency-doubled dye laser. A b s o r p ­
tion has the advantage of not r equ i r ing instrumental cal ibration so long as 
the proper laser or H O absorption l ine profiles are k n o w n or measured. 
Absorpt ion measurements are also less prone to some types o f interferences 
(discussed later i n the chapter). T h e pr imary diff iculty lies i n deconvolut ing 
the H O spectral feature from other atmospheric U V absorbers (e.g., S 0 2 or 
C H 2 0 ) , most of w h i c h are present at optical densities comparable to, or 
greater than, that of H O . This deconvolution is difficult even for the k n o w n 
absorbers w i t h k n o w n l ine shapes—because the l ow tropospheric concen­
tration of H O results i n optical densities of ~ 1 0 " 4 over a several -ki lometer 
path l e n g t h — w h e n the measurements are taken i n the presence of atmo­
spheric turbulence and haze. In addit ion to k n o w n absorption features of 
other atmospheric constituents in this region, the presence of unident i f ied 
absorbers at any H O spectral feature makes the prob lem even more difficult 
and necessitates the use of at least two H O lines as confirmation that H O 
is responsible for l ight absorption (discussed later i n the chapter). 

A l though generally be l ieved to be more sensitive than absorption mea­
surements, fluorescence measurements are compl icated by molecular pro ­
cesses subsequent to reaction 11. S t i l l , coupl ing of a fluorescence signal of 
known spectral and temporal characteristics w i t h the k n o w n absorption pro ­
file can al low a greater degree of specificity for H O than possible i n absorption 
measurements. H o w e v e r , the n u m b e r of operative parameters makes an a 
p r i o r i calculation of H O from measured signals m u c h more difficult than 
w i t h absorption measurements. Fluorescence (reaction 12) and quench ing 
(reaction 13) combine to produce an effective fluorescence y i e l d given by 

Yf(o^o) = k{/(h + SMMli) (15) 

where the index i indicates the sum must be taken over a l l atmospheric 
species that quench the excited-state fluorescence. In air , these are p r i n ­
c ipal ly N 2 , 0 2 , and H 2 0 , the latter present at vary ing m i x i n g ratios. In 
addit ion, geometric and other parameters associated w i t h an absolute i n ­
tensity measurement must be accurately measured, or the system must be 
calibrated in a procedure that removes some or a l l of these parameters from 
ind iv idua l determinat ion. E v e n w i t h fu l l cal ibration at k n o w n H O concen­
trations, significant variation of atmospheric pressure and water vapor con­
tent mandates a knowledge of the quenching rate coefficients kqi for the most 
accurate interpretation of fluorescence signals. E q u a t i o n 15 is appropriate 
for the 0 <— 0 excitation and fluorescence now employed by most research 
groups for tropospheric measurements. 

The early tropospheric H O measurements from fluorescence were made 
from red-shifted fluorescence generated by excit ing the 1 « - 0 transit ion 
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near 282 n m and observing 0 <— 0 fluorescence near 309 n m . A d d i t i o n a l 
molecular processes associated w i t h the compet i t ion between electronic 
quenching (kql) of the v ' = 1 excited state and v ibrat ional relaxation (kv) to 
v ' = 0 should be characterized for the most accurate measurements. T h e 
fluorescence y i e l d for vary ing total pressure and water vapor concentration 
can be calculated w i t h k n o w n H O quench ing or v ibrat ional relaxation pa ­
rameters by us ing the two- and three- level fluorescence y i e l d expressions 
g iven by equations 15 and 16. 

I n addit ion to be ing de termined from the spectroscopic techniques of 
absorption and fluorescence, H O concentrations have been inferred from 
the measured rate of reaction of a species w i t h w h i c h H O is (presumably) 
the sole reactant. This measurement was first carr ied out i n smog chambers 
i n the evaluation of relative H O rate constants (55-57). These measurements 
have been adequately quanti f ied and corroborated [see the reviews by A t ­
k inson et a l . (13, 24)]. Such measurements have served as methods of i n ­
ferr ing ambient H O i n a variety of approaches, and we bel ieve they can 
serve as a very useful method of corroborating or cal ibrat ing more direct 
H O techniques. This method has been used i n the open atmosphere as a 
technique for measuring local ambient H O concentrations (58, 59). Related 
methods were used to obtain global tropospheric H O concentrations by 
evaluating the budgets of halocarbons (60-63), hydrocarbons (62, 64), S F 6 

(62), or 1 4 C O (65). I f changes i n a more abundant species concentration are 
solely due to H O reaction, then chemical kinetics provides a s imple re la ­
t ionship for the H O concentration: 

[HO, . f f ,17, 

where [T] is the concentration of the H O tracer. [The status of hydrocarbon 
and H O rate constants k is frequently rev iewed (13, 23 , 24)]. E q u a t i o n 17 
may be solved i n a variety of ways, depending upon the appropriate exper­
imenta l circumstances. I n the s imple situation i n w h i c h a chemica l reactant 
Τ has no local sources and transport is not significant, [ H O ] may be obtained 
from the slope of a semilogarithmic plot of [T] versus t ime. 

T h e method of der iv ing effective ambient H O concentrations from mea­
sured hydrocarbon distributions or from changes i n such distr ibutions has 
been appl ied both to the global troposphere and to regional air masses as 
ment ioned earl ier i n the chapter. T h e calculation from hydrocarbon d i s t r i ­
butions requires knowledge of source terms for an H O chemical tracer (meth-
ylchloroform has been a popular tracer) and produces an "average" concen­
tration, we ighted over the appropriate pressure, temperature , and 
concentration regimes of the tropospheric regions invo lved . Such measure-
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merits have been used to estimate transport (of tracers) between the two 
hemispheres (60-62) and on finer gr id scales as w e l l (63). 

F o r chemical tracer H O measurements i n more l i m i t e d regions, the 
goal has been to avoid considerations of transport and sources by looking at 
relative distributions of hydrocarbons of vary ing H O reactivity or at changes 
i n concentration w i t h t ime (e.g., reference 58). Such measurements have 
had l i m i t e d success, but the reasons for their failure have been treated i n 
detai l (66) and need not be due to compet i t ion by reactions of the reacting 
tracer w i t h species other than H O but have been attr ibuted to previously 
unrecognized coupl ing between chemistry and transport. H i g h l y reactive 
tracers y i e l d excess concentration gradients that accelerate diffusion and 
result i n underest imation of [ H O ] . M c K e e n et a l . (66) found only two cases 
that can avoid chemistry - transport coupl ing errors. T h e least restrict ive case 
is pu lsed release of inert and reactive tracers that have no extraneous sources 
or sinks (other than H O reaction for the reactive tracer) between release 
and detect ion points. Th is approach has been proposed by P r i n n (67), but 
apparently not yet performed for tropospheric H O . T h e other rel iable case 
is continuous tracer release w i t h d o w n w i n d detect ion, w i t h the restrictions 
that the reactive tracer concentration must have reached its steady-state 
concentration at the detection point and that the product of the transport 
t ime and f irst-order chemical loss rate of the reactive species must be less 
than 1. 

T h e uniqueness of H O - t r a c e r reactivity has l e d several groups to infer 
local ambient H O concentrations by measuring the product ion of a char­
acteristic H O - t r a c e r reaction product , as discussed later i n the chapter. T h e 
development of H O determinat ion techniques has been supported i n the 
U n i t e d States by the Nat ional Science Foundat ion and the Nat iona l A e r o ­
nautics and Space Admin is t ra t i on ( N A S A ) . Jo int ly , these agencies have pe ­
r iodical ly sponsored workshops to discuss the current status of technique 
development. These conferences have resulted i n assessment documents on 
a regular basis (68-70). 

Tropospheric HO Measurement Approaches 

A m b i e n t H O measurements have employed both chemica l tracer and direct 
spectroscopic approaches, the latter inc lud ing both fluorescence and ab-
sorbance. T h e history of ambient H O measurements has been one of uneven 
success, as might have been expected from the attempt to develop an an ­
alytical system for an important but difficult analyte. Nevertheless , real 
progress has been made, and al l three approaches now provide viable a l ­
ternatives for prov id ing useful ambient H O data. 

W i t h the low concentration of tropospheric H O and the desire for mea­
surements of fairly short t ime durat ion, a l l techniques have struggled w i t h 
signal-to-noise ratio problems, and users of each method have gone to some 
lengths to improve this ratio. Add i t i ona l ly , interference problems, w h i c h 
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produce spurious signals, have affected some of the techniques. Th i s over­
v i ew considers the techniques i n the order of the ir introduct ion to the 
scientific l i terature: fluorescence (71-81), absorption (36-39), and chemical 
tracer (82-88). 

Fluorescence H O Measurements. F luorescence measurements of 
H O have been attempted i n a number of different configurations. T h e earliest 
atmospheric H O measurement was by Anderson i n 1971 (44), who used 
rocket-borne passive detection of H O fluorescence excited b y sunlight in 
the mésosphère. T h e simplest approach, a bal loon-borne H O resonance lamp 
used to excite H O fluorescence, has been successful i n the stratosphere 
down to 30 k m (89). A t lower altitudes, these methods fai l , p r inc ipa l ly be ­
cause the fluorescence y i e l d of H O decreases and the atmospheric scattering 
background increases w i t h decreasing alt itude. I n contrast, pu l sed laser 
excitation employs higher photon flux to produce short-term fluorescence 
signals more easily d iscr iminated from ambient l ight . Laser eol l imation re ­
duces scattering by surfaces i n the fluorescence detectors necessary f ie ld of 
v iew. Thus stratospheric H O has been detected by Heaps et a l . (90-92) 
using a N d : Y A G - p u m p e d tunable dye laser and by Stimpfle et al . (93, 94) 
using a copper-vapor laser to p u m p the dye laser; i n a l l cases the dye laser 
output was frequency-doubled to 282 n m i n the ultraviolet to excite the 
1 <— 0 vibrat ional transition i n H O . 

H O measurement techniques in the troposphere are the pr inc ipa l focus 
of this chapter. A l l reported fluorescence measurements of H O i n the tro­
posphere have used lasers. M o s t of the early tropospheric laser fluorescence 
work used a frequency-doubled N d : Y A G laser to p u m p a R h 6 G dye laser 
that was also frequency-doubled and tuned to e ither the Ρχ(1) l ine or the 
ρ ^ , Ι ' + R 2 3 l ine group of the Α 2 Σ v ' = 1 « - X 2 v" = 0 band of H O at 282 
n m . Fluorescence is detected from the Α 2 Σ v ' = 0 -> X 2 v" = 0 band at 309 
n m . A l t h o u g h the three groups to report tropospheric H O data by this 
method have often used s imilar lasers and have usually p u m p e d the same 
transitions, the air sampl ing configurations have been quite different. 

LIDAR Measurements. W a n g , Dav i s , and co-workers of the F o r d M o ­
tor C o m p a n y research staff were the first to report tropospheric H O data 
(71), taken outside their laboratory i n D e a r b o r n , M i c h i g a n , i n a L I D A R 
(laser radar) configuration. I n the L I D A R mode, the pulsed 282-nm laser 
beam is sent into the open atmosphere, and part of the red-shifted fluores­
cence is col lected w i t h a telescope located near the excitation source. E a r l y 
measurements used too h igh a laser flux, w h i c h produced H O radical (de­
tected on the same or subsequent pulses) largely through the sequence of 
reactions 6 and 7. This subject is treated i n a separate section later i n the 
chapter. Subsequently , these workers expanded the excitation beam, re ­
duc ing the product ion of spurious H O but degrading the signal-to-noise ratio 
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because of the increasing diffuseness of the signal relative to the solar scat­
ter ing background at 308 n m . In airborne implementat ions o f the L I D A R 
technique (72-74) the laser beam was sent through a quartz aircraft w i n d o w 
toward a backstop painted onto the top surface of the w i n g to l i m i t the solar 
scattering background. T h e backscattered fluorescence was col lected 
through the window. Aircraft mot ion prevented the accumulat ion of pho -
tolytic H O from previous laser pulses, i n contrast w i t h ground-based L I D A R 
i n w h i c h such accumulation can be a significant p r o b l e m . 

T h e in i t ia l attempt to measure H O i n the unper turbed atmosphere, over 
a l i m i t e d vo lume, is c learly the most desirable approach from an atmospheric 
chemistry standpoint, as such data w o u l d prov ide the best comparison w i t h 
modeled concentrations (assuming other photochemical variables are also 
measured i n the same l i m i t e d volume). T h e chie f difficulties w i t h this ap­
proach l ie i n the attainable signal-to-noise ratios and i n absolute cal ibration. 
W a n g and co-workers (71-74) used a calculated cal ibration factor based upon 
a knowledge of the physical and chemical parameters i n equation 16. T h e y 
d i d , however , m i n i m i z e the n u m b e r of ind iv idua l parameters by using the 
ratio of the signal to the Raman backscatter from atmospheric n i trogen, w h i c h 
takes into account the laser intensity and the optical and electronic param­
eters associated w i t h signal col lection and processing but introduces a new 
parameter (derived from the l iterature), the Raman cross section, w h i c h was 
appropriate for the 180° geometry employed . Dav is et a l . (73) showed how 
scattered sunlight, the pr inc ipa l background, was measured and subtracted. 
(This necessary subtraction degrades the signal-to-noise ratio, of course). 
O t h e r potential sources of noise were passage of some 282-nm radiation by 
the 309-nm filtration device or broad-band fluorescence from other atmo­
spheric constituents. Subsequent to their L I D A R measurements, W a n g and 
co-workers converted their system for excitation i n a sampled airstream at 
low pressure, as descr ibed later in the chapter. 

Enclosed Atmospheric Pressure Fluorescence. Georg ia T e c h research­
ers Dav i s , Bradshaw, Rodgers, and co-workers have been the major pro ­
ponents of laser- induced fluorescence ( L I F ) measurements of H O in a flow­
ing airstream at ambient pressure, or E A P F (76, 77). D e p e n d i n g upon the 
excitation mode, their system has been cal led single-photon laser - induced 
fluorescence ( l -λ L I F ) or two-wavelength L I F (2-λ L I F ) ; E A P F is used here 
to dist inguish it from other techniques that use single photons or two wave­
lengths. Des igned for airborne operat ion—for instance, d u r i n g the N A S A 
C I T E 1 experiments (95)—their system used large-diameter tub ing to sample 
a h igh flow rate of ambient air available from the forward aircraft mot ion . 
A l t h o u g h the intake of ambient air into a sampl ing p ipe has at least the 
potential for modification of ambient H O concentrations v ia contact w i t h 
surfaces, Rodgers et a l . (77) presented exper imental data and calculations 
that indicate these effects were m i n i m a l . T h e ch ie f advantages of the enclosed 
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vo lume sampl ing system are the min imizat i on of ambient l ight at the de ­
tection wavelength, the possibi l i ty of increasing col lect ion efficiency b y using 
up to 12 photomult ip l i er tubes along the excitation pathway, and the abi l i ty 
to generate a cal ibration H O signal v ia photolysis of e levated ozone concen­
trations i n the flow tube. Starting i n 1983, signal and background were 
de termined nearly simultaneously w i t h two pulsed lasers operating on and 
off the absorption wavelength (2-λ L I F ) (77). The first of these lasers was 
tuned to the peak of the H O φ χ Ι , Γ absorption; the second laser was tuned 
to a nearby wavelength not absorbed by H O , and its pulses were t i m e d to 
occur about 500 μ$ after those of the first. T h e latter precaution ensured 
that the signal and background were measured i n the same air parcel d u r i n g 
flight. This system's large-volume flow rate makes it difficult to sample from 
any container of f inite vo lume. These efforts in i t ia l ly suffered from spurious 
H O produced and detected by the excit ing pulse (96, 97), but the workers 
turned this to the ir advantage indirect ly b y using photolysis of h i g h ozone 
concentrations to generate cal ibrating signals from H O produced b y reactions 
6 and 7. Uncertaint ies i n the k inet ic parameters associated w i t h reactions 6 
and 7 as w e l l as the second-order dependence upon laser flux (discussed 
later i n the chapter) could be sources of uncertainty i n app ly ing ozone ca l ­
ibrat ion signals to ambient H O signals. These difficulties appear to have 
been overcome by Rodgers et a l . (77), who showed agreement w i t h i n 2 0 % 
between ozone and hydrogen peroxide photolysis as H O instrument ca l i ­
brat ion sources. T h e i r use of a reference H O chamber for normal izat ion 
removes the second-order dependence on flux. 

O n the basis of their success w i t h two-photon L I F detection of tropo­
spheric n i tr i c oxide (98-100), the Georg ia T e c h group proposed the two-step 
excitation of tropospheric H O fluorescence by successive photons at infrared 
and n e a r - U V wavelengths. Two possible p u m p i n g schemes are i l lustrated 
i n F i g u r e 3 (100). T h e idea b e h i n d each is to generate H O fluorescence that 
is blue-shifted from the excitation wavelengths. Th is approach has obvious 
advantages i n reduc ing the scattered background relative to lasers operating 
near 282 or 309 n m . F u r t h e r , because neither of the p u m p lasers has suf­
ficient photon energy to generate Ο (lD) from ozone (reaction 7), the p r o b l e m 
of spurious H O generation from ozone should be e l iminated altogether. 
Bradshaw et a l . (J00) presented detai led calculations w i t h a laboratory fea­
s ib i l i ty study of the sequential two-photon approach. T h e i r experiments used 
the observed fluorescence from bott led laboratory air , and they noted that 
u p to 5 or 10% fluctuation i n background fluorescence w o u l d be inconse­
quent ia l relative to the natural H O fluorescence. T h e y conc luded that the 
two-photon technique should be a viable approach for tropospheric H O 
determinat ion , prov ided that an infrared laser of sufficient power at the 
correct wavelength can be found. C u r r e n t l y , no exist ing laser has the r e q ­
uisite properties , but developmental work may enable future measurements 
w i t h this technique. 
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Figure 3. Transition diagrams for two methods of sequential two-photon laser 
excitation of HO. Top, 2, 0 scheme; bottom, 1, 0 scheme. (Reproduced with 

permission from reference 100. Copyright 1984.) 
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Low-Pressure Fluorescence. T h e fluorescence y i e l d expressions (re­
actions 15 and 16) suggest an alternative approach to ambient pressure sam­
p l i n g for H O (101, 102). T h e fluorescence signal is the product of the H O 
excitation rate, the photon collection efficiency Ec, and the fluorescence 
y i e l d . F o r a two- level system the fluorescence signal is 

fcf + z fc q i [ M L 

A n y fluorescent species may be characterized by its quench ing hal f 
density, def ined by [ M 1 / 2 ] = kq, where kq represents a we ighted average 
of the H O - q u e n c h i n g rate coefficients of the gases present. ( [M 1 / 2 ] is t e rmed 
a hal f pressure here: F 1 / 2 = R T [ M 1 / 2 ] ) , where Κ and Γ are the gas constant 
and temperature. A t the hal f pressure, hal f of the excited molecules are 
quenched and half of them fluoresce. Subst itut ion of [ M 1 / 2 ] into equation 
18a gives a s impl i f ied expression for the fluorescence signal S f : 

_ Ε0σΙο(η/η0)ΧΗΟ . ,. 
S f " 1/ [M] + l / [ M 1 / 2 ] ( 1 8 b ) 

E q u a t i o n 18b shows that whenever the sample's pressure is m u c h higher 
than the quench ing hal f pressure ([M] > > [M 1 / 2 ] ) , then the fluorescence 
signal is a function of the analyte mole fraction ( X H O ) but is independent of 
its absolute concentration. A s imilar expression can be obtained for three-
l eve l fluorescence (78). M a n y atmospheric trace gases, i n c l u d i n g H O , have 
quench ing hal f pressures for electronic transitions that are two or more 
decades be low atmospheric. Thus , i f the ambient sample is expanded to low 
pressure i n an enclosed flow system, the signal from the analyte w i l l remain 
constant u n t i l the total pressure approaches the v i c in i ty of the hal f pressure, 
whereas other interfer ing signals w i l l be reduced w i t h the pressure (Figure 
4). T h e ma in advantages of low-pressure excitation (78) are reduced Rayle igh 
and M i e scattering; a lengthening of the H O fluorescence waveform i n t ime 
(sufficient to make delayed gating and photon-counting practical and thus 
further reduce the laser-excited background); and a 1 to 2 order of magnitude 
reduct ion i n background photons from false H O due to laser photolysis of 
H O precursors. As w i t h atmospheric pressure sampl ing, the enclosed vo lume 
reduces the solar background at the detection wavelength. O n the other 
hand , l ow pressure slows col l is ional relaxation into the probed rotational 
l eve l and out of the excited state, so a greater propensity to saturate the 
H O transit ion results (78, 80, 103). 

Low-pressure determinat ion of tropospheric H O ( F A G E , fluorescence 
assay w i t h gas expansion) was first i m p l e m e n t e d by H a r d , O ' B r i e n , and co­
workers at Port land State Univers i ty , who have i m p r o v e d the technique 
through three generations ( F A G E 1 through F A G E 3 ) (78-81). T h e F A G E 
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Figure 4. Signal and background sources versus detection pressure after air 
expansion in FAGE. Ambient HO: net HO signal after expansion, excitation, 
and fluorescence quenching; ROH: interference from photolysis of an HO-
containing precursor; air: nonresonant fluorescence of non-HO species; ozone: 
interference due to ozone photolysis and subsequent HO production via re­
actions of Ο CD); and scattering: Rayleigh and Mie scattering by air sample. 
(Reproduced from reference 78. Copyright 1984 American Chemical Society.) 

technique cannot increase fluorescence signals by low-pressure sampl ing, 
but it does significantly improve signal-to-noise ratios over atmospheric pres­
sure detection by reduc ing the various backgrounds and interferences. Thus 
it allows shorter averaging times as i l lustrated i n F i g u r e 5. F A G E has also 
been appl ied to atmospheric N 0 2 determinat ion (104). W a n g and co-workers 
(75) d i d experiments w i t h low-pressure sampl ing; more recently , low-pres-
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J 1 « * Ί ι — J ι ι ι ι ι 11 i 1 — i n ι t i l l 

I.E+21 1.E+22 I.E*23 i.E+24 
pulse flux, photons cm"2 s-1 

Figure 5. Required averaging times to achieve SNR = 2 at [HO] = 1 X l(f 
cm3, for FAGE2 (solid line) and FAGE3 (dashed line) instruments versus laser 
power. For FAGE2: •, single pass; Φ, multipass. (Reproduced with permission 

from reference 80. Copyright 1992.) 

sure sampl ing has been adopted by Hofeumahaus and co-workers at the 
Nuc lear Research Institute i n Julich, G e r m a n y , and b y B r u n e and co-workers 
at Pennsylvania State Univers i ty . 

In low-pressure fluorescence H O measurement, as w i t h a l l other spec­
troscopic methods for atmospheric H O , background signals (B) are present 
and must be measured i n the absence of the H O signal. M o r e o v e r , because 
the background varies w i t h t ime , it is desirable to measure Β at the same 
t ime as the gross signal G = S 4- Β, or as closely i n t ime as possible. W h e n 
the periods of measuring G and Β alternate i n t ime , as i n spectral modulat ion , 
Heaps (105) has shown that the o p t i m u m fraction of observation t ime devoted 
to measuring Β reduces to 5 0 % w h e n S « B. (The latter result is l i m i t e d 
to the case w h e n Poisson noise is the only source of uncertainty. ) T h e process 
of alternating measurements of gross signal and background is cal led m o d ­
ulat ion. Because laser-based methods make use of H O ' s narrow-band v i -
bronic absorption transitions, it is natural to measure the background by 
tun ing the laser to a nearby wavelength not absorbed b y H O ; this procedure 
results i n spectral modulat ion. Another method , chemica l modulat ion , makes 
use of H O ' s h i g h chemical reactivity b y inject ion of a chemica l reagent into 
the sample flow to remove H O . C h e m i c a l modulat ion requires a substantial 
ambient air flow to clear the reagent pr ior to gross signal measurement; such 
a flow is available i n low-pressure sampling. W i t h care i n the choice of 
reagent and reagent flow, chemical modulat ion yie lds smaller net interfer­
ences from laser photolysis of H O precursors than does spectral modulat ion 
(78, 80). 
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Low-pressure H O fluorescence measurements of atmospheric H O were 
also undertaken by Shir inzadeh et a l . (75), who used spectral modulat ion to 
subtract the nonresonant background. T h e y also subtracted values for ozone 
interference based on measurements w i t h ozone-enr iched ambient air ob ­
tained before and after the ambient H O measurements. W a n g and co-work­
ers (106) correctly po inted out the presence of substantial ozone-photolytic 
H O backgrounds i n the work of H a r d et a l . (78, 79) and suggested a m e c h ­
anism by w h i c h chemica l modulat ion might not cancel these backgrounds. 
H o w e v e r , W a n g and co-workers (106) overestimated the net positive inter ­
ference of this mechanism by a factor of 10 3 (107) and obtained the w r o n g 
sign for the actual net interference. H o w e v e r , other more significant in ter ­
ference mechanisms (80,103,107) (discussed later i n the chapter) justify the 
more general concerns of W a n g and co-workers (106) and have l e d to changes 
i n the method of laser excitation i n F A G E (81). 

Long-Path Absorption. Long -path absorption ( L P A ) measurements 
of H O , l ike the fluorescence techniques, are straightforward i n pr inc ip le 
and suffer chiefly from l ow H O optical densities and the diff iculty of p r o p ­
agating a laser beam through several ki lometers o f atmosphere i n the pres ­
ence of turbulence and haze. Such measurements were reported i n a series 
of papers b y Perner , E h h a l t , and co-workers at the Institute for Atmospher i c 
C h e m i s t r y of the Nuc lear Research Institute i n J u l i c h , G e r m a n y (36-41). 
A l l measurements have monitored pressure-broadened rotational l ine groups 
near either Çj(2) or Q^S) i n the 307.9- to 308.2-nm region. A n A r + - p u m p e d , 
frequency-doubled dye laser is used to generate sufficient spectral w i d t h so 
that the desired absorption l ines (Voigt w i d t h , 0.2 c m - 1 ) are captured along 
w i t h the surrounding spectral region. Average U V power is 1 0 - 2 0 m W . T h e 
original experiment exposed a photographic plate, soon replaced b y a r a p i d -
scanning exit slit and i n 1985 by a photodiode array. A n exper imental sche­
matic of the G e r m a n L P A system is shown i n F i g u r e 6 (38). T h e laser beam 
is expanded to about 0.25 m and reflected from a plane m i r r o r at a distance 
of 1 .5 -5 k m , depending upon the atmospheric optical depth . O n some 
occasions no H O absorption is detected, wh i l e on others an H O spectrum 
is v is ib le . Absorpt ion features due to S 0 2 and occasionally C H 2 0 are ob­
served, but sufficient detai l is often present that these features can be q u a n ­
titatively deconvolved from the ambient spectrum. Bands not assignable to 
k n o w n species are assigned to the baseline w i t h a resultant degradation of 
signal-to-noise ratio. 

T h e L P A instrument of M o u n t (42) uses a X e C l laser to monitor ab­
sorption near the Qi(S) l ine group. T h e laser beam, expanded i n a telescope 
to an in i t ia l area of 150 c m 2 , is reflected from a retroreflector array for a 
total optical path of 20.6 k m . T h e re turned beam and a port ion of the outgoing 
beam follow symmetr ic paths through an échelle spectrograph to a pair of 
photodiode array detectors, thus prov id ing both ί and i 0 spectra for the 
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Figure 6. Diagram of LPA instrument. The reflector is at a distance of up to 
5 km from the rest of the instrument. The slotted disk-photomultiplier (PM-
S.DISC) has been replaced by a diode array. (Reproduced with permission 

from reference 38. Copynght 1984.) 

L a m b e r t - B e e r equation (equation 14). W i t h the prov is ion of a reference 
H O absorption spectrum, and w i t h care to avoid local ins trumenta l artifacts 
that affect the two beams differently, this design allows the removal of 
extraneous atmospheric absorption features without r e q u i r i n g assignment to 
k n o w n absorbing species. 

T h e Frankfurt L P A instrument (51-53) departs from both of these i n ­
struments i n two pr inc ipa l ways: it achieves the necessary path l ength w i t h i n 
a 6-m folded-path ce l l , and i t rapid ly scans a narrow-band frequency-doubled 
dye laser across the spectral region of interest (the Qi(2) l ine group) i n a 
process sometimes cal led differential optical absorption spectrometry 
( D O A S ) . T h e scanning rate is sufficient to ensure that the observed air 
vo lume is chemical ly and physical ly stationary d u r i n g each scan (the baseline 
standard deviation is less than 2 x 10" 4 for a 0.2-ms scan). T h e laser output 
is actively feedback-stabil ized to provide a flat spectral baseline, and a de ­
tection l i m i t better than 10" 5 i n optical density has been c la imed. A summary 
of pub l i shed L P A configurations is g iven i n Table I I . 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

99
3 

| d
oi

: 1
0.

10
21

/b
a-

19
93

-0
23

2.
ch

01
2

In Measurement Challenges in Atmospheric Chemistry; Newman, L.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1993. 



Ta
bl

e 
II

. H
O

 D
et

er
m

in
at

io
n 

by
 L

on
g-

Pa
th

 A
bs

or
pt

io
n 

L
as

er
 

H
O

 
R

ef
er

en
ce

 
P

at
h 

R
es

ol
u

ti
on

 
G

ro
up

 
R

ef
. 

S
ou

rc
e 

L
in

es
 

B
ac

kg
ro

un
d 

H
O

 
L

en
gt

h
 

tet
-

D
et

ec
to

r 
(c

m
-1) 

Ju
lic

h 
41

 
Fr

eq
ue

nc
y-

Q
i2

 
In

di
re

ct
, 

vi
a 

St
or

ed
 

5.
8 

km
 

20
 m

in
 a

t 
ph

ot
od

io
de

 
0.

9 
do

ub
le

d 
<?

2l
2 

nu
m

er
ic

al
 

sp
ec

tr
um

 
3 

X 
10

6 
cm

"3 
ar

ra
y 

br
oa

db
an

d 
R

2
i2

 
fi

t 
to

 t
w

o 
(fr

om
 

tu
na

bl
e 

dy
e 

or
 m

or
e 

ex
pe

ri
m

en
ta

l 
la

se
r 

pu
m

pe
d 

<
?2

l3
 

H
O

 l
in

es
 

0
3
-H

2
0 

ph
ot

ol
ys

is
) 

by
 c

on
ti

nu
ou

s 
0

3
-H

2
0 

ph
ot

ol
ys

is
) 

w
av

e 
A

r+ 
io

n 
la

se
r 

N
O

A
A 

88
 

X
eC

l 
pu

ls
ed

 
<

?i
3 

<
?2

,3
 

Z„
 d

ir
ec

t 
to

 
pa

ra
lle

l 
ph

ot
od

io
de

 
ar

ra
y 

Pr
op

an
e 

fl
am

e 
20

.6
 k

m
 

15
 m

in
 

1 
x 

at
 

10
6 

c
m

3 

ph
ot

od
io

de
 

ar
ra

y 
0.

06
 

Fr
an

kf
ur

t 
54

 
Fa

st
-s

ca
nn

in
g 

<?
i2

 
St

ab
ili

ze
d 

to
 

A
bs

or
pt

io
n 

ce
ll 

1.
2 

km
 in

 
lh

a
t 

P
IN

 
0.

02
6 

fe
ed

ba
ck

-
le

ss
 th

an
 

(H
O

 f
ro

m
 

6-
m

 
3 

x 
10

5 
c

m
3 

ph
ot

od
io

de
 

st
ab

ili
ze

d 
H

2
1
2 

2 
Χ 

ΙΟ
"4  i

n 
m

ic
ro

w
av

e 
W

hi
te

 c
el

l 
fr

eq
ue

nc
y-

re
gi

on
 o

f 
di

ss
oc

ia
tio

n 
of

 
do

ub
le

d 
ri

ng
 

in
te

re
st

 
H

2
0

) 
dy

e 
la

se
r 

pu
m

pe
d 

by
 A

r+ 

io
n 

la
se

r 
NO

TE
: T

O 
da

te
, n

on
e 

of
 th

e 
ab

ov
e 

gr
ou

ps
 h

as
 r

ep
or

te
d 

a 
ca

lcu
la

tio
n 

of
 s

te
ad

y-
st

at
e 

sp
ur

io
us

 H
O 

pr
od

uc
tio

n 
re

la
tiv

e t
o 

am
bi

en
t 

H
O 

pr
od

uc
tio

n 
wi

th
 a

 si
m

pl
e 

tr
an

sp
or

t-f
re

e 
m

od
el

, a
nd

 n
on

e 
ha

s 
im

pl
em

en
te

d 
bo

th
 r

ea
l-t

im
e r

ef
er

en
ce

 b
ac

kg
ro

un
d 

m
ea

su
re

m
en

t 
an

d 
re

al
-ti

m
e r

ef
er

en
ce

 H
O 

m
ea

su
re

m
en

t. 
Th

e 
av

er
ag

in
g 

tim
es

 li
st

ed
 a

bo
ve

 a
re

 t
ho

se
 

di
sp

la
ye

d 
for

 a
m

bi
en

t 
H

O 
in

 re
ce

nt
 p

ub
lic

at
io

ns
. A

ll 
of

 th
es

e 
m

et
ho

ds
 a

re
 u

nd
er

go
in

g 
co

nt
in

uo
us

 i
m

pr
ov

em
en

t. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

99
3 

| d
oi

: 1
0.

10
21

/b
a-

19
93

-0
23

2.
ch

01
2

In Measurement Challenges in Atmospheric Chemistry; Newman, L.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1993. 



346 M E A S U R E M E N T C H A L L E N G E S I N A T M O S P H E R I C C H E M I S T R Y 

Local Chemical Tracer Measurements. T h e h igh reactivity of H O 
has l e d several groups of investigators to make local H O concentration mea ­
surements by de termin ing the concentration of characteristic tracer reaction 
products w h e n the tracer is released under carefully contro l led condit ions. 
T h e h igh sensitivity associated w i t h radionucl ide count ing techniques sug­
gested to C a m p b e l l , Sheppard , and co-workers a method of radiocarbon 
determinat ion of H O (82-86). A l ternat ive ly , E i s e l e (87) not iced an H O -
induced d iurna l pattern i n measuring atmospheric i on concentrations and 
subsequently developed a method of chemical ly convert ing ambient H O 
concentrations to measurable ion currents i n a quadrupole mass spectrom­
eter. 

Radiocarbon Characteristic Tracer Measurements. I n the radiocarbon 
H O determinat ion , 1 4 C O is used as the H O tracer and has been m i x e d w i t h 
ambient air i n several configurations. T h e oxidative reaction is 

1 4 C O + H O — 1 4 C 0 2 + H 0 2 (19) 

km = 1.5 X 10" 1 3(1 + F a t m ) c m - V 1 

(where P a t m is the pressure i n atmospheres; 1 atm = 101.325 kPa) , and the 
measurement is made by comparing the count rates of the tracer C O w i t h 
those of the product C 0 2 , w h i c h must be chemical ly separated w i t h h i g h 
efficiency. Typ i ca l count ing times are 20 m i n . F o r conditions where sampl ing 
and C O addit ion for a contact t ime t do not per turb the ambient photo­
chemistry , equation 17 reduces to (84) [ H O ] = [ 1 4 C O ] / f c f [ 1 4 C 0 2 ] . N u m e r o u s 
precautions must be employed i n the successful implementat ion of this tech­
n ique (83). Inc luded i n these are mainta ining the p u r i t y of the tracer C O 
w i t h respect to other 1 4 C - c o n t a i n i n g compounds (e.g., 1 4 C H 4 ) or other radio ­
nucl ides (e.g., 2 2 2 R n ) and the absence of surfaces that can catalytically oxidize 
C O to C 0 2 d u r i n g any stage of the process. (Stainless steel surfaces were 
found to be catalytically active.) It is also essential that surfaces i n the sam­
p l i n g train do not u n d u l y per turb the ambient H O concentration or that, i f 
so per turbed , the H O returns to a steady-state concentration characteristic 
of the nearby open atmosphere. 

This technique has been appl ied i n three configurations. I n the earliest, 
ambient air was drawn into a static reactor to w h i c h the tracer 1 4 C O was 
admixed. Samples were taken i n from 10- to 100-s contact t imes, and 1 4 C 0 2 

was separated cryogenical ly, pur i f ied , and later counted i n the laboratory. 
Theoret ica l estimates of wa l l loss of H O were made, but no ment i on was 
made of potential offgassing of wa l l contaminants that cou ld react w i t h H O 
(108, 109) or of spurious H O generation w i t h i n i l l u m i n a t e d reaction vessels 
(110, 111), both potential problems k n o w n to air po l lut ion chemists. F o r 
instance, air po l lut ion chemists typical ly m i n i m i z e w a l l effects by " c o n d i ­
t i o n i n g " Teflon [poly(tetrafluoroethylene)] film bags w i t h l ong irradiat ion 
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periods, whereas C a m p b e l l et a l . (83) f requently substituted fresh bags. 
Repor ted H O concentrations ranged from less than 2 Χ 10 5 (the stated 
detection l imit) to 8.6 Χ 10 7 c m " 3 . N o uncertainties were quoted . C o n c e n ­
trations i n the range of greater than 5 Χ 10 7 c m " 3 seem quite h i g h relative 
to atmospheric mode l calculations, and the potential exists for influences b y 
the Teflon reactor. Th is method of ambient H O measurement is perhaps 
the most straightforward and least expensive of any proposed, part icular ly 
i f nonradioactive chemica l tracers could be used to e l iminate the expense 
and complications of sample taking, storage, and later count ing and to a l low 
near real - t ime H O determinat ion. H o w e v e r , before such a method can gain 
credence, it should be shown that the reactor walls do not inf luence enclosed 
H O concentrations. T h e short static reactor residence t imes used b y C a m p ­
b e l l et a l . (83) (10-100 s) should have m i n i m i z e d w a l l problems. N e v e r t h e ­
less, C a m p b e l l and co-workers no longer use the static reactor; instead, they 
favor a flow reactor approach. T h e static reactor is s imi lar i n pr inc ip le to the 
F A G E cal ibration procedure of H a r d and co-workers (79, 81), who do not 
rely on the Tef lon-f i lm reactor to reproduce ambient concentrations but 
rather to generate a sample airstream containing an H O concentration that 
can be calculated from tracer consumption. Ca l ibra t i on of H O instruments 
by static and flow reactor sources of H O is discussed i n the " H O Intercom-
par i son" section. 

T h e flow reactor of F e l t o n et al . (84) samples ambient a ir w i t h a m i n i m u m 
degree of perturbat ion (Figure 7). A m b i e n t air is drawn b y a sample p u m p 
into a quartz tube that faces the preva i l ing w i n d . T h e UV7vis - transparent 

SEC 
CRYO 
C0N0 
(LN2) 

PRIM 
CRYO 
CON0 
(LN2) 

M C 0 , , 4 C 0 2 

QMO* 6 

(FOR OH~l06cm"5 

RADIOCARBON LA8 
TO COUNT l 4 C 0 2 

Figure 7. Diagram of CTMflow reactor. Values of the efficiency of separation 
Q are for ideal operating conditions. (Reproduced with permission from ref­

erence 83. Copynght 1986 Kluwer Academic Publishers.) 
American Chemical Society 

Library 
115516th SU M L 

Washington, DC KXOB 
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quartz tube should cause no perturbat ion of the radiation field; the external 
reflections are compensated for by internal reflections (112). T h e tracer C O 
is added from a n u m b e r of nozzles, and flow mode l ing indicates that the 
central port ion of the tube flow is not i n diffusive contact w i t h the tube walls 
d u r i n g the reaction t ime , on the order of 10 s, for a l inear flow velocity of 
about 7 c m / s . Sample t imes of 100 s y i e lded m a x i m u m dai ly H O concen­
trations ranging from about 2 Χ 10 6 to 9 Χ 10 6 c m - 3 w i t h standard deviations 
i n the count ing statistics around 2 Χ 10 5 c m - 3 . 

A t h i r d configuration of the characteristic tracer measurement ( C T M ) 
technique was developed for aircraft H O measurements d u r i n g the N A S A 
C I T E 1 experiments (83). T h e h igh air velocity associated w i t h aircraft mot ion 
caused the investigators to attempt a direct H O titrat ion w i t h 1 4 C O rather 
than try to decelerate the air to velocities used i n the photostationary reactor. 
A 0.2-s reaction t ime was coupled w i t h h igher 1 4 C O concentrations to pro ­
duce a 5 to 3 0 % conversion of H O to 1 4 C 0 2 . H o w e v e r , i n the t i trat ion mode, 
very low impur i t ies i n the 1 4 C O and very h igh 1 4 C 0 2 separation ratios are 
requ i red [2 Χ 10" 9 and 10 9 , respectively (83)]. D u r i n g the C I T E 1 exper i ­
ments the 1 4 C H 4 contamination prob lem cou ld not be successfully overcome, 
and the investigators d i d not obtain meaningful data. 

I n spite of pr ior difficulties, problems associated w i t h 1 4 C impur i t i es 
have been overcome, and recently reported ambient H O measurements (84) 
have g iven H O concentrations w i t h impress ively short col lect ion t imes of 
100 s per H O datum. C u r r e n t implementat ion of the radiocarbon technique 
has been descr ibed i n detai l (85), and repetit ive measurements at a c lean-
air site i n eastern Washington state have y i e lded midday H O concentrations 
of (5.6 ± 0 . 1 ) Χ 10 6 molecules per cubic cent imeter w i t h impress ive ly h i g h 
prec is ion (86). Instrumental sensitivity fluctuations were est imated to have 
an upper b o u n d of 16%, and the detect ion l i m i t was 10 5 c m " 3 (86). 

Ion-Assisted CTM. I n contrast to the radiocarbon approach, i n w h i c h 
perturbations of ambient H O photochemistry are m i n i m i z e d , an alternative 
approach is rap id H O t i trat ion, exempli f ied b y the ion-assisted mass-spee-
troscopic measurements of E i s e l e and Tanner (87). I n the ir method , ambient 
H O is t i trated w i t h added M02, f orming H 2

3 4 S 0 4 (in three rap id steps i n the 
presence of ambient 0 2 and H 2 0 ) i n a flow tube. I n a subsequent stage, 
N 0 3 ~ ions are added to ionize H 2 S 0 4 to H S 0 4 " for mass-spectrometric anal ­
ysis. T h e H O titration is restricted to times shorter than 0.1 s to m i n i m i z e 
rep lenishment of H O by reaction 3, and the i on reaction t ime is kept s imi lar ly 
short to m i n i m i z e H S 0 4 " product ion by extraneous paths. Subtract ion of the 
background (arising main ly from ionization of ambient H 2

3 4 S 0 4 ) is achieved 
b y per iodic addit ion of propane to compete w i t h ^ 0 2 for H O removal i n the 
t itration stage. 

Table III summarizes the performance of L P A , L I D A R , E A P F , F A G E , 
and C T M as reflected i n measurements descr ibed i n the l i terature since 
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1987. In the high-alt i tude techniques, the background from absorbing and 
fluorescing species is lower and the fluorescence y i e l d of the re lat ively con­
stant H O concentration (Figure 2A) is h igher than i n the atmospheric b o u n d ­
ary layer. Thus , fluorescence measurements from aircraft should be more 
sensitive than ground-based measurements. 

Fundamental Hurdles in HO Determination 

Tropospheric H O determinat ion has invo lved surmount ing formidable bar­
riers i n fundamental analytical chemistry—barr iers that i n retrospect might 
have been recognized before they were discovered exper imental ly . M o s t of 
the problems of the radiocarbon approach have been associated w i t h achiev­
i n g h i g h p u r i t y of the tracer and the oxidation product . O n c e these problems 
are overcome, sensitivities are dependent upon count ing statistics of these 
two species and are therefore related to the count ing statistics associated 
w i t h the spectroscopic measurements. Several considerations i n the spec­
troscopic approach are treated here, i n c l u d i n g the product ion of H O b y the 
probe laser and fundamental considerations of signal-to-noise ratio (SNR) 
and its interrelationship w i t h averaging t imes. 

Reactions 9 and 10 are thought to dominate H O product ion i n the 
cleanest regions of the troposphere. Thus any approach that uti l izes intense 
laser radiation at wavelengths shorter than about 320 n m should be under ­
taken w i t h some care. In addit ion to ozone, H 2 0 2 and H O N O photolyze i n 
the U V to produce H O and must be considered photolyt ic precursors to 
spurious H O . Nevertheless , 0 3 has been the only significant k n o w n pho­
tolytic parent of spurious H O to date. T h e earliest measurements of t ro ­
pospheric H O contained significant contributions from spurious H O for 
w h i c h corrections were appl ied (71). 

Subsequent measurements have revis i ted this p r o b l e m on a surpr is ing 
n u m b e r of occasions. F o r instance, Davis et al . (96) corrected addit ional 
aircraft-borne tropospheric H O measurements for ozone interference w i t h 
i m p r o v e d data on nascent H O distr ibutions, such as those of Rodgers et a l . 
(113). F u r t h e r m o r e , H a r d et a l . (79) reported a smal l negative offset o f 2 X 
10 5 c m " 3 i n the ir w inter t ime measurements but found no evidence for an 
offset i n the summer data. T h e or ig in of negative offsets i n F A G E was later 
recognized (107) as ozone photolysis to produce Ο (*D), w h i c h reacts w i t h 
the chemical modulat ion reagent i n F A G E , as descr ibed later i n the chapter. 

Two spurious H O cases may be recognized w h e n excitation is w i t h a 
pulsed laser—both invo lv ing ozone photolysis to produce Ο (*D)—and its 
subsequent reaction w i t h ambient water vapor to produce H O . I n the first 
case, this spurious H O is detected by the same laser pulse , whereas i n the 
second case i t is detected by a subsequent laser pulse. T h e latter p r o b l e m 
can be more significant, because the spurious H O grows rapid ly i n t ime 
fo l lowing the in i t ia l product ion of Ο (*D). These two types of behavior make 
laser temporal pulse w i d t h , repet i t ion rate, and air velocity important i n 
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prevent ing excessive accumulation of laser-generated H O . T h e largest po­
tential difficulties exist i n the L I D A R and L P A configurations at the earth's 
surface, where local winds or eddy diffusion is r equ i red to remove sampled 
air i n w h i c h significant concentrations of spurious H O may accumulate. I n 
aircraft operation, or i n sampled airstreams, the sampl ing velocity makes 
the two-pulse p r o b l e m easier to deal w i t h . I n the absence of saturation, the 
product ion and detection of spurious H O is a phenomenon second-order i n 
the laser flux. Because ambient H O determinat ion is first-order i n laser 
intensity, the relative signal from spurious H O effectively depends upon the 
first power of the laser flux. Thus , one method of m i n i m i z i n g this p r o b l e m 
is laser beam expansion (71), result ing i n a more diffuse fluorescence signal 
that is more difficult to collect geometrically and that is contaminated by 
higher levels of ambient l ight. W a n g et al . (72) made a prefl ight measurement 
of the interference w i t h the beam-expanding telescope and Dav is et a l . (73) 
made interference measurements i n flight by temporar i ly r emov ing the t e l ­
escope to reduce the laser beam diameter 200-fold. F r o m a plot of the 
interference signal versus the product of [ 0 3 ] , [ H 2 0 ] , and laser flux they 
calculated spurious H O to be less than 1 Χ 10 5 c m " 3 i n the expanded beam, 
except for a value of 4 Χ 10 5 for low-alt i tude runs. 

Laser beam expansion was also employed i n L P A laser detect ion of H O 
(36-39). H i i b l e r et a l . (38) calculated an asymptotic laser-generated H O 
concentration i n the ir quasi-continuous-wave expanded laser beam by as­
suming a chemical decay l i fet ime of 1 s for the excess H O . C h e m i c a l recyc l ing 
of this H O was assumed to be slow w i t h respect to the residence t ime of air 
i n the laser beam. 

In the absence of radiative saturation of the H O transit ion, the processes 
occurr ing d u r i n g excitation—that is , v ibrat ional relaxation (in the 1 <— 0 
excitation case), rotational relaxation, quenching , and fluorescence—of the 
ambient H O are straightforward, and the necessary rate parameters have 
been measured for the evaluation of equations 15 and 16. W h e n Ο (*D) is 
produced by the probe laser, it reacts w i t h water vapor to produce a hot 
nascent internal energy d istr ibut ion (113-118). W i t h pu lsed laser excitation 
these nascent distributions relax on t ime scales that are long w i t h respect 
to typical laser -pumped dye laser pulse widths but short w i t h respect to the 
interval between laser pulses. Thus these relaxation processes are inefficient 
d u r i n g a single laser pulse , but they can be essentially completed at the 
arr ival of the next laser pulse and thus can lead to significantly larger in ter ­
ferences. O n l y recently (80, 103) has detai led k inet i c mode l ing of these 
relaxation processes been used to estimate the magnitude of fluorescence 
from photolytic H O relative to that from the native radical concentration. 
In the absence of radiative saturation, this treatment is s t i l l re lat ively straight­
forward, although experimental uncertainties i n the various k inet i c param­
eters used i n pred ic t ing photolytic H O introduce a fair amount of uncer ­
tainty, estimated by S m i t h and Cros ley (103) to be of the same order as the 
net interference i n chemical modulat ion by isobutane. 
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I f the H O transit ion is part ly saturated, then the detai led k inet i c treat­
ment is further complicated, but a detai led solution is s t i l l possible. S m i t h 
and Cros ley (103) used the ir mode l to calculate interferences i n the H O data 
of H a r d et a l . (79). Subsequently , H a r d et a l . (80) deve loped a s imi lar mode l , 
measured ozone interferences w i t h the instrument used to obtain the a m ­
bient H O data i n their 1986 paper (79), and appl ied the m o d e l results to 
both those data and more recent ambient H O data obtained w i t h the same 
system. In the more recent measurements, ambient ozone data were avai l ­
able, so observed negative nightt ime offsets cou ld be compared d irec t ly w i t h 
m o d e l calculations. 

T h e two mode l ing efforts used a s imilar set of spectroscopic and k inet i c 
processes and associated parameters but employed different excitation con­
dit ions. These different conditions were chiefly i n laser power , beam cross 
section, and details of the pulse geometry w i t h i n the excitation ce l l . S m i t h 
and Cros ley (103) used nomina l laser energies, whereas H a r d et a l . (80) 
specifically measured the laser energy for input to the ir mode l . T h e H a r d 
et a l . (79) ambient H O measurements employed mult iple-pass laser exc i ­
tation i n a W h i t e ce l l w i t h partial overlap of the reflected beams. A s both 
models have shown, most of the interference arises f rom the growth of 
spurious H O between the several passes of each laser pulse i n the W h i t e 
ce l l , and the fraction of this H O that is detected depends upon the relative 
beam al ignment. H a r d et a l . (80) d i d interference experiments w i t h the 
multipass arrangement used i n ambient measurements and also measured 
multipass-to-single-pass ratios of the interferences and the instrument 's re ­
sponse to ambient H O . Thus they were able to compare the ir mode l - ca l ­
culated spurious H O product ion to that observed exper imental ly w h e n mea­
sured concentrations of ozone and water vapor were sampled. F r o m this 
comparison they used the m o d e l to estimate a fractional overlap of successive 
beams. S m i t h and Cros ley , on the other hand , assumed a g iven l eve l of 
beam overlap and d i d not present results for single-pass excitation under 
the same conditions. 

Because most of the interference arises from beam overlap, the absence 
of single-pass output from the latter mode l makes it difficult to d irect ly 
compare the two models. I n spite of these differences between the mode l ing 
efforts, the major findings of both models are s imilar and may be summar i zed 
as follows: 

1. Part ia l saturation of the H O absorption and use of excitation 
l ine widths w ider than the H O absorption l ine w i d t h are i n 
general undesirable , because they may produce spurious H O 
whi l e excit ing H O fluorescence w i t h less than 100% efficiency 
(103). H o w e v e r , the issue is not as s imple as matching the 
H O absorption profile exactly and avoiding a l l saturation. F o r 
instance, a matched laser excitation l ine w i d t h is more difficult 
to achieve and to keep tuned to the H O absorption, and the 
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ambient H O signal-to-noise ratio may continue to improve 
w i t h increasing laser power even w h e n part ia l saturation of 
H O occurs. H O saturation can be reduced b y expanding the 
laser beam; there is a gain i n signal u n t i l e i ther saturation is 
e l iminated or the emission exceeds the field of v i e w of the 
detection optics. H o w e v e r , i n an enclosed vo lume , l ight scat­
ter ing or fluorescence from windows , wal ls , masks, a n d so 
forth is a major background source that can be harder to contro l 
w i t h a larger diameter laser beam. T h e effects of part ia l sat­
uration on S N R can be quantitatively evaluated b y us ing the 
mode l to der ive signal-to-noise ratios that inc lude a l l back­
ground sources (80). 

2. C h e m i c a l modulat ion i n F A G E allows the use of h igher laser 
fluxes than can be used w i t h spectral modulat ion because i t 
reduces nearly a l l of the photolytic H O fluorescence to a back­
ground subtracted out i n the two-channel system (78-80). 
H o w e v e r , the isobutane modulat ing reagent used by H a r d 
and co-workers was not wi thout its problems, at least for ex­
citation at 282 n m w i t h the ir N d : Y A G - p u m p e d dye laser. A l l 
reported F A G E measurements—except for interference 
tests—chemical ly modulate H O b y alternating —460-ppm iso-
butane between the two a ir -sampl ing nozzles. T h r e e sources 
of interferences have been associated w i t h this modulat ing 
reagent: 

• T h e Ο (*D) precursor to H O reacts partial ly w i t h the iso-
butane modulat ing reagent; this reaction reduces the pro ­
duct ion of H O from its reaction w i t h water i n the back­
ground channel . This contributes a positive offset. 
Shir inzadeh et a l . (J06) first po inted out this effect but over­
estimated its magnitude about 1000-fold (80, 107) b y apply ­
ing a steady-state mode l to a transient k inet i c effect. H a r d 
et a l . (80) showed that this effect is negl ig ib ly smal l . 

• Subst i tut ion of isobutane for a smal l fraction of the airstream 
increases the quenching of spurious H O fluorescence i n the 
background channel by about 1%, so exact cancel lation is 
not achieved i n subtraction and a false posit ive signal is 
introduced (80, 103, 107). This situation applies not only to 
ozone photolysis but also to a l l other photolyt ic H O sources. 

• As a corollary of the first interference, the reaction of Ο (lD) 
w i t h the isobutane modulat ing reagent produces addit ional 
H O i n the background channel and contributes a negative 
offset (80, 103, 107). 
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These effects are summar ized i n Table IV. O f the three 
effects, the t h i r d is dominant , and i t results i n a negative offset 
proport ional to ozone w i t h a magnitude est imated b y S m i t h 
and Cros ley as - 8 Χ 10 6 (units of ambient equivalent H O per 
cubic centimeter) for 100-ppbv ozone. H a r d et a l . (80), us ing 
less extreme laser conditions they de te rmined to be repre ­
sentative of the ir system but larger overlap between adjacent 
beams i n the ir W h i t e ce l l , calculated this offset as - 2 Χ 10 6 

c m " 3 for 50-ppbv ozone, w h i c h is an u p p e r - l i m i t ozone con ­
centration for the downtown urban and coastal locations of 
the ir reported H O measurements (78, 79). I n the coastal m e a ­
surements, n ightt ime negative offsets were observed that are 
not inconsistent w i t h the values calculated w i t h the i r m o d e l 
for s imi lar conditions. 

Table IV. Model Estimates of Ozone Interference in F A G E 2 with 10-torr 
(1300-Pa) H 2 Q and 50-ppbv Q 3 

Single Pass, Multipass 
Interference Effect Reference 80 Reference 80 Reference 103 
Ο ( lD) competition + 0.0007 + 0.005 N A 
Quenching of spurious H O * + 0.062 + 0.47 + 0.4 
Ο (lD) + isobutane H O -0.34 -2.60 - 4 
Net -0 .28 -2 .1 -3 .6 
N O T E : Units are the equivalent signal from 1 Χ 106 H O molecules per cubic centimeter ambient; 
the symbol " + " indicates positive interference from spurious HO, and " - " indicates a negative 
interference. Gross resonant background is the sum of backgrounds with and without isobutane; 
values for single-pass (80) and multipass (80, 103) measurements were 10, 78, and 63, respec­
tively. N A , not available. 
SOURCES: Hard et al. (80) and Smith and Crosley (103). Smith and Crosley performed calculations 
for 100-ppbv 0 3 ; their results are halved here for comparison. Differing predictions from these 
two references are due largely to Smith and Crosley's use of 1-mJ nominal laser energy and a 
0.4-cm beam diameter compared to Hard et al.'s 0.6-mJ measured energy and measured 
multipass diameters alternating between 0.6 and 0.4 cm. 

S m i t h and Cros ley suggested remedies for these prob ­
lems. T h e most obvious is the removal o f overlap between 
successive passes i n the W h i t e ce l l , because the t ime delay 
between these passes allows the conversion of a large amount 
of photolyt ic Ο (*D) to spurious H O . I f the resultant interfer ­
ence levels are st i l l unacceptable, modif ication of the chemica l 
modulat ion system can lower t h e m to acceptable levels. A 
chemical modulator that does not react w i t h Ο (*D) to y i e l d 
H O (they suggest deuterated isobutane or C C 1 F C F 2 ) w i l l e l i m ­
inate the t h i r d effect, and the quench ing may be r e m e d i e d 
b y balancing the quench ing i n the background channel b y the 
addit ion of an appropriate quantity of a n o n - H O - r e a c t i v e 
quencher to the signal channel . N e i t h e r remedy w i l l inf luence 
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the first effect, but its magnitude is negl igible . T h e chemica l 
remedies remove the net ozone interference even w i t h the 
over lapping W h i t e ce l l beams, and the nonreactive quencher 
i n the H O channel is also effective i n e l iminat ing interference 
from direct product ion of spurious H O , for example , from 
H 2 0 2 photolysis. H o w e v e r , the remedies do not affect the 
background from laser-produced H O (reactions 7 and 8 st i l l 
occur), w h i c h degrades the signal-to-noise ratio. 

3. Because the photolyt ic H O product ion is l inear i n laser i n ­
tensity, an increase i n the laser repet i t ion rate at constant 
average power has the same effect as beam expansion i n re ­
duc ing interference. Th is approach, s imulated i n the models 
of S m i t h and Cros ley (103) and H a r d et a l . (80), has the a d ­
vantage of not r equ i r ing a greatly enlarged beam cross section. 
H o w e v e r , the necessary increase i n fractional duty cycle i n ­
creases the importance of the scattered ambient l ight back­
ground and the photomult ip l ier tube ( P M T ) dark current . 

A p u m p i n g laser satisfying these requirements is the C u 
vapor laser, first advocated for the same reasons b y J . G . 
Anderson i n about 1980. Thus Stimpfle et a l . (93, 94) used a 
C u vapor laser p u m p e d dye laser that was frequency-doubled 
to 282 n m to determine stratospheric H O d u r i n g bal loon-
borne descent i n the stratosphere. A t the 1 7 - k H z repet i t ion 
rate of this laser, mult ip le -pulse photolyt ic H O accumulat ion 
appears to have been avoided by the use of a fan downstream 
of the excitation zone to increase the air velocity b e y o n d that 
prov ided by balloon descent. 

C h a n et a l . (81) l ikewise reported the use of a C u vapor 
laser system i n a third-generation instrument ( F A G E 3 ) , but 
they used a 6 - k H z repet i t ion rate, p u m p i n g the H O ( 2 Σ v ' = 0) 
<— ( 2Π v" = 0) excitation at 308 n m . A t this repet i t ion rate (and 
excitation wavelength; see the next section) and at the flow 
velocity used, back diffusion of reacting Ο (*D) and its spurious 
H O product produce negl igible net interference, as shown by 
both exper imental measurement (81) at very h i g h ozone con­
centrations and the m o d e l (80). 

4. M a j o r reductions i n photolyt ic background may be obtained 
by shifting the excitation wavelength from (1 <— 0) at 282 n m 
to (0 <- 0) at 308 n m . A l though S m i t h and Cros ley (103) d i d 
not consider this excitation approach, H a r d et a l . (80) assessed 
it w i t h their k inet i c mode l , and C h a n et a l . (81) successfully 
i m p l e m e n t e d (0 0) p u m p i n g i n a third-generat ion F A G E 
instrument . A t 308 n m the absorption cross section is 4 t imes 
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greater and the fluorescence y i e l d is about 3 0 % larger relative 
to the values at 282 n m . In contrast, the ozone absorption 
cross section is 24 times less and the Ο (*D) quantum y i e l d is 
1.2 t imes less. H a r d et al . attempted (0 <— 0) excitation w i t h 
the ir Y A G - p u m p e d system ( F A G E 2 ) but found this detect ion 
method unsuccessful because of the very h i g h d irect ly scat­
tered background and the associated r ing ing of the photo­
m u l t i p l i e r that comes w i t h the intense 3 0 - H z Y A G - p u m p e d 
pulse (81). W i t h 6 - k H z C u vapor laser p u m p i n g at 308 n m , 
the less intense d irect ly scattered l ight may be d iscr iminated 
against s imply by t ime-gat ing of the detect ion electronics. 

5. O t h e r photolyt ic precursors, such as H 2 0 2 and H O N O , are 
photo lyzed by the laser and thus may y i e l d significant H O 
relative to that generated by ozone photolysis. T h e H 2 0 2 i n ­
terference was addressed by both S m i t h and Cros l ey (103) and 
H a r d et a l . (80) as a possible error i n the ambient H O data of 
H a r d et a l . (79). F o r 1-ppbv H 2 0 2 i n the F A G E 2 system, H a r d 
et a l . (80) pred ic ted gross H O product ion , net interference, 
and isobutane's fractional modulat ion of the total quench ing 
as 7 Χ 10 6 c m - 3 , 4 Χ 10 4 c m " 3 , and 1.2%, respectively, c o m ­
pared w i t h S m i t h and Crosley 's results of approximately 1.2 
Χ 10 7 c m " 3 , 8 Χ 10 4 c m " 3 , and 1.3%. S m i t h and Crosley 's 
h igher values are due to the ir assumption of ful ly thermal i zed 
nascent H O . S m i t h and Cros ley examined several other pho ­
tochemical mechanisms for laser product ion of H O , i n c l u d i n g 
photolysis of H N 0 3 , H O N O , and a lky l hydroperoxides , and 
found that none of t h e m y i e l d more than 0 .5% of the H O that 
0 3 photolysis does. 

Signal-to-Noise Considerations 
A l l H O measurement techniques require signal averaging for vary ing lengths 
of t ime , and the improvement of S N R w i t h averaging t ime is a major goal. 
A n a l l i ed issue is the choice of an opt imal modulat ion frequency for switching 
between background and signal measurements. I n fluorescence measure­
ments this choice involves tun ing the laser off the absorption wavelength or 
switching a chemica l modulator between channels; i n L P A , the modulat ion 
frequency is that w i t h w h i c h the spectral region near the H O absorption has 
been scanned. H u b l e r et a l . (38) increased the ir spectral scan rate f rom 400 
to 6600 H z to e l iminate laser fluctuation noise and achieved S N R l i m i t e d 
by "photon statistics", but they ment ioned that photon - l imi ted statistics 
usually were not achieved for path lengths over 10 k m . F o r Poisson statistics 
as appl ied to a single-signal measurement (transmitted laser l ight i n L P A , 
gross fluorescence signal and background i n any of the fluorescence tech-
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niques , or radiolyt ic events i n C T M ) , the standard error i n the mean signal 
is expected to decrease and the S N R to increase as the accumulated n u m b e r 
of events to the 1/2 power , or as the square root o f the averaging t ime . T h i s 
tm improvement w i t h averaging t ime can result more fundamental ly from 
Gaussian statistics (discussed later i n the chapter). O n the other hand , tm 

dependence is not imp l i c i t to fluorescence measurements: tl dependence 
can be achieved w i t h methods that have a sufficiently l ow background and 
y i e l d s ignal - l imited detection uncertainties , such as those demonstrated i n 
sequential two-photon excitation of N O fluorescence i n field experiments 
(99) and i n H O fluorescence i n a laboratory s imulat ion (100). 

A summary of the instrumental variables (that may be o p t i m i z e d by the 
designer or experimenter) and their relations w i t h the data-averaging v a r i ­
ables is g iven i n Table V. These relations are based on Poisson statistics. 

Table V. Exponent of Dependence of S N R , M D C , and 
M A T on Three Instrumental Variables for Signal-
Limited and Background-Limited Detection Cases 

in the Poisson Noise L imit 
SNR MDC MAT 

Variable SLa BLa SL BL SL BL 
Hs l/2b 1 - 1 - 1 - 1 - 2 
RB 0 1/2 0 1/2 0 1 
R S [ H O ] + 2R B 1/2 1/2 N A C N A - 1 - 1 
SNR N A N A 2 1 2 2 
M D C 1/2 1 N A N A - 1 - 2 
âv 1/2 1/2 - 1 - 1 / 2 N A N A 

e SL, signal-limited case; BL, background-limited case. 
^The numerical entry represents the power to which the row vari­
able, varied alone, must be raised to be proportional to the column 
variable to the first power. For example, the column variable SNR 
is proportional to the row variable R s

1 / 2 in the signal-limited case 
and to R s

l in the background-limited case. 
e NA, not applicable. 

T h e quantity f a v is taken as the averaging t ime i n any convenient t ime uni t , 
and photon arr ival rates are calculated per that t ime unit . I f (1) R B is the 
background photon arr ival rate, (2) R s is the net H O signal photon arr iva l 
rate per uni t H O concentration, (3) the noise source consists of photon 
fluctuations, and (4) there is no correlation between corresponding values 
of the measured quantities S + Β = G (averaged gross signal) or Β (averaged 
background signal), then the expression for the signal-to-noise ratio S N R = 
S / a s = S / ( a G

2 + σ Β
2 ) 1 / 2 is 

S N R = R s [ H O ] ( f a v / ( R s [ H O ] + 2 R B ) ) 1 / 2 (20) 

After the result ing quadratic equation is solved for [ H O ] and a solution of 
negative sign is rejected, a formula for the m i n i m u m detectable H O con-
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centration ( M D C ) corresponding to specified values of S N R and f a v is 
obtained ( M D C is def ined b y substituting the desired leve l of accuracy, 
S N R = 1, S N R = 2, and so forth, as desired): 

E q u a t i o n 20 can be rearranged to find the m i n i m u m averaging t ime ( M A T ) 
r e q u i r e d to obtain a des ired value of S N R : 

T h e instrument variables R s , R B , and R s + 2 R B are used i n ins trument 
opt imizat ion ; for example, an i m p r o v e d matching of the laser b a n d w i d t h to 
the H O absorption cou ld increase R s , a reduct ion i n i l luminat i on of walls 
near the detect ion zone by ambient l ight or scattered or diffracted laser l ight 
cou ld decrease R B , and an increase i n photon col lect ion efficiency cou ld 
increase (R s + 2 R B ) . T h e remain ing quantities £ a v , M A T , S N R , and M D C 
may be traded off" d u r i n g data processing, but the choice of the i r values is 
restr icted by the instrument variables. 

T h e ideal of s ignal - l imited detection, i n w h i c h the measurement accu­
racy is independent of the size and fluctuations of the background, has not 
yet been achieved i n any spectroscopic measurement of ambient H O . H o w ­
ever, because the s ignal - l imited condit ion may be achieved i n the future, 
this case is in c luded i n Table V. 

I n L P A and fluorescence experiments , the t h i r d source of interference 
(see bu l l e ted list) has often been weakened b y the presence of noise sources 
other than photon noise: fluctuations i n laser power or i n ambient concen­
trations of substances causing nonresonant absorption and fluorescence, for 
example. I n addit ion , a l l measurements are inf luenced at least i m p l i c i t l y by 
variabi l i ty i n H O d u r i n g the averaging t ime . These addit ional noise sources 
mean that ( R s [ H O ] + 2 R B ) 1 / 2 £ a v

1 / 2 may not be a satisfactory approximation 
of ( a G

2 + σ Β
2 ) 1 / 2 . H o w e v e r , the standard deviat ion i n the net may be less 

than that g iven by uncorrelated Poisson statistics because of a significant 
degree of correlation between G and Β (discussed later i n the chapter). I n 
this case, equations 20 through 22 may be regarded as conservative estimates 
of actual instrument performance. I n cases where G and Β have uncorrelated 
sources of variation beyond those of Poisson statistics, however , equations 
20 through 22 may overestimate the S N R . 

In many cases it may be impossible to separate fluctuations i n ambient 
H O from background fluctuations or other sources of noise. T h e proper 
uncertainty i n the net H O signal, averaged over any chosen t ime interva l , 
is the standard error of the mean calculated from standard statistical formulas 
from the net data only. This calculation is independent of the appl icabi l i ty 

M D C = S N R 2 ( 1 + (1 + 8 R B f a v / S N R 2 ) 1 / 2 ) / 2 R s f (21) 

M A T = S N R 2 ( f l s [ H O ] + 2 R B ) / ( R s [ H O ] ) 2 

= ( S N R d e s i r e d / S N R i a v = 1 ) 2 

(22) 
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of Poisson statistics but may also y i e l d improvement i n S N R w i t h the square 
root of the averaging t ime , because the computed standard deviat ion σ must 
be d iv ided by nm i n comput ing the standard error i n the mean a m (n refers 
to the n u m b e r of measurement intervals l u m p e d together i n averaging). 
However , the presence of nonphoton noise due to fluctuations i n (1) laser 
pulse energy, (2) spectral overlap of the laser w i t h the H O absorption l ine , 
(3) laser al ignment, (4) ambient sources of nonresonant fluorescence and 
scattering, or (5) ambient H O concentration typical ly leads to 1/f noise, 
w h i c h yields an improvement of less than n 1 / 2 or i a v

1 / 2 i n S N R upon averaging. 
O n the other hand , Poisson statistics may provide too conservative an 

estimate of S N R i f significant correlation exists between background and 
signal-plus-background measurements. Such correlation is to be expected 
i n many circumstances and has l e d Rodgers et a l . (77) to use a two-wavelength 
scheme to measure these two quantities almost s imultaneous ly—one laser 
excites the H O transition whi l e the second measures the background signal 
at a s imilar wavelength. A l though effective, the use of two complete laser 
systems may not be a practical approach for routine measurements. W a n g 
and co-workers (73) m i n i m i z e d the t ime between signal and background 
measurement w i t h rap id sequential mode hopp ing i n the excitation laser to 
maximize the correlation between signal and background measurements. 
A r m e r d i n g et a l . (53) de termined the sampling-frequency dependence of 
the baseline standard deviation for the ir D O A S L P A measurement of H O . 
This dependence is shown i n F i g u r e 8. 

T h e early signal uncertainty estimates of H a r d et a l . (78, 79) employed 
the standard error from Poisson statistics ( R s + 2 R B ) 1 / 2 , w h i c h gives too 
conservative an estimate of the error i n these fluorescence measurements. 
Thus , the actual standard error i n the mean στα just discussed was often 
1/2, or less than the value given by ( R s [ H O ] + 2 f l B ) 1 / 2 i a v

1 / 2 . A l t h o u g h the 
covariance is imp l i c i t l y accounted for i n the calculation of a m f rom the net 
signal data, its role i n i m p r o v i n g S N R may be seen expl ic i t ly by expressing 
the S N R i n terms of the ind iv idua l variances and covariance i n the back­
ground Β and the gross signal G : 

= [var(G) + var(B) - 2 c o v ( G , B ) ] 1 / 2 (23) 

I n reading various H O measurement reports [ inc luding H a r d et a l . (78)], 
we find too l i tt le attention given to clearly expressing how the uncertainty 
l imits are der ived . This negligence may be the result of assuming such 
uncertainties are tr iv ia l to calculate. H o w e v e r , future reports should state 
expl ic i t ly whether 1σ, 2σ , 9 0 % confidence l imi ts , and so forth employ Gaus ­
sian or Poisson statistics and whether the quoted uncertainties are internal 
to the ambient H O data or inc lude cal ibration uncertainties. 

This discussion deals w i t h random errors and their propagation i n re ­
ported H O concentrations. E q u a l attention should be g iven, of course, to 
systematic errors of calibration or instrument drift. 
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Figure 8. Dependence of baseline standard deviation on sampling interval for 
LPA-DOAS determination of HO near 308 nm. (Reproduced with permission 

from reference 51. Copyright 1990.) 

Advantages and Limitations of HO Measurement Techniques 

L I D A R . Advantages. A small air vo lume is sampled that is r emoved 
from local surfaces, especially i n aircraft implementat ion . 

Disadvantages. T h e method uses calculated cal ibrat ion w i t h associated 
uncertainties i n input parameters—however , this p r o b l e m is resolvable w i t h 
the increasingly accurate information on relevant energy-transfer processes. 
It is difficult, but not impossible , to calibrate against a c o m m o n H O source 
of " k n o w n " concentration. T h e method is very sensitive to solar background 
at the detection wavelength, the fluorescence signal is effectively co incident 
i n t ime w i t h direct scattering and fluorescence, and L I D A R is subject to 
accumulation of photolytic H O i n stagnant air. It may be amenable to se­
quent ia l 2-λ. excitation, w h i c h has apparently not been proposed; cal ibration 
i n a 2-λ mode might be difficult, however. 

E A P F . Advantages. A large-diameter sample tube excludes most 
ambient l ight and provides m i n i m u m perturbat ion to ambient H O . Past 
sensitivities have been marginal w i t h single-photon excitation. Sequent ia l 
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2-λ excitation could greatly reduce photolytic interference, nonresonant f l u ­
orescence, and scattering backgrounds. T h e method can be cal ibrated by 
fundamental calculation or by ozone photolysis by a shortwave U V source. 
The successful 2-λ determinat ion of N O provides confidence i n the funda­
mental pr inciples of this technique and shows its adaptabil ity for n o n s i m u l -
taneous measurements of N O , N 0 2 , and H N 0 3 . 

Disadvantages. Scattering and fluorescence are not separated i n t ime 
i f per formed at ambient pressure; however, sequential two-step excitation 
w i l l reduce detected scattering and nonresonant background to negl ig ible 
levels. Reproduc ib i l i ty of calibrations and field measurements may be c o m ­
promised by the need to monitor two laser energies and two spectral overlaps 
between the laser l ines and the respective H O l ines, although the repro ­
duc ib i l i ty of the calibration is enhanced by a reference H O ce l l . I n ozone 
(or H 2 0 2 ) photolysis cal ibration, uncertainties i n the absorption cross sections 
w i l l be carr ied over into the calibration. W i t h ozone, rate constant uncer ­
tainties for the reaction of Ο (lD) w i t h water and other atmospheric species 
also propagate into calibration uncertainties. Uncertaint ies i n concentration 
measurements for H 2 0 2 or 0 3 - H 2 0 also propagate into the cal ibration. H o w ­
ever, agreement w i t h i n 2 0 % has been reported between the two photolyt ic 
parent calibrations. (Because both calibrations used the same 266-nm pho ­
tolysis laser, this agreement is independent of the absolute power of the 
photolysis source.) Relative v ibrat ional and rotational distr ibutions of pho ­
tolytic H O w i l l not present a prob lem as long as sufficient t ime is a l lowed 
for the H O products to thermalize . T h e large sampling rate w o u l d make it 
difficult for this instrument to be intercompared w i t h instruments drawing 
samples from a closed vo lume of known H O concentration. T h e method 
requires two complete laser systems. 

F A G E . Advantages. A smal l air vo lume is sampled. T h e method 
stretches the H O fluorescence l i fetime out for a s imple separation from 
direct ly scattered laser l ight (Rayleigh, Raman, M i e , and container w a l l 
scattering). F A G E is easily cal ibrated from k n o w n H O sources, cou ld be 
easily intercompared w i t h most other point measurements, and can be i m ­
p lemented w i t h either chemical or spectral modulat ion , g iv ing independent 
measurements of same quantity. I n chemical modulat ion , simultaneous mea­
surement of signal and background i n two channels may improve the s ignal -
to-noise ratio because backgrounds i n each may be correlated. F A G E can 
be configured for H 0 2 measurement as H O , the cal ibration factor of w h i c h 
can be direct ly compared w i t h that of ambient H O . F l o w tube kinetics and 
dynamics have been studied for several decades by chemical kineticists . T h e 
system can be configured to simultaneously determine several other chemica l 
parameters w i t h a single p u m p laser, inc lud ing N 0 2 and N O (104). 
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Disadvantages. F A G E passes sample through a nozzle and d o w n a 
flow tube, the H O transmission of w h i c h must be incorporated into the 
overal l cal ibrat ion, and it adds the complexity of a vacuum apparatus to the 
laser system. 

L P A . Advantages. Th is is an absolute technique, r e q u i r i n g no " c a l ­
i b r a t i o n " per se, as long as absorption cross sections are accurately treated. 
A n actual spectrum of several closely spaced lines can be obtained that can 
unambiguously identify H O as the absorber i f there is an adequate s ignal -
to-noise ratio. Nearby absorption bands may al low other species concentra­
tions to be compared w i t h " p o i n t " measurements b y independent i n s t r u ­
ments. T h e sampled area is w e l l r emoved from surfaces, i n c l u d i n g the 
ground. Reported sensitivities that use D O A S have been very good. 

Disadvantages. Unless a folded path is used, concentrations averaged 
over several ki lometers make comparison w i t h other H O measurements or 
mode led calculations difficult unless these quantities are also d e t e r m i n e d 
over the same path as that of H O . E v e n then , the effects of vo lume averaging 
are difficult to determine . T h e uncertainties associated w i t h vo lume aver­
aging are shared w i t h " p o i n t " H O measurements r e q u i r i n g significant av­
eraging t imes, for instance, from a mov ing aircraft. Measurements are only 
possible i n relat ively clean air. T h e method is difficult to i m p l e m e n t from 
aircraft, but it cou ld conceivably sample an atmospheric region subsequently 
probed by a low-f ly ing aircraft. Absorpt ions by unident i f ied species may not 
always be separable from H O absorption. T h e m a x i m u m possible n u m b e r 
of H O transitions should be monitored . 

Radiocarbon. Advantages. Th is is a high-sensit iv i ty , absolute 
method that can increase sample prec is ion by longer laboratory count ing 
u n t i l count ing times become prohib i t ive ly long. T h e method has shown very 
good reproduc ib i l i ty (precision) i n repeated measurements. 

Disadvantages. Real - t ime data cannot be obtained for use i n modi fy ing 
the exper imental protocol d u r i n g the experiment . A l t h o u g h impress ive ly 
short sampl ing times have been reported (100 s), the abi l i ty to obtain re ­
pet i t ive samples for a quasi-continuous measurement is not current ly pos­
sible. F r e q u e n t sampl ing w o u l d require a large n u m b e r of sample canisters, 
i n contrast to continuous measurements that have rout ine ly r u n 24 h i n some 
cases. Contaminat ion of 1 4 C 0 2 by I 4 C O w o u l d result i n spurious H O con­
centrations w h e n none were expected (such as at night) and w o u l d be easily 
recognized as a prob lem. F a i l u r e to capture a l l 1 4 C O a or its loss d u r i n g 
puri f ication w o u l d result i n a concentration measurement be low the true 
ambient l eve l and might be m u c h harder to recognize as a p rob l em. F u r t h e r 
characterization of this technique—for instance, by compar ing signals at 
vary ing sampl ing times for l i n e a r i t y — w o u l d be wor thwhi l e . 
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Titration and Mass Spectrometry, Advantages. Th i s method a l ­
lows high-sensit ivity , l ow background, quasi-continuous measurements, is 
amenable to a l l present external cal ibration methods, and has been suc­
cessfully compared w i t h L P A . 

Disadvantages. F u r t h e r study may reveal possible posit ive or negative 
interferences i n the chemical t itration and i on generation reactions. 

HO Intercomparison 
Intercomparison of atmospheric chemistry analytical techniques is a fairly 
recent phenomenon, but one that has rece ived wide acceptance. These 
efforts have sometimes been cal led "shoot-outs"; it has been stated that "most 
of the intercomparison field campaigns, part icular ly those done fairly rig­
orously, have been rather h u m b l i n g experiences" (119). T w o H O in te r com-
parisons have been carr ied out under the sponsorship of N A S A as one e le ­
ment of the C I T E 1 campaign (95). O n e jo int study invo lved ground 
measurements at Wal lops Island i n V i r g i n i a , and the second was an airborne 
comparison of five ind iv idua l flights. Three research groups [ L I D A R (74), 
E A P F (77), and radiocarbon (83)] part ic ipated i n each phase of this study. 
As summar ized by Beck et a l . (95), " the ground results were inconclusive 
because operational problems w i t h the instrumentat ion over the 10 days of 
testing prov ided no over lapping measurements w i t h a signal-to-noise ratio 
(SNR) greater than 1." 

A l t h o u g h C T M experienced instrumental difficulties d u r i n g the airborne 
comparison (e.g., 1 4 C H 4 contamination of the 1 4 C O ) , the other two techniques 
reported complementary measurements w i t h S N R exceeding 1 on six oc­
casions. T h e reported 1σ uncertainties of the two techniques were compa­
rable, averaging 1.1 Χ 10 6 c m " 3 ( E A P F ) versus 1.6 Χ 10 6 c m " 3 ( L I D A R ) ; 
the latter value is h igher possibly because of the presence of a stronger 
scattered solar signal i n the open atmosphere data. Because no " O H stan­
d a r d " was possible i n this study, the success of the intercomparison cou ld 
only be based upon the leve l of agreement between the two techniques. 
A l t h o u g h the 1σ error bars were above zero for the 12 data points considered, 
h igher confidence levels were achieved far less frequently , and agreement 
among the two sets was poor. T h e overv iew (95) conc luded as follows: 

T h e O H intercomparison results were not of sufficient quantity to 
al low one to conclude that O H measurements i n the c lean, remote 
troposphere can be made w i t h sufficient accuracy or re l iab i l i ty . T h e 
near-zero n ightt ime results from the two L I F techniques, however , 
do indicate that there are no major problems that can be attr ibuted 
to artifacts or interference effects for c lean, remote tropospheric 
measurements. F i n a l l y , i t is of some significance that w i t h i n the 
accuracy of the ensemble of O H measurements reported d u r i n g 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

99
3 

| d
oi

: 1
0.

10
21

/b
a-

19
93

-0
23

2.
ch

01
2

In Measurement Challenges in Atmospheric Chemistry; Newman, L.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1993. 



364 M E A S U R E M E N T C H A L L E N G E S I N A T M O S P H E R I C C H E M I S T R Y 

C I T E 1, no disagreements between measurements were observed 
and current predict ions of O H concentration i n a " c l e a n " e n v i r o n ­
ment do not disagree w i t h the general O H leve l indicated b y the 
data. 

Cons iderab ly greater success has recently been achieved i n an in ter ­
comparison of local and long-path H O measurements i n Colorado . I n this 
intercomparison (88) M o u n t ( L P A ) and E i s e l e ( C T M t i trat ion-mass spec­
trometry) compared 10-km path-averaged H O concentrations w i t h a local 
C T M measurement near the retroreflector. Agreement between the two 
techniques (F igure 9) was i n general good, especially because there is reason 
to bel ieve that actual atmospheric H O concentrations w o u l d not necessarily 
be the same for each technique , g iven the ir quite divergent averaging v o l ­
umes. 
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Figure 9. Intercomparison of O , LPA and •, CTM titration-mass spectro­
metry determinations of [HO] at Fritz Peak, Colorado. (Reproduced with 
permission from reference 88. Copyright 1992 American Association for the 

Advancement of Science.) 
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Generation of Reference HO Concentrations for Calibration 
and Instrument Intercomparison 

Generat ion of reference H O concentrations d u r i n g the measurement process 
is an extremely valuable procedure. Th is approach was deve loped for i n ­
flight cal ibration of the E A P F sampl ing system (77) and employed 0 3 - H 2 0 
photolysis by a second laser just pr ior to H O measurement. F o r laser delay 
times greater than 10 μβ, H O thermalizat ion w i l l be complete . This ca l i ­
brat ion is subject to the uncertainties i n concentration measurements of 0 3 -
H2O-N2-O2 and to uncertainties i n the relevant rate constants, a l though 
the latter appear as systematic errors that can be corrected at any t ime 
prov ided that more accurate rate constants are known . I f H O concentrations 
m u c h higher than ambient are generated, reference H O measurements w i l l 
have better prec is ion, but extrapolation of a cal ibration curve outside its 
de te rmined range then carries its own uncertainty. S t i l l , the E A P F system's 
self-calibration possibil it ies present a major advantage current ly available 
w i t h no other technique. 

F u t u r e intercomparisons of H O instruments should incorporate mea ­
surements of " k n o w n " or " s tandard" H O concentrations (the n o r m w i t h less 
reactive analytes) as w e l l as b l i n d comparisons of ambient measurements. 
T h e simplest " k n o w n " H O source is a large-volume cont inuously s t i rred tank 
reactor ( C S T R ) — w i t h vo lume flow sufficient to satisfy instrumenta l sampl ing 
rates—that is i l luminated by sunlight. This source is equivalent to the C S T R 
used to calibrate F A G E and cou ld s imi lar ly de l iver flow to any C T M ex­
per iment . 

Ca l ibrat i on of F A G E 1 from a static reactor (a Tef lon film bag that co l ­
lapses as sample is withdrawn) has been reported (78). I n static decay, H O 
reacts w i t h a tracer Τ that has a loss that can be measured b y an independent 
technique; Τ necessarily has no sinks other than H O reaction (see Table I) 
and no sources w i t h i n the reactor. F r o m equation 17, the instantaneous H O 
concentration is calculated from the instantaneous slope of a plot of ln[T] 
versus t ime . T h e presence of other reagents may be necessary to ensure 
sufficient H O ; however , the mechanisms by w h i c h H O is generated and lost 
are of no concern, because the loss of the tracer by reaction w i t h whatever 
H O is present is what is observed. Turbu lent transport must keep the r e ­
actor's contents w e l l mixed so that the analytically measured H O concen­
tration is representative of the volume-averaged H O concentration reflected 
by the tracer consumption. I f the H O concentration is constant, the random 
error i n [ H O ] calculated from the tracer decay slope can be obtained from 
the slope uncertainty of a least squares fit. Systematic error w o u l d arise f rom 
uncertainties i n the rate constant for the Τ + H O reaction, but several 
tracers may be employed concurrently . In general , H O may be nonconstant 
i n the reactor, so its concentration variation must be separated from noise 
associated w i t h the [T] measurement, w h i c h must therefore be d e t e r m i n e d 
separately. 
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Two dynamic alternatives to the static approach have been used i n H O 
calibration and measurement. In the C S T R (continuously st irred tank re ­
actor) approach, air containing the tracer or tracers flows into the reactor to 
balance the bu lk flow out to the H O measuring devices, and the contents 
are st irred by a fan or other means. T h e H O chemical tracer is measured 
i n the inlet flow to obtain [T] u and i n the outlet flow to obtain [T]. Mass 
balance requires 

= |[T]„ - (* [HO][T] + F / V ) [ T ] (24) 

where FIV is the ratio of flow rate to vo lume , w h i c h is the inverse of the 
reactor residence t ime τ. A t steady state, equation 24 reduces to 

[ H O ] = (frrHPMT] - 1) (25) 

E r r o r s in [ H O ] due to [T] measurement can be est imated by error propa­
gation i n equation 25, w h i c h yields 

_ 1.4([HO] + ( f c T ) - V m 

σ [ Η ο ] = ^ (26) 

H e r e , the uncertainty σ^ΗΟ| introduced by the relative uncertainty a j T j / [T] 
applies to a single hydrocarbon measurement, and the presence of this 
uncertainty i n both [T] and [T] 0 introduces the factor 1.4. I f [T] („ other 
reagents, or i l luminat ion of the reactor are not constant, [HO](f) can be 
obtained from the t ime derivative of equation 25: 

H ' = τ- 1 - (fc[HO] + rl)H (27) 

i n w h i c h Η = [T] / [T] ( ) and the pr ime represents differentiation w i t h respect 
to t ime . 

A l though H a r d et a l . (78) used the static method to calibrate the F A G E 1 
instrument 's response to H O , they adopted the C S T R method to calibrate 
F A G E 2 (79) and F A G E 3 (81). In the static method , the large-volume flow 
rate into the F A G E sampl ing nozzles deflated convenient ly s ized reactors 
(250-L Teflon bags) rapidly and left inadequate t ime for signal averaging at 
very low H O concentrations. In contrast, C S T R allows longer averaging 
times and is less sensitive to wa l l sources and sinks of H O and its precursors 
that w o u l d be associated w i t h collapse of the reactor. T h e C S T R calibrator 
could also de l iver sample for E A P F , perhaps i n the sequential 2-λ mode , i f 
the sample flow rate were reduced to that used i n the radiocarbon mea­
surements. Before such an intercomparison is considered, radical w a l l loss 
and generation should be modeled for proposed geometries to investigate 
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effects that the walls might have on H O concentrations at the sampl ing ports 
versus effects in the reactor interior . 

The second dynamic approach is the atmospheric pressure flow tube , 
i n w h i c h an organized two-dimensional flow f ie ld replaces the bu lk m i x i n g 
of the C S T R , as has been used by Davis and co-workers (77) for in-f l ight 
cal ibration of their E A P F system. It might be difficult to adapt this method 
to generate " k n o w n " H O for a instrument intercomparison, however . 

A n early intercomparison of L P A and C T M measurements of H O w i t h i n 
a chemical reactor has been reported (120, 121). T h e measurements were 
made by d i rec t ing the beam transverse to the detect ion axis w i t h i n the 
reactor at atmospheric pressure; N 2 was replaced by H e to improve f luo­
rescence efficiency. A folded-path L P A measurement w i t h i n a cal ibration 
chamber w o u l d have obvious advantages in an instrumental intercomparison 
and seems w i t h i n the realm of possibi l ity. 

Summary 

Tropospheric H O measurements pub l i shed to date inc lude chemica l tracer 
techniques and several spectroscopic approaches, i n c l u d i n g both absorption 
and fluorescence. E a c h of these approaches is now capable of p rov id ing 
ambient H O data, but their sampl ing systems, sensitivities, averaging v o l ­
umes, and potential systematic errors are w ide ly divergent. Past ambient 
H O determinations have been the subject of vary ing controversy, w h i c h 
could be reduced i n future measurements i f existing methods were inter ­
compared, as has become the norm in other areas of atmospheric analytical 
chemistry. A chemical tracer approach to generate a " k n o w n " H O concen­
tration i n such an intercomparison is feasible and should u l t imate ly employ 
three or more successful methods to al low for potential inaccuracy i n one of 
the methods. Provis ion of anci l lary measurements of chemical and photo­
chemical quantities w o u l d be useful so that the H O results and potential 
inconsistencies between them may be interpreted w i t h the use of tropo­
spheric photochemical models. 
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Measurement of Personal Exposure 
to Air Pollution: Status and Needs 

Paul J. Lioy 

Environmental and Occupational Health Sciences Institute, University 
of Medicine and Dentistry of New Jersey, Robert Wood Johnson Medical 
School, 681 Frelinghuysen Road, Piscataway, NJ 08854 

Research on air pollution monitoring has expanded its scope of in­
quiry from characterization of the ambient atmosphere and identi­
fication of its chemical and aerosol constituents to determination of 
an individual's total indoor and outdoor air pollution exposure. (Ex­
posure is the integral of a time-varying concentration over a specified 
interval of contact.) This new emphasis has spurred the development 
and evaluation of personal air monitors for applications within pop­
ulations at risk to high exposure and within the general population. 
The types of pollutants presently requiring or being considered for 
personal monitoring are discussed. The associated technological is­
sues and problems are described and illustrated by examples. The 
criteria for a design of a personal monitor are reviewed, as are the 
scientific approaches currently being used for personal monitoring 
and plausible approaches for the future. Activity logs, which are 
needed to ensure proper allocation of the sources of significant ex­
posure, are briefly discussed. 

PERSONAL MONITORING IS A RELATIVELY NEW CONCEPT i n c o m m u n i t y air 
po l lut ion measurement research (1-3). This fact is not surpr is ing because 
most air po l lut ion investigations have been d irected toward the character­
ization of the ambient atmosphere, the observation of pol lutant trends, the 
acquisit ion of data on chemical k inet ic parameters and on the physical p r o p ­
erties of aerosols, and the determinat ion of compliance to national and other 
standards (4). Before the late 1970s, research on personal monitors was 
p r i m a r i l y conducted i n industr ia l settings (5, 6) because A m e r i c a n C o n f e r -

0065-2393/93/0232-0373$06.00/0 
© 1993 American Chemical Society 
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ence of Governmenta l Industr ial Hygienists ( A C G I H ) guidel ines and O c ­
cupational Safety and H e a l t h Admin is t ra t i on ( O S H A ) standards for workplace 
contaminants are an 8-h t ime-weighted average or the peak concentration 
of a particular pol lutant or mixture of pollutants (7, 8). T h e concentration of 
workplace contaminants may be associated w i t h more than one area and may 
not vary predictably w i t h distance from a source; therefore, area monitors 
have been k n o w n to underestimate exposures i n the workplace that can 
cause k n o w n health effects. Consequent ly , the hygienist uses personal m o n ­
itors. 

Occupat ional exposures are usually associated w i t h relatively h i g h con­
centrations. I n fact, the concentration of many substances (but not ozone) 
exceeds ambient air concentrations by 2 to 3 orders of magnitude. A m u l ­
t i tude of samplers are used to detect the inorganic or organic compounds 
encountered i n industr ia l settings, but these samplers collect mater ia l p r i ­
mar i ly to determine an 8-h t ime-weighted average (5, 6). E v e n w i t h long 
sampl ing t imes, the total quantities of contaminants col lected i n nonindus -
tr ia l microenvironments (e.g., a l i v i n g room, a park, or a l ibrary) are smal l , 
so sensitive techniques are needed (1-3, 9, 10). 

F r e q u e n t l y , c ommuni ty air environments are complex, and most out­
door exposures do not occur near the actual source of air contaminants, a 
situation that is the norm for the workplace (4). T h e concentrations i n c o m ­
m u n i t y air are an average of the emissions dispersed w i t h i n the atmosphere 
by a n u m b e r of sources, by the same source in a n u m b e r of different locations, 
or by a single large [>100 l b / y e a r (>45 kg/year)] or small [<5 l b / y e a r (<2.25 
kg/year)] source i n one location (11). In other situations the ambient con­
centrations are an average of the secondary products formed i n a def ined 
area or large region (12). I n addit ion, indoor air exposures result from outdoor 
air penetrat ing indoors and from emissions by indoor sources (e.g., tobacco 
smoke or solvent evaporation). Indoor emissions have some features s imi lar 
to occupational settings because the person can be located adjacent to or 
can pass near the indoor source (J). As a consequence of the needs i n air 
exposure research, improved instrumentat ion for personal moni tor ing must 
be. developed; this instrumentation is the focus of this chapter. 

Rationale 

T h e personal moni tor ing of communi ty air pollutants is r e q u i r e d for four 
basic reasons; these reasons are associated w i t h a need for a more accurate 
descript ion of an individual ' s contact w i t h a pol lutant that can affect health . 

1. F o r specific air pollutants, even some air pollutants i n the 
Nat ional A m b i e n t A i r Qual i ty Standard (e.g., n i trogen dioxide 
and particulate matter), the highest exposures may not occur 
outdoors. 
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2. T h e concentration of an air pol lutant varies from location to 
location, so a stationary monitor may not be representative of 
the major exposures to many pollutants. 

3. A person's activities alter the patterns of exposure to contam­
inants throughout a day. 

4. A person's exposure occurs al l day long; this situation indicates 
the need to have the device accompany an i n d i v i d u a l through­
out an entire day or, for some pollutants, d u r i n g that port ion 
of the day w h e n peak exposures may occur. 

The development of personal moni tor ing techniques and their a p p l i ­
cation to a communi ty setting are essential i n exposure studies des igned for 
epidemiology, risk assessment, and c l in ica l intervent ion (JO). F u r t h e r , there 
is l i t t le information on the formation, transformation, accumulat ion, and fate 
of pollutants i n locations where the populat ion spends its t ime (e.g., office 
bui ldings or residences). Thus , studies are r e q u i r e d that couple measure­
ments of pollutants at levels of environmental concern w i t h the places where 
people spend t ime or conduct significant activities. Some tradit ional and 
new applications of personal moni tor ing inc lude the fo l lowing (3, 10): 

1. Outdoor A i r Po l lut ion . Appl icat ions inc lude moni tor ing 
neighborhoods near a small local source; munic ipa l inc inera ­
tors; photochemical smog episodes and the ir impact on out­
door athletics and recreation; urban traffic congestion; and 
dust resuspension from hazardous wastes. 

2. Indoor A i r Po l lut ion . Th is category includes moni tor ing h igh 
source emissions or ubiquitous sources; air emissions from 
contaminated water, w h i c h can come from bathroom showers, 
basement seepage, or pesticide contamination; and tight 
bui ld ings , w h i c h , because of a lack of dispersal , may have h igh 
concentrations of many chemicals. 

3. C o m m u t e r Transit . Appl icat ions inc lude moni tor ing auto­
mobi le cabin pol lut ion and self-service gasoline refuel ing. 

E a c h situation requires an evaluation of the hypotheses to be tested 
before the personal monitor can be designed and the identi f ication of the 
types and durat ion of exposure that may occur. O n c e inhaled , the c o m p o u n d 
may be rapidly metabol ized i n the body; short - term measurements w o u l d 
be appropriate for such processes. T h e compound may instead have a l ong 
residence t ime at a specific site i n the lung or may be stored i n an organ or 
tissue. T h u s , the inhaled compound or one or more of its adducts or m e ­
tabolites could eventually de l iver a biologically effective dose to a target 
organ or ce l l (13). T h e monitor must be developed w i t h consideration of the 
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nature, concentration, t ime of contact, and biological effects of the c o m ­
pound . 

Criteria and Techniques 

O n c e the inhalation exposure questions have been ident i f ied , the specif i ­
cations for each personal monitor must be de termined and the monitor must 
be val idated for the contaminant be ing measured. Table I , updated from 
Samet et a l . (14), identifies current ly available personal monitors , and Table 
I I , taken from an E n v i r o n m e n t a l Protect ion Agency ( E P A ) report (15), shows 
the projected needs i n the 1990s. There are a n u m b e r of opportunit ies for 
research on personal monitors; Table II indicates that relat ively few com­
merc ia l units are current ly available for e i ther particulate or gas-phase spe­
cies. F o r compounds such as polycycl ic aromatic hydrocarbons (PAHs) , a 
two-stage sampler is r equ i red because some P A H s exist s imultaneously i n 
the gaseous and particulate phase (16). Consequent ly , research must be 
ranked w i t h respect to the significance of the air po l lut ion p r o b l e m , and the 
technological developments requ i red to provide rel iable samplers must be 
defined. 

After a personal monitor is developed, the first l eve l of use w o u l d be 
w i t h i n a target populat ion potential ly having h igh exposures, and the second 
leve l w o u l d be the introduct ion of a streamlined moni tor ing package for 
applications w i t h i n larger segments of the general populat ion. N e w personal 
monitors must address these six cr i ter ia (10): 

1. Sensit ivity . T h e monitor should detect analytes at levels be ­
l ow those causing adverse health effects, be sensitive to 
changes that are one-tenth of the l eve l of interest, have p r e ­
cis ion of ± 5 % , and be easy to calibrate accurately. 

2. Select ivity. T h e monitor should have no response to other 
compounds that might also be present. 

3. Rapid i ty . Sampl ing and analysis t imes should be short c o m ­
pared w i t h biological response t imes, response t ime i n 9 0 % 
of samples should be less than 30 s, and output should be 
RS232 or the equivalent. 

4. Comprehensiveness . T h e monitor should be sensitive to a l l 
contaminants that cou ld result i n adverse health effects and 
adaptable to several analytes. 

5. Portabi l i ty . T h e sampling and analysis device should be r u g ­
ged and should not interfere w i t h the normal behavior of the 
ind iv idua l . It should have l ow power consumpt ion , a s tab i l i ­
zation t ime of less than 15 m i n , a temperature range of 2 0 -
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40 °C, and a h u m i d i t y range of 0 - 1 0 0 % , and it should be 
battery powered . 

6. Cost . Sampl ing and analysis should not be proh ib i t ive ly ex­
pensive. T h e monitor should have few components that are 
consumed by analysis and should require l i t t le maintenance. 

F i v e of the cr i ter ia are normal ly considered w h e n any air po l lut ion 
monitor is designed; however, the fifth c r i t e r i o n — p o r t a b i l i t y — i s essential 
i n a personal monitor . Obvious ly , this requirement has an impact on the 
other cr i ter ia because it establishes a challenge for achieving specificity for 
a chemical or suite of chemicals, for l ow detect ion l imits for adequate de ­
terminat ion of the concentration and exposure, and for units that are not 
cost-prohibit ive. Sensit ivity of current personal monitors is less than that 
for stationary moni tor ing techniques. Thus , ent ire ly n e w approaches appear 
to be necessary for detection of a contaminant i n a personal monitor . 

T h e current methodologies for personal sampl ing inc lude two major 
types (17, 18): 

1. Passive Sampl ing . These techniques provide for the accu­
mulat ion of a contaminant on a substrate on the basis o f the 
principles of diffusion, sedimentation, adsorption, or absorp­
t ion. 

2. Ac t ive Sampl ing . These techniques use the dynamic passage 
of the sampled air at a specified rate through a substrate (e.g., 
a filter), an absorbant (e.g., Tenax (d iphenylphenylene oxide) 
or activated charcoal), or a detector (e.g., a photometer) that 
measures a parameter that is proport ional to detectable quan ­
tities of a contaminant. 

Appl icat ions of different personal monitors have increased over the past 
10 years; passive monitor ing techniques are used pr imar i l y for long- term 
sampling, w h i c h provides data to quantify exposures associated w i t h chronic 
health effects. O n e of the most w e l l k n o w n passive techniques is the Palmes 
tube, F i g u r e 1 (19). It has been used to study the magnitude of indoor 
nitrogen dioxide exposures for a variety of t ime periods, ranging from a day 
to greater than a week. O t h e r samplers are now available w i t h variations on 
this approach, inc lud ing devices that can be read by an i n d i v i d u a l who has 
a color chart (20). Passive monitor ing techniques were considered for the 
first E P A Total Exposure Assessment Methodo logy ( T E A M ) studies for v o l ­
atile organic species; however, T E A M investigations have used active sam­
plers because the personal measurements were made only for 12-h durations 
(21). 
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ρ Removable Cap 

K—Acrylic Tube, %" l.Dx 2.8" long 

Exploded View of Sampler Bottom 

Figure 1. Schematic diagram of the Palmes personal N02 sampler. (Reproduced 
with permission from reference 8. Copyright 1989.) 

T h e obvious advantages of a passive sampler, as seen i n F i g u r e 1, are 
its s impl ic i ty , total portabi l i ty , and lack of any ancil lary equ ipment needed 
to collect the sample. T h e pr imary drawback is the necessity to collect an 
integrated sample over an extended per iod of t ime. This drawback may not 
be important i f the response t ime for a biological effect is not significantly 
shorter than the m i n i m u m sampling duration. 

Ac t ive sampling has always been preferred i n tradit ional air po l lut ion 
studies because a substance can be concentrated on a part icular substrate 
and because continuous measurements can be taken. These samplers have 
been placed at fixed monitor ing sites on a roof or i n a trai ler (4). T h e use of 
active sampling, however , has not been without problems. F o r instance, 
the use of substrates such as filters and sorbents can affect the measured 
concentration by artifact formation, breakthrough, and blow-off associated 
w i t h ind iv idua l compounds or classes (22). 

Personal monitors that use active sampling have technical problems that 
must be addressed dur ing the design phase because 

• there are smaller component parts, 
• the size of the p u m p is l i m i t e d , 
• the vo lume or surface of the col lection m e d i u m or detector is 

reduced , and 
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• the energy needed to power the device is from a self-contained 
source. 

E a c h of these considerations must be resolved before a personal moni tor 
can be appl ied to air po l lut ion research and characterization studies. Some 
advances have been made for carbon monoxide, volati le organic compounds , 
acid aerosols, and particulate matter ( P M - 1 0 and R S P ; these represent the 
masses of a l l particles col lected i n samplers w i t h 5 0 % cut sizes of 10 and 25 
μιη, respectively) and its components (12, 22-31). E a c h advance is st i l l 
undergoing development , and further advances can be antic ipated for these 
as w e l l as for other pollutants. T h e next generation of monitors w i l l probably 
inc lude devices for some pollutants that incorporate the use of microsensors. 
C u r r e n t l y , microsensors are be ing examined for detect ion of nitrogen dioxide 
and ozone, but the range of sensors available suggests that they can be used 
for a n u m b e r of compounds (10, 32): 

• Biosensors 
• E lec t rochemica l sensors 

Potent iometr ic devices 
A m p e r o m e t r i c devices 
E l e m e n t s sensitive to contact potential 

• T h e r m a l sensors 
Thermistor and resistance thermometer elements 
Thermoe lec t r i c -bo l ometr i c sensors 
Semiconductor-based elements 
E l e m e n t s sensitive to piezoelectric thermal osci l lation 
Pyroelectr ic sensors 
Black-body radiation sensors 

• Stress and pressure sensors 
Photoacoustic elements 
Mass-sensit ive elements 

B u l k piezoelectric elements (thickness monitors) 
Surface acoustic-wave (SAW) elements 
Plate-mode oscillators 
Interface impedance elements 

F i b e r optic elements sensitive to elastic constants 
• Electromagnet ic sensors: passive 

Solid-state conduct iv i ty (chemiresistance) sensors 
Die leetrometr ie sensors 
D ie l e c t r i c sensors 

Absorpt iv i ty elements 
Index of refraction elements 
Phase-shift and interface impedance (e.g., e l l ipsometry) 

elements 
Spectral " f ingerpr int " elements 

Surface-enhanced Raman spectrometers 
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• Electromagnet ic sensors: active 
Nonl inear behavior, i n c l u d i n g frequency doub l ing , e lements 
Fluorescence elements 

E a c h of the passive and active samplers ment ioned has a specific sam­
p l i n g rate. H o w e v e r , they do not reflect the respiration rate of an i n d i v i d u a l . 
F o r an estimate of the dose this respiration rate must be est imated from 
l iterature values or col lection devices. 

Example of Personal Monitor Development and Application 

T h e difficulties encountered i n attempts to apply personal moni tor ing can 
be i l lustrated by the developments requ i red to collect P M - 1 0 samples d u r i n g 
the Total H u m a n E n v i r o n m e n t a l Exposure Study ( T H E E S ) (25). T h e results 
of the T H E E S are descr ibed i n a n u m b e r of research articles (25, 33-36). 
The fol lowing is a synopsis of the approach used to collect dai ly samples 
from individuals for 2 weeks a year over the course of 2 years (a total of 28 
days). A major prob lem w i t h the col lection of particulate matter is the size 
of the p u m p . T h e p u m p needs to provide a sufficient flow rate to ensure 
that the inlet and col lect ion m e d i u m components are operat ing efficiently 
(e.g., correct cut size must be provided) and that the system can obtain a 
large enough sample to achieve the detection l imits for the measurement of 
the compound i n question. In T H E E S the target chemical was benzo[a]py-
rene, w h i c h had a lower detection l imi t of 0.1 n g / m 3 . Af ter a series of 
laboratory experiments it was de termined that a P M - 1 0 sampler operating 
for 24 h w i t h a 4 L / m i n flow rate was requ i red to collect adequate mass 
(>0.5 ng) for analysis. A n impactor w i t h a sharp cut size at 10 μπι and a 25-
m m filter was developed by V. M a r p l e and used as the sampler (37). It was 
evaluated i n m y laboratories for col lection efficiency i n an intercomparison 
w i t h a dichotomous sampler and a stationary indoor air sampl ing impactor 
(IASI) (38). T h e results of the study were excellent for a l l samplers; a slope 
of 1.0 and 1.08 was found for the regression between mass co l lected by I A S I 
and by the dichotomous sampler, respectively. T h e impactor was adequate 
for our needs; unfortunately, the only p u m p available that operated at the 
correct f low rate and had a flow control ler was designed for occupational 
hygiene (28). T h e p u m p presented three logistical problems. T h e first was 
a bu lky design that was unresolvable because of insufficient t ime to redesign 
the unit . A sturdy shoulder harness was constructed to facilitate carry ing of 
the monitor by the participants; however, the p u m p eventual ly should be 
separated into a battery and a p u m p assembly. Th is setup was tested i n the 
particle T E A M investigations, although the system was st i l l b u l k y (39). 

T h e second prob lem was p u m p noise. A worker may not have the same 
sensitivities about wear ing a p u m p and collector as w o u l d a m e m b e r of the 
general publ i c . F o r the general pub l i c , the noise levels of greater than 72 
d B generated by a typical p u m p are intolerable , especially w h e n the p u m p 
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is worn for 14 days. A t such noise levels relaxation or conversation is not 
possible (40). A sound control package was constructed to m i n i m i z e the noise 
l eve l ; the p u m p was housed i n a box w i t h attenuation material , and the 
p u m p mounts were muffled. The noise was reduced to approximately 50 
d B , w h i c h was found to be a reasonable value for al l participants. 

T h e t h i r d concern was that the p u m p batteries only operated for 12 h . 
Therefore, it was essential to devise a sampling strategy that a l lowed for the 
changing the batteries halfway through a sampling per iod . This situation l e d 
to a 6 - 8 p . m . start t ime for the samples and a 6 - 8 a .m. battery change for 
each 24-h sample. Obvious ly , a battery that maintains a charge for greater 
than 24 h is needed for future exposure studies. T h e f inal personal moni tor ing 
system used is shown i n F i g u r e 2. T h e approach worked ; we successfully 
col lected greater than 9 5 % of the personal samples, and no potent ial par­
ticipant refused to wear the sampler. 

D u r i n g the day the participants wore the sampler attached to the lapel 
of an article of c lothing, but at night this was not feasible. Therefore , at 
night it was placed i n a convenient location near the sleeping participant. 
Participants could not wear the sampler d u r i n g specific types of exercise, 
and they were instructed to place it i n a convenient location at such t imes. 

Figure 2. Monitoring system used in THEES. 
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Obvious ly the methodology was not opt imal , and more research is re ­
q u i r e d on P M - 1 0 and other particle samplers to produce a more compact 
and efficiently operated system for consistent use i n large populations. T h e 
technological problems w i l l be the most direct to resolve. H o w e v e r , a l ong -
term concern is whether the participants are a l ter ing usual activities because 
they are wear ing a personal monitor . I n the T H E E S this situation d i d not 
happen often because the participants were to ld that i n such circumstances 
the device should be removed and placed i n a convenient location. F u r ­
thermore , each person was prov ided w i t h a sports bag i n w h i c h to place the 
p u m p , a l lowing each person to carry the personal sampler w h e n he or she 
partic ipated i n social functions. In the strict terms of industr ia l hygiene 
practice, the approach used d i d not result i n a l l sampl ing t imes be ing as­
sociated w i t h breathing zone air. The logistics were physical ly impossible 
and not reasonable because the participants could not wear the samplers to 
bed. F u t u r e attempts at miniatur izat ion or the use of a continuous sensor 
may solve some of these methodological issues. H o w e v e r , personal monitors 
w i l l probably continue to sample w i t h i n the personal zone of an i n d i v i d u a l 
but not w i t h i n the breathing zone. 

T h e T H E E S conclusions indicated the importance of personal samplers. 
Results i l lustrated i n F i g u r e 3 show that estimates of the benzo[a]pyrene 

Frequency 

Daily BaP Dose (no) 

Figure 3. Benzo[a]pyrene dose for all participants in THEES; CXT estimates 
from indoor and outdoor measurements (solid bars) and personal air mea­
surements (cross-hatched bars) are shown. (Reproduced with permission from 

reference 36. Copyright 1991.) 
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inhalation dose from t ime-weighted indoor and outdoor env ironmenta l sam­
ples was not equivalent to the exposures measured by the personal samples 
(36). T h e estimated exposures were s imilar for the mean values, but the 
t ime-weighted approach missed the highest exposures i n the d is tr ibut ion . 
In T H E E S most participants were nonsmokers, so the indoor levels were 
pr imar i l y caused by the outdoor air and indicated that the personal activities 
contr ibuted pr imar i ly to the extreme values. T h e importance of personal 
activities was veri f ied by a dai ly activity log that was filled out b y each 
participant. The log was designed to ensure that sources of benzo[a]pyrene 
cou ld be accounted for; specific questions on location and operation of the 
source and passive contact w i t h sources were used. 

F o r smokers, the personal mean values for particulate matter, i n this 
instance respirable particle concentrations, were d r i v e n by the indoor air 
passive smoke (23). The studies summarized in Table III show similar i n ­
formation for other pollutants, and for many the outdoor levels are m u c h 
lower than the indoor levels that result from the presence of specific indoor 
sources or activities (40). 

Discussion 
T h e types of samplers requ i red for personal air moni tor ing i n the future w i l l 
use a mix of passive and active techniques because not a l l situations l e n d 
themselves to the use of both and because the biological eifect be ing studied 
may require one sampling protocol i n favor of another. I n the case of ozone, 
w h i c h is one of the major outdoor pol lutant problems i n the U n i t e d States 
(41), exposure is estimated from the results from continuous monitors located 
at stationary sites away from sources of scavenging compounds l ike N 0 2 . 
These types of sites have prov ided adequate information for h u m a n health 
effects field studies because the dai ly peak or other daytime average con­
centrations i n places away from these sources are correlated w i t h decreases 
i n l u n g function. However , to obtain detai led information on exposure pro ­
files for individuals part ic ipating i n outdoor activity, an investigator needs 
a personal device that can record the dai ly m a x i m u m or integrate over a 
n u m b e r of hours between 10 a .m. and 9 p . m . Thus , a continuous monitor 
w o u l d be most desirable. A passive monitor to determine integrated expo­
sure might work, but it must be capable of at least p rov id ing an 8-h average 
for the concentration range of 20 to >200 parts per b i l l i o n (ppb) (42). C o n ­
current ly , it may become necessary to monitor personal exposure to other 
smog constituents such as formaldehyde and fuel constituents such as m e t h ­
anol i f the U n i t e d States promotes the use of alternative fuels to operate a 
large fraction of motor vehicles i n metropol i tan areas (43). Because of the 
lack of information on the chemical constituents of alternative fuels (or their 
emissions), there could be an opportunity for chemical characterization and 
exposure research to l ink and enhance efforts to identi fy the impact of toxic 
compounds on segments of the population. 
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Table I U . Summary of Selected Personal Monitoring Studies Carr ied Out 
in the United States 
Number 

Pollutant Reference of Subjects Summary of Findings 
RSP 44 20 Personal exposure did not correlate 

23 37 with outdoor measurements; in 
45 48 most cases it was substantially 
46 101 higher than outdoor 

concentrations would predict. 
Exposure to passive tobacco 
smoke was a major determinant of 

C O 
RSP exposure. 

C O 47 66 Time spent in transit was the 
48 98 primary determinant of personal 
49 3 exposure. Highest C O exposures 
22 1083 were due primarily to motor 

vehicle exhaust. 
N 0 2 50 9 Outdoor monitors overestimated 

51 350 exposures for people not exposed 
to indoor sources but 
underestimated exposures for 
people who resided in homes with 
unvented combustion appliances. 

V O C s 21 
30 

355 Outdoor measurements did not 
correlate well with personal 
exposures. Personal exposure and 
in-home concentrations tended to 
be higher than outdoor 
concentrations for many volatile 

Pb 
organic compounds. 

Pb 52 150 Highest Pb exposures were 
experienced by taxi drivers. A l l 
subjects except office workers 
experienced highest exposures at 
work. 

P M - 1 0 25 10-18 Highest personal exposures were 
due to individual activities; 
nonsmokers' exposures correlated 
to exposure to ambient air. 

P M - 1 0 25 9 Highest personal exposures were 
due to personal activities. 

SOURCE : Adapted from reference 1. 

This discussion also indicates the need for research on strategies for 
implementat ion of personal monitor ing . T h e current moni tor ing techniques 
are i n a state of evolut ion, and i n some cases the devices are s t i l l p r i m i t i v e . 
To obtain conditions favorable for the development of personal monitors , a 
major effort must be d irected toward def ining the strategies that w i l l y i e l d 
information on targeted populations or populations w i t h h i g h exposures. 
These definitions can be accomplished through purposeful (focused on a 
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smal l n u m b e r of people to detai l the feature of air po l lut ion exposure) or 
statistically representative sampling of segments of the general pub l i c . C o n ­
current ly , the t i m e - a c t i v i t y logs must be ref ined for the pol lutant and for 
situations of concern to ensure that the personal samples can be p laced into 
a meaningful perspective. W o r k is now under way to develop a hand-he ld 
microprocessor data logger that can be used by a partic ipant to sequential ly 
record each activity, the t ime spent i n that activity, or the t ime spent i n 
contact w i t h a source or a type of po l lut ion (e.g., smog). 

Summary 

T h e technological advances i n the instrumentat ion r e q u i r e d to conduct per ­
sonal moni tor ing i n the general population are occurr ing but at a relat ively 
slow rate. T h e reasons for the delays are not associated w i t h a lack of i m ­
portant questions to be addressed but w i t h the need for a more systematic 
approach to answering the questions. Th is approach w i l l provide the requ i red 
market for manufacturers to invest development costs i n an instrument . T h e 
net result w i l l be better integration of the cr i ter ia for personal monitors w i t h 
the instrumentation needs of a particular study. In the past equ ipment not 
or iginal ly suited for personal monitors was modi f ied to address exposure and 
exposure -heal th effects problems. M a n y of the modi f ied units were suc­
cessfully used; however, for future air po l lut ion exposure assessments, basic 
research on passive and active monitors for a ranked set of chemicals should 
be completed before the design of a study. This foundation w i l l lead to the 
availabil ity of monitors as the research and assessment needs arise. O n e 
main requirement associated w i t h future research is that the investigators 
developing equipment must recognize that the devices are to be w o r n by 
people and that the monitor must be tested to ensure that the participants 
i n an exposure study can wear it comfortably. I n addit ion , air po l lut ion 
exposure research must be integrated w i t h research on the characterization 
of the atmospheres i n various indoor and outdoor environments . Th is i n ­
tegration w i l l provide a basis for selecting air pollutants or mixtures w i t h 
biological significance. 
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Aerosol(s) 
chemical dynamics, 185-208 
composition, 2, 3t 
compositional analysis, 213-216 
difficulties with simulating atmospheric 

conditions, 205-206 
example of compositionally resolved bi-

modal and monomodal distribution, 
212/ 

formation and growth in photooxidation of 
aromatic hydrocarbons, 199 

formation during photooxidation of hydro­
carbons, 200 

future measurement needs, 207-208 
multimodal nature, 186 
nitrogen-containing, characterization, 268 
on-line measurements of sulfur con­

tent, 194 
properties, 185-186 
sampling, preserving size distribution, 108 
simultaneous collection of coarse and fine 

particles, 214 
size and time scales of interest, 187/ 
size-segregated compositional analysis, 

211-227 
strong acid content, 229-239 

Aerosol heterogeneity, measurement, 
194-196 

Aerosol instruments 
chemical composition, 193-194 
classification, 196-198 
current, 188-198 
heterogeneity, 194-196 
particle number concentration and size 

distribution, 188-193 
Aerosol measurements, aircraft sampling in 

troposphere, 101-128 
Aerosol samplers, comparison of collection 

efficiencies, 215/ 
Aerosol sampling, accuracy of aircraft 

probes, 110-111 
Air pollution, measurement, 373-388 
Airborne Arctic Stratospheric Experiment, 

CIO and BrO, 172/ 173/ 
Aircraft 

advantages, 166-167, 255 
LIDAR technique, 337 
nitrogen species measurements, 254-255 
stratospheric measurements, 166-176 

Aircraft sampling 
altitude response, 104-107 
batch sampling techniques, 114-119 
carbon monoxide, 124 
chromatographic techniques, 118-119 
cloud water collectors, 116-117, 128 
concentration-sensitive vs. mass-sensitive 

detectors, 104-107 
concentration units, 103-104 
continuous measurement methods, 

119-128 

Aircraft sampling—Continued 
CSIRO King probe, 128 
distortion of sample composition, 103 
engineering problems, 103 
gas samples for subsequent laboratory 

analysis, 117-118 
general considerations, 102-113 
hydrogen peroxide, 124-125 
inlets, 108-112 
instrument response, 104-105, 107 
Johnson-Williams detector, 128 
nitrogen oxides, 122-124 
0 3 , 119-120 
particle measurements, 125-128 
power considerations, 112 
precipitation collectors, 116-117 
pressure response, 103, 104-107 
review of techniques, 113-128 
S0 2 , 120-122 
time-space resolution, 113-114 
troposphere, 101-128 
weight considerations, 112-113 

Aitken condensation nuclei counter, begin­
ning of aerosol science, 188 

Aldehydes, photolysis, 292-293 
Alkenes 

reaction with N 0 3 radical, 263 
source of tropospheric peroxy rad­

icals, 293 
Alkoxy radical, unimolecular decomposi­

tion, 311 
Alkyl and multifunctional organic nitrates, 

predicted atmospheric existence, 
261-264 

Alkyl nitrates, photochemical relationship, 
248-250 

Altitude-dependent measurements, bal­
loons, 159 

Ammonia 
atmospheric chemistry, 245-246 
atmospheric thermodynamic equilibrium, 

236-237 
desorption behavior, 61 
diffusion scrubber work, 70, 72-73 
first measurement with thermodenuder, 

54-55 
Netherlands Energy Research Foundation 

instrument, 56-57 
vanadium pentoxide coated annular ther­

modenuder, 59/ 60/ 
wet denuders, 80 

Ammonium nitrate 
measurement, 4 
Netherlands Energy Research Foundation 

instrument, 56-57 
production in atmosphere, 4-5 
simultaneous determination with H N 0 3 , 

62-63 
Ammonium salts, equilibrium with gaseous 

acid and ammonia levels, 236-237 
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Ammonium sulfate 
Netherlands Energy Research Foundation 

instrument, 56-57 
Slanina instrument, 57 

Analytical scanning electron microscopy, 
aerosol heterogeneity measure­
ment, 194 

Annular dénuder method 
accuracy and error sources, 17-19 
comparison to other methods, 20, 22-23 
design, 15-17 
improved strategy, 19, 22 
tandem denuders, 18 

Annular denuders, collection efficiency, 
48-51 

Annular geometry, comparison to single-
tube geometry, 53 

Annular geometry diffusion scrubbers 
descriptions, 66-73 
development of automated instruments, 

67-70 
Antarctica, ozone depletion, 134-136 
Arctic stratosphere, ozone loss in compari­

son to Antarctic stratosphere, 149 
Areal density, compositional analysis of par­

ticulate samples, 217-218 
Artifacts, filter sampling, 116 
Atmosphere, exchange of trace species with 

surface, 91-92 
Atmospheric aerosols 

composition, 2, 3t 
description, 211-212 

Atmospheric measurements, combining ob­
servations and photochemical mecha­
nisms to derive other trace gas abun­
dances, 153-155 

Atmospheric pressure flow tube, HO instru­
ment calibration, 367 

Atmospheric strong and weak acids, most 
common, 231 

Atmospheric Trace Molecular Spectroscopy, 
stratospheric research, 134 

Atomic emission, determination of non­
methane hydrocarbons, 286-287 

Automated measurement, atmospheric trace 
gases, 41-86 

Automation, needs for hydrocarbon mea­
surement, 287-288 

Β 
Balloon-borne laser in situ sensor, strato­

spheric measurements, 159-161 
Balloon-borne measurements, stratosphere, 

156-166 
Balloons 

in situ measurements, 102 
nitrogen species measurements, 255 

Bases 
definitions, 229-231 
most common in atmosphere, 231 

Batch sampling 
aircraft, 114 
cloud water collectors, 116-117 
filter packs, 114 
losses from wall reactions, 118 
precipitation collectors, 116-117 

Battelle, description of air impactor, 
215-216 

Batteries, problems in personal monitor­
ing, 384 

Beer-Lambert law, HO, 331 
Benzaldehyde, extraction of H 2 S0 4 , 233 
Benzo[a]anthracene, gas-particle ratios, fil­

ter and sorbent sampling, 27 
Benzo[g/it]perylene, gas-particle ratios, fil­

ter and sorbent sampling, 27 
Benzo[o]pyrene 

dose for participants in Total Human En­
vironmental Exposure Study, 385/ 

gas-particle ratios, filter and sorbent sam­
pling, 27 

Berner Low-Pressure Impactor, description 
of air impactor, 215-216 

Biogeochemical cycles, understanding by 
measuring nitrogen species, 246-247 

BLISS flight measurements, comparison of 
[N02] against time, 160/ 

Breakthrough volume, adsorbent collection, 
279, 280 

BrO 
minimum detectable abundances, 170 
resonance fluorescence measurements, 

163-166, 168-176 
Bromine compounds, ozone depletion, 145-

146, 150-151 

C 
C i - C 8 alkyl nitrates, predicted atmospheric 

existence, 261-264 
Calibration 

diffusion denuders, 52-53 
HO measurements, 365 

California 
measured N H 3 levels, 55 
visibility degradation, 222-225 

Carbon monoxide, aircraft sampling, 124 
Carbonaceous material 

aerosols, 2, 3t 
sampling errors, 2-3 

Carbonaceous species 
sorption on sampling media, 21 
tests of 1986, 219 

Carbonyl concentration, determination, 288 
Carbonyls collected on a DNPH-impreg-

nated silica gel cartridge, liquid chro­
matography, 284/ 
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Cascade impactors, aerosol measurements, 
193-194 

Center of gravity, aircraft sampling, 113 
Challenges 

compositional analyses of size-segregated 
particles, 226-227 

HO determination, 350-356 
nitrogen species measurements, 256-269 
nonmethane hydrocarbon measurement, 

287-289 
personal air monitoring, 386-388 

Chapman mechanism, stratosphere, 
140-141 

Characteristic tracer measurement flow re­
actor, HO, 347/ 

C H 3 C H 2 0 2 , near-infrared absorption spec­
tra, 301 

Chemical amplification, peroxy radical mea­
surement, 310-312, 313/ 314/ 315/ 

Chemical amplifier 
N 0 2 modulation data, 315/ 
sample modulation data, 314/ 
schematic, 313/ 

Chemical analysis, removal of particles from 
gases, 213-216 

Chemical composition, aerosol measure­
ments, 193-194 

Chemical conversion methods, measurement 
of peroxy radicals, 307-318 

Chemical lifetime, HO, 327-329 
Chemical modulation 

F A G E , 353 
H O measurement, 342 

Chemical resolution 
eddy correlation requirements, 93-95 
isopleths of Rc, 94/ 

Chemical sensors 
eddy correlation flux measurements, 

91-99 
factors affecting resolution 

inlet system, 95-97 
sensing volume, 98 
signal processing, 98-99 

Chemical tracer measurements, HO, 
346-350 

Chemiluminescence, peroxy radical mea­
surement, 310 

Chlorine, catalytic cycles that destroy 
ozone, 141 

Chlorine compounds, ozone depletion, 145-
146, 150-151 

Chlorofluorocarbons, ozone depletion, 134-
136, 144-145 

CH3O2, near-infrared absorption 
spectra, 301 

Chromatographic techniques, aircraft sam­
pling, 118-119 

Chrysene, gas-particle ratios, filter and sor-
bent sampling, 27 

CITE 2 program, nitrogen species intercom­
parison, 259 

CI, resonance fluorescence measurements, 
163-166 

Clean continental environment, gas chroma­
tography, 283/ 

Climate warming, hydrocarbon influ­
ence, 277 

Clinical intervention, development of per­
sonal monitoring techniques, 375 

CIO 
calculating other trace gas concentrations 

from aircraft measurements, 153-
154* 

minimum detectable abundances, 170 
ozone depletion, 134-136 
resonance fluorescence measurements, 

163-166, 168-176 
ClO-BrO instrument, aircraft stratospheric 

measurements, 168-176 
Clogging, filters, 218 
Cloud water collectors 

aircraft sampling, 128 
batch sampling, 116-117 

CO, reaction with HO, 324, 326 
C03

2~-glycerol coated denuders, accuracy 
and sources of error, 17-20, 22-23 

Coarse-mode particles, accuracy of aircraft 
probes, 110-111 

Coarse nitrate, dénuder difference 
method, 12 

Coarse particles, removal from dénuder 
streams, 51-53 

Cold finger sampling apparatus, matrix isola-
tion-EPR measurements, 306 

Collection, vapor-phase organic compounds, 
277-280 

Collection efficiency 
annular denuders, 48-51 
porous membrane diffusion scrubbers, 66 
single-tube denuders, 47-48 

Colorado, measured N H 3 levels, 55 
Community air pollutants, reasons for per­

sonal monitoring, 374-375 
Commuter transit, applications of personal 

monitoring, 375 
Composition resolution, aerosol instruments, 

197/ 
Compositional analysis 

aerosols, 213-216 
particles within a gas-particle system, 213 
particulate samples, 216-222 

Comprehensiveness, importance for per­
sonal monitors, 376 

Concentration-sensitive detectors, compari­
son to mass-sensitive detectors, 
104-107 
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Concentration units 
aircraft sampling, 103-104 
mass concentration, 104 
mixing ratios, 103-104 

Concentrations, determination in atmo­
sphere, 277-287 

Condensation nuclei counters, aircraft sam­
pling, 127-128 

Containers, organic compound collection, 
277-278, 280 

Contamination, derivatization methods, 
279, 280 

Continuous-flow analytical systems, diffusion 
scrubbers, 77 

Continuous monitor, desirability for per­
sonal monitoring, 386 

Continuous sampling and determination, at­
mospheric strong acids, 235 

Continuous sampling with periodic determi­
nation, atmospheric strong acids, 
234-235 

Continuously stirred tank reactor, HO cali­
bration and measurement, 366 

Cost, importance for personal monitors, 377 
Coupled-ion chromatography, diffusion 

scrubber, 73-76 
Cryogenic collection, organic compounds, 

278, 280 
CS 2 , batch sampling, 118 
CSIRO King probe, aircraft sampling, 128 
Cu vapor laser, HO measurements, 355 
Cyclohexene, dependence of volume-based 

aerosol yield on initial concentration, 
200/ 

D 
Davis Rotating Unit for Monitoring, descrip­

tion of air impactor, 215-216 
Dénuder difference method 

comparison to other methods, 20, 22-23 
H N 0 3 and fine-particle nitrate, 12-15 

Denuder-filter-sorbent system, polyaro-
matic hydrocarbons, 30/ 

Derivatization, collection of polar, oxygen­
ated hydrocarbons, 279, 280 

Detection, vapor-phase organic compounds, 
284-287 

Detection limit, near-infrared diode 
lasers, 300 

Detection methods, diffusion scrubbers, 73 
Differential mobility classifier, aerosol mea­

surements, 190-191 
Diffusion, removal of particles from 

gases, 214 
Diffusion-based collection, automated mea­

surement, 41-86 

Diffusion denuder(s) 
accuracy, 13-15 
design parameters, 12-13 
first application of a dénuder device, 44 
Gormley-Kennedy equation, 43 
historical perspective, 44-45 
measuring gas in the presence of aerosol, 

43-45 
operating and design considerations 

collection efficiency, 47-51 
laminar flow development, 45-47 
particle transmission, 51-53 

polyaromatic hydrocarbons, 29-32 
specific organic compounds, 29-32 

Diffusion dénuder techniques, particulate 
organic carbon, 34-37 

Diffusion scrubbers 
analyzers, 77-79 
annular geometry, 66-73 
applications, 76-77 
conductometric instrument, 76 
coupled-ion chromatography, 73-76 
ion-exchange membrane, 63-65 
limitations, 77-79 
long-term use, 77-78 
porous membrane, 65-66 
straight inlet, 78/ 

Dimethyl disulfide, smog chamber studies of 
photooxidation, 201/ 

2,4-Dinitrophenylhydrazine, collection of 
polar, oxygenated hydrocarbons, 
279, 280 

Diphenylphenylene oxide, sampling ambient 
air, 54 

Distortion of sample composition, aircraft 
sampling, 103 

Double diffuser inlets, aircraft sampling, 111 
Ducting, chemical sensor resolution, 96-97 
Dynamic control, ozone abundance, 143 
Dynamics, atmospheric aerosols, 198-208 

Ε 
EAPF technique, advantages and disadvan­

tages, 360-361 
Eddy correlation, requirements, 92-95 
Eddy correlation flux measurements, fast-re­

sponse chemical sensors, 91-99 
Electrical aerosol analyzer, direct observa­

tions of evolution of size distribution, 
198-199 

Electrical mobility analyzer, aerosol mea­
surements, 190-191 

Electrical noise, aircraft sampling, 113 
Electron paramagnetic resonance, peroxy 

radical spectroscopy, 305-307, 308/ 
Electrostatic charging, particle transmission 

in denuders, 51-53 
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Elemental carbon, aerosols, 2 
Elements, concentrations, Grand Canyon 

National Park, 226/ 
Enclosed atmospheric pressure fluorescence, 

HO, 337-339 
Environmental Protection Agency-Depart­

ment of Energy Sampler Intercom­
parison of 1977, 219 

Epidemiology, development of personal 
monitoring techniques, 375 

ER-2 aircraft 
in situ measurements, 147i 
NO-NO„ instrument, 254-255 
stratospheric measurements, 166-168 

Ethylene chemiluminescent detectors, re­
sponse times, 120 

Extraction, with pH measurement or H + ti­
tration, atmospheric strong acid mea­
surement, 232-233 

F 
F A G E 

advantages and disadvantages, 361-362 
signal and background sources vs. detec­

tion pressure, 341/ 
Far-infrared and millimeter-wave spectral 

regions, peroxv radical spectroscopy, 
302-305 

Fast-response chemical sensors, eddy corre­
lation flux measurements, 91-99 

Fast-response techniques, need for organic 
compound analysis, 288, 289/ 

Field intercomparisons, nitrogen species 
measurements, 258-259 

Filter(s) 
H N 0 3 collection, 115 
removal of particles from gases, 213-214 
retention of gaseous H N O 3 , 6 

Filter collection 
atmospheric strong acids, 231-233 
detection limit, 115 

Filter holder surfaces, loss of H N O 3 , 10-11 
Filter pack method 

atmospheric particulate nitrate and nitric 
acid, 10-12 

comparison to other methods, 20, 22-23 
Filter packs, aircraft and batch sampling, 

114-116 
Filter sampling 

artifacts, 116 
time-space resolution, 116 

Fine-particle nitrate 
annular dénuder method, 18 
dénuder difference method, 12 

Fine particles, removal from dénuder 
streams, 51-53 

Flame ionization, detection system for or­
ganic compounds, 284 

Flame photometric detector, sulfur, 106, 
120-122 

Float period, balloon measurements, 162-
164/ 

Flow control system, choked flow condi­
tions, 106 

Flow streamlines, aircraft aerosol sampling, 
108-109/ 

Fluorescence, product monitoring in diffu­
sion scrubber, 69 

Fluorescence measurements, HO, 329-330, 
336-343, 351-356 

Fluorescence spectroscopy, visible and ul­
traviolet, absorption spectros­
copy, 297 

Formaldehyde 
efficient sink criteria, 51 
ultraviolet cross sections, 299/ 

Forward Scattering Cloud Droplet Spec­
trometer Probe, aircraft sampling, 
126-127, 128 

Fractional surface porosity, porous mem­
brane diffusion scrubbers, 65-66 

Frankfurt long-path absorption instrument, 
HO, 344 

Fused silica capillary columns, speciation of 
organic compounds, 280-281, 282/ 
283/ 

Future measurement strategies, photochem­
istry of the stratosphere, 176-180 

G 
Gas-aerosol interactions, atmospheric strong 

acid sampling, 236-237 
Gas chromatographs, aircraft, 119 
Gas chromatography, speciation of organic 

compounds, 280-281, 282/ 283/ 
Gas filter correlation spectrometry, C O de­

termination, 124 
Gas-liquid contactors, continuous, 42-43 
Gas measurements, troposphere, 101-128 
Gas species, simultaneous measurements, 

152-153 
Gaussian statistics, signal-to-noise considera­

tions, 357 
Glass-fiber filters 

H N O 3 retention, 6 
polyaromatic hydrocarbon collection, 26 

Glass tubing, H N O 3 losses, 9 
Gormley-Kennedy equation 

diffusion denuders, 13, 29 
modification of assumptions, 47 

Grab sampling, C O determination, 124 
Gran titration, procedures for strong acid 

content of atmospheric aerosols, 
232-233 

Grand Canvon National Park, distribution of 
sulfur, 225-226 
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H 
Halogens, research needed, 176-177 
Heat transfer, annular tubes, 49 
High-speed civil transport aircraft, effect on 

stratosphere, 178 
HN0 4 , reservoir for HO, 328 
HO 

absorption spectrum in the near UV, 329 
advantages and limitations of measure­

ment techniques, 360-367 
atmospheric distribution, 332/ 
chemical lifetime, implications for mea­

surement, 327-329 
chemical tracer measurements, 335, 

346-350 
comparison of recent measurements, 349/ 
concentrations from measured hydrocar­

bon distributions, 334-335 
concentrations inferred from measured 

rate of reaction of another 
species, 334 

conversion from HO2, 309 
dependence of baseline standard deviation 

on sampling interval for LPA-DOAS 
determination, 360/ 

equilibria with other species, 328 
fluorescence measurements, 329-330, 

333-334, 336-343 
formation in troposphere, 323-324 
generation of reference concentrations for 

calibration, 365-367 
goal in determinations, 328, 329 
instrument calibration, 365-367 
intercomparison of techniques, 363-364 
long-path absorption measurements, 

343-345 
measurement approaches, 335-350 
modeling efforts, 352-356 
models, 331-333 
obtaining sufficient attenuation for absorp­

tion measurements, 331, 333 
reductions in photolytic background, 

355-356 
reservoirs, 328 
role as sole reactant for tropospheric trace 

gases, 326-327 
signal-to-noise considerations, 356-359 
sinks, 327-328 
transition diagrams for two methods of se­

quential two-photon laser excitation, 
339/ 

troposphere, 323-367 
tropospheric reactivity, 324-326 

H 0 2 

conversion to HO for measurement, 
307, 309 

emission spectra, 303/ 
far-infrared emission measurements, 304/ 

H02—Continued 
infrared spectrum, 300, 302 
measurement of emission from thermally 

populated rotational levels, 302-305 
near-infrared absorption spectra, 301 
reservoir for HO, 328 

HO* photochemistry, use of measurements 
of O H , H 0 2 , 0 3 , and H 2 0 to exam­
ine, 153, 155 

HONO 
interfèrent in annular dénuder method, 

17-18 
measurement in atmosphere, 7 
possible nonphotolytic sources, 266 
removal by carbonate-coated denuders, 15 
retention on nylon filters, 8 

Humidograph technique, acidic sulfate dif­
ferentiation, 234 

Hydrocarbons 
analytical methods, 275-289 
atmospheric importance, 276/ 
batch sampling, 118 

Hydrochloric acid 
properties in atmosphere, 231 
wet denuders, 80 

Hydrochlorofluorocarbons, substitution for 
chlorofluorocarbons, 177 

Hydrogen, catalytic cycles that destroy 
ozone, 141 

Hydrogen peroxide 
calibration of diffusion scrubber, 70/ 
diffusion scrubber device, 68/ 
gas-phase, aircraft sampling, 124-125 
use as a scrubber liquid, 75 
wet denuders, 80 

Hydroperoxy and organic peroxy radical 
concentrations, simulated for the ma­
rine boundary layer, 294/ 

Hydroxyl radicals, formation, 292 
4-Hydroxyphenylacetate, detection of 

H 2 0 2 , 76 
p-Hydroxyphenylacetic acid technique, 

H 2 0 2 sampling, 125 

I 

Impactor(s) 
aerosol measurements, 188-189 
analytical sensitivity comparisons, 217f 
mass-per-stage comparison, 217* 
removal of particles from gases, 214-216 

Impactor deposits, nonuniform, 219 
In situ measurements 

advantages, 134 
atmospheric strong acids, 234-235 
importance, 101 

Indoor air pollution, applications of personal 
monitoring, 375 
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Inlet(s) 
aircraft sampling, 108-112 
materials, 108 

Inlet length, diffusion dénuder design, 
45-47 

Inlet system, sensor resolution, 95-97 
Inorganic nitrates, atmospheric sampling, 3-

20, 22-23 
Inorganic NO„ species, need for develop­

ment of in situ techniques, 265 
Instrument(s) 

aerosol measurements, time and size reso­
lution, 191-193 

installation on aircraft, 114 
size and time resolution, 187 

Instrument calibration, HO, 365-367 
Instrument influence, balloon measure­

ments, 160 
Instrument time response, aircraft sam­

pling, 107 
Instrumental variables, relation with data-

averaging variables, 357 
Instrumentation, inadequacy for following 

chemical dynamics of aerosols, 207 
Integrating nephelometer, aircraft sam­

pling, 127 
Intercomparison 

HO measurement techniques, 363-364 
nitrogen species measurements, 258-259 

Interference, HO measurement, 356-359 
Ion-assisted characteristic tracer measure­

ment, HO, 348-350 
Ion chromatogram, ambient air, 75/ 
Ion chromatography, speciation of organic 

compounds, 281-282, 284/ 285/ 
Ion-exchange membrane diffusion scrubbers, 

examples, 63-65 
Ion-exchange membranes, transport of ana-

lyte, 64-65 
Iron, aerosol distribution, California, 224/ 
Isokinetic sampling, aircraft, 108-110 
Isopropyl alcohol, extraction of H 2 S0 4 , 233 

J 
Johnson-Williams detector, aircraft sam­

pling, 128 

L 
Labile atmospheric pollutants, sampling 

methods, 1-38 
Laminar flow development, diffusion de­

nuders, 45-47 
Laser beam expansion, detection of HO, 351 
Laser in situ sensor, stratospheric measure­

ments, 159-161 

Laser-induced fluorescence, HO, 161-163, 
307, 309, 337-339 

Laser-induced fluorescence technique, 
N H 3 , 251 

Laser magnetic resonance, peroxy radical 
spectroscopy, 305-307, 308/ 

Laser radar, See LIDAR 
Laser Raman microprobe, aerosol heteroge­

neity measurement, 194 
Laser spark spectroscopy, on-line analysis of 

individual aerosol particles, 196 
Laser wavelengths, importance in HO mea­

surements, 350-351 
LIDAR (laser radar) 

advantages and disadvantages, 360 
measurements, HO, 336-337 

Lift capacity, balloons, 160 
Limb Infrared Monitor of the Stratosphere 

(LIMS), stratospheric research, 134 
Liquid chromatography, speciation of or­

ganic compounds, 281-282, 284/ 
285/ 

Lockheed Electra aircraft, nitrogen species 
measurements, 255 

Long-path absorption 
advantages and disadvantages, 362 
instrument, diagram, 344/ 
measurements, HO, 343-345 

Long-path differential absorption measure­
ments, nitrogen species, 256 

Los Angeles 
H 2 0 2 measurement, 71 
visibility degradation, 222-225 

Low-pressure fluorescence, HO, 340-343 
Low-pressure impactor, description of air 

impactor, 215-216 
Lower stratosphere, issues to be resolved, 

177-178 
Luminol chemiluminescence, N 0 2 measure­

ment, 123, 312 

M 
Magnet, overcoming bulk problem for 

EPR, 305 
Mass-sensitive detectors, comparison to con­

centration-sensitive detectors, 
104-107 

Mass spectrometer systems, coupling, de­
tection of organic compounds, 286 

Mass spectrometry 
organic compound detection, 285-286 
peroxy radicals, 307 

Matrix isolation procedure, EPR for peroxv 
radicals, 305-307, 308/ 

Measurement, low-concentration, short­
lived species, 329 

Measurement duct, ClO-BrO instru­
ment, 171 
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I N D E X 401 

Measurement methods, peroxy radicals 
chemical conversion, 307-318 
spectroscopy, 296-307 

Measurement platforms, nitrogen species, 
254-256 

Measurement specificity, nitrogen 
species, 250 

Mechanical mode, definition, 211-212 
Mercuric oxide reduction detector, monitor­

ing carbon monoxide, 286-287 
Mercury vapor, CO determination, 124 
Methane, possible influence on natural 

abundance of HO, 324 
Methylcyclohexane 

NO x photooxidation experiment, 202/ 
photooxidation, with and without added 

S0 2 , 206/ 
Micrometeorological flux measurements, ni­

trogen species, 266-267 
Microsensors, personal monitors, 382 
Middle-infrared spectral region, peroxy radi­

cal spectroscopy, 300, 302 
Midlatitudes, ozone photochemistry, 

140-144 
Millimeter-wave spectroscopy, H 0 2 , 

304-305 
Missing oxidant 

calculations, Scotia Range, Pennsylvania, 
316/ 

photostationary state measurements, per­
oxy radicals, 312-313, 315-318 

Mixing ratios 
aircraft sampling, 103-104 
first-order corrections, 105 
transport of trace gases, 139-140 

Mobility distribution measurements, aerosol 
measurements, 190-191 

Mobility techniques, limitations, 208 
Modeler, interaction with experimentalist, 

244-245 
Modeling efforts, HO, 352-356 
Molar ratio, definition, 104 
Mounting, cloud water collectors, 117 
Multi-Day, description of air impactor, 

215-216 
Multifunctional organic nitrates, oxidation 

mechanisms believed to be involved 
in production, 261 

Ν 
NaF, use as annular dénuder method coat­

ing, 19 
National Scientific Balloon Facility, strato­

spheric research, 156 
Near-infrared chemiluminescence, peroxy 

radical measurement, 310 

Near-infrared diode lasers, detection 
limit, 300 

Near-infrared spectral region, peroxy radical 
spectroscopy, 300, 301/ 

Netherlands Energy Research Foundation, 
measurement of strong acids, 56-57 

New measurement techniques, stratosphere, 
179-180 

NH4NO3, volatilization within a dénuder, 15 
Nicotine, diffusion denuders, 29 
Nitrate aerosols, filter pack measure­

ment, 252 
Nitrates 

atmospheric sampling, 3-20, 22-23 
formation on nylon filters, 6-8 
organic, predicted atmospheric existence, 

261-264 
See also Particulate nitrate 

Nitric acid 
atmospheric thermodynamic equilibrium, 

236-237 
collection, gaseous, 115 
conversion to NO for detection, 123 
dénuder difference method, 12 
diffusion coefficient values, 13 
filter pack measurement, 10-12, 252 
first measurement with thermodenuder, 

54-55 
improved annular dénuder method strat­

egy, 19-20 
intercomparisons of measurements, 259 
Lindqvist method, 56 
Netherlands Energy Research Foundation 

instrument, 56-57 
nighttime vertical distributions, 265/ 
pathways for loss, 8 
properties in atmosphere, 231 
retention on particulate matter, 6 
simultaneous determination with 

NH4NO3, 62-63 
trapping media, 13 
wet denuders, 80 

Nitric oxide 
oxidation by peroxy radicals, 293 
two-photon laser-induced fluorescence de­

tection, 338-339 
Nitrogen, catalytic cycles that destroy 

ozone, 141 
Nitrogen oxides 

aircraft sampling, 122-124 
possible influence on natural abundance of 

HO, 324 
Nitrogen species 

atmospheric chemistry, 245-246 
atmospheric roles, 243-244 
concentration variations, 244 
development of NO,, in situ techniques, 

265-266 
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Nitrogen species—Continued 
field intercomparisons, 258-259 
goals of measurements, 246-250 
measurement approaches, 250-254 
measurement challenges, 243-269 
measurement platforms, 254-256 
micrometeorological flux measurements, 

266-267 
nitrogen-containing aerosol, characteriza­

tion, 268-269 
polar nature, 263-264 
reactive and oxidized, present in the at­

mosphere, 246/ 
relationship between NOy and N 2 0 in the 

polar stratosphere, 267-268/ 
techniques for stratosphere, develop­

ment, 267 
troposphere field studies, completion with 

better spatial coverage, 264-265 
unmeasured troposphere species, devel­

opment of techniques, 259-264 
NO 

atmospheric chemistry, 245-246 
calculating other trace gas concentrations 

from aircraft measurements, 153-
154r 

chemiluminescence measurements, 158 
formation of HO in troposphere, 323-324 
0 3 chemiluminescence instrument for 

measurement, 252-254 
oxidation by ozone, 293 
oxidation to N0 2 , 312 

NOv, definition, 246 
NO, 

budget, three field studies, 260/ 
Northern and Southern Hemispheres, 150 
ozone loss, 144-145 

N 0 2 

chemiluminescence measurements, 158 
conversion of peroxy radicals for measure­

ment, 310-312, 313/-314/ 315/ 
conversion to HONO in annular dénuder 

method, 17-18 
conversion to NO for detection, 123 
measurement in the presence of large NO 

and CO concentrations, 311-312, 
313/ 314/ 315/ 

O 3 chemiluminescence instrument for 
measurement, 252-254 

Palmes sampler, 381/ 
retention on nylon filters, 7 

NO3, conversion to NO for detection, 123 
N 2 0 

air parcel tracer, 149 
atmospheric chemistry, 245-246 

N 2 0 5 

conversion to NO for detection, 123 
heterogeneous conversion to H N O 3 , 158 
wintertime reservoir species in strato­

sphere, 158 

N O - N O 2 - O 3 photostationary state system, 
equations, 293, 295 

Nonmethane hydrocarbons, possible influ­
ence on natural abundance of 
HO, 324 

Nonmethane organic compounds, analytical 
methods, 275-289 

Nonsmokers, differences from smokers in 
personal monitoring, 386 

Nonspectroscopic analytical chemistry, in 
situ measurements, 251-252 

Nonuniform deposit, problems for analytical 
methods that analyze deposit and 
substrate together, 218 

Nucleation, photochemical oxidation of 1-oc-
tene, 203-205 

Nucleation mode, particles, 186 
Nylon 6, nylon filter constituent, 7 
Nylon filters 

formation of nitrate, 6-8 
interferents, 7 

Nyquist requirement, eddy correlation tech­
nique, 93 

Ο 
Ο, resonance fluorescence measurements, 

163-166 
Occupational exposure, personal monitor­

ing, 374 
OCS, batch sampling, 118 
1-Octene, photochemical oxidation, 203-205 
Odd-hydrogen family, research needed, 

176-177 
O H detection, laser-induced fluorescence, 

161-163 
O H radical, reactive nature, 161 
Olefins, reaction with ozone, 287 
On-line size-resolved chemical analysis, re­

search effort, 195 
Ontario, Canada, phase-specific nitrate con­

centrations, 11-12 
Optoacoustic spectroscopy, N 0 2 measure­

ment, 312 
Organic acids 

need for simplified analytical proce­
dures, 288 

potential for reducing the pH in precipita­
tion, 282 

Organic carbon 
analyses with and without quartz-fiber fil­

ter dénuder, 36t 
denuder-dual filter system for investigat­

ing organic positive artifact, 35/ 
diffusion dénuder techniques, 34-37 
dual-filter strategy, 33 
improved samplers for particles, 32-37 
loss from particulate phase, 21, 24 
sampling of particulate matter, 21, 24-38 
tandem filter techniques, 32-34 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

99
3 

| d
oi

: 1
0.

10
21

/b
a-

19
93

-0
23

2.
ix

00
2

In Measurement Challenges in Atmospheric Chemistry; Newman, L.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1993. 



I N D E X 403 

Organic compounds 
collection, 277-280 
peroxy radicals as intermediates in oxida­

tion, 295 
sampling of particulate matter, 21, 24-38 
sorption on previously collected particu­

late matter, 21 
vapor pressures, 21 

Organic nitrates 
formation, 293 
possible species in the atmosphere, 264f 
predicted atmospheric existence, 261-264 

Organic peroxy radical concentrations, simu­
lated for the moderately polluted 

Amazon boundary layer, 295/ 
Outdoor air pollution, applications of per­

sonal monitoring, 375 
Oxalic acid, properties in atmosphere, 231 
Ozone 

absorption, 298 
aircraft sampling, 119-120 
calculating other trace gas concentrations 

from aircraft measurements, 153-
154f 

destruction, 141 
interfèrent with H N 0 3 maxima, 8 
nitrogen species contribution to depletion, 

243-244 
production, 140 
production and loss rates, 142/ 
reaction with olefins, 287 

Ozone chemiluminescence, nitrogen oxide 
detection, 122-124 

Ozone depletion 
stratosphere, 133-134, 135-136 
trace gases in stratosphere, 144-151 

Ozone-ethylene chemiluminescent detector 
aircraft sampling, 120 
pressure response, 105-106 

Ozone hole 
failure to anticipate, 151 
theories, 144-146 

Ozone interference, model estimates in 
FAGE2, 354* 

Ozone loss 
models, 151-152 
observed and calculated, 148/ 
uncertainties, 152-153 

Ozone-NO chemiluminescent detector, air­
craft sampling, 120 

Ozone photochemistry, midlatitudes, 
140-144 

Ρ 
Packed column technology, airborne gas 

chromatographs, 119 
Palmer Peninsula, Antarctica 

ER-2 data, 146-147 
ozone depletion, 135 

Palmes tube, passive personal monitoring, 
377, 381/ 

Particle(s) 
accumulation and nucleation modes, 186 
elemental components, 212 

Particle filter, filter pack sampling 
systems, 115 

Particle formation, photochemical oxidation 
of 1-octene, 203-205 

Particle measurements, aircraft sampling, 
125-128 

Particle number concentration, aerosols, 
188-193 

Particle-particle interactions, atmospheric 
strong acid sampling, 238 

Particle size distribution functions, 
analysis, 198 

Particle size distribution measurements, dy­
namics of atmospheric aerosols, 
202-203 

Particle transmission, diffusion denuders, 
51-53 

Particulate matter, problems in analysis, 
218-219 

Particulate nitrate 
artifacts, 6 
atmospheric sampling, 3-20, 22-23 
definition, 3-4 
filter pack method, 10-12 
pathways for particle-to-gaseous nitrate 

conversions, 5-6 
Particulate samplers designed for particulate 

removal, 216 
Passive sampling, methodologies for per­

sonal sampling, 377, 381-382 
Path lengths, HO measurements, 331, 333 
Perfluorinated ionomer membranes, trans­

port properties of small neutral polar 
molecules, 64 

Peroxy radicals 
computer simulations, 294-296 
degree of sensitivity required for mea­

surement, 294-296 
formation in troposphere, 291-293 
measurement methods 

chemical conversion, 307-318 
spectroscopy, 296-307 

measurement techniques, summary, 
317-318 

sources, 292 
Peroxyacetic nitric anhydride, conversion to 

NO for detection, 123 
Peroxyacetyl nitrate 

atmospheric chemistry, 245-246 
formation on nylon filters, 7-8 
interfèrent with H N 0 3 maxima, 8 
reservoir for HO, 328 
retention on alkali-coated denuders, 18 
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Peroxyacetyl radical, equilibrium with per-
oxyacetyl nitrate and 
N0 2 , 247-248 

Peroxybenzoyl nitrate, predicted atmo­
spheric existence, 261-264 

Peroxypropionyl nitrate, predicted atmo­
spheric existence, 261-264 

Personal exposure to air pollution, measure­
ment, 373-388 

Personal monitor(s) 
applications, 377 
criteria, 376-383 
next generation, 382-383 

Personal monitor development, status, 380t 
Personal monitoring, studies carried out in 

the United States, 387/ 
Personal monitoring equipment, particulate 

matter for indoor air quality samples, 
378, 379f 

Pesticides, diffusion denuders, 29 
Phase-specific analysis, importance of deter­

mining, 2 
Phase-specific nitrate concentrations, re­

gional differences, 11-12 
Photochemical control, ozone abun­

dance, 143 
Photochemical relationships, nitrogen spe­

cies, 247-250 
Photofragment-induced emission, peroxy 

radical measurement, 299, 309-310 
Photolytic precursors, HO, 356 
Photolytic stability, nitrogen species, 

265-266 
Photostationary state measurements, missing 

oxidant, peroxy radical 
measurement, 312-313, 315-318 

o-Phthaldialdehyde, reaction with ammonia, 
diffusion scrubber, 70, 72 

Pilotless aircraft, advantages, 264-265 
Poisson statistics, signal-to-noise considera­

tions, 356-359 
Polar regions, stratospheric measurements, 

144-151 
Polar stratosphere, issues to be resolved, 

177-178 
Polar stratospheric clouds, ozone depletion, 

144-145 
Pollutants, efforts to unravel physics and 

chemistry, 198 
Polycarbonate filter holders, loss of H N O 3 , 

10-11 
Polycyclic aromatic hydrocarbons 

aerosols, 2 
boiling points and vapor pressures, 25f 
filter vs. impactor collection, 27-28 
gas-particle ratios, filter and sorbent sam­

pling, 27 
multiple prefilter approach, 28-29 
sampling of particulate matter, 21, 24-38 

Polycyclic aromatic hydrocarbons— 
Continued 

summary of vapor-phase and artifact lev­
els, 31r 

theoretical treatment of volatilization, 
24- 25 

theory of vapor-particle partitioning, 
25- 27 

vapor phase, sorption media for collect­
ing, 27 

Polyurethane foam, polycyclic aromatic hy­
drocarbon collection, 26 

Pore size, porous membrane diffusion scrub­
bers, 66 

Pore tortuosity, porous membrane diffusion 
scrubbers, 65-66 

Porous membrane diffusion scrubbers, col­
lection of S0 2 , 65-66 

Portability, importance for personal moni­
tors, 376-377 

Potential temperature, definition, 138 
Power considerations, aircraft sampling, 112 
Precipitation collectors, batch sampling, 

116-117 
Pressure-broadening problem, nitrogen spe­

cies, 250-251 
Pressure response, 03-ethylene chemilumi-

nescent detector, 105-106 
Pressure variation, aircraft sampling, 103 
Probe, isokinetic sampling of aerosol parti­

cles, 110/ 
Pulsed fluorescence method, S0 2 , 121-122 
Pump batteries, size, and noise, problem 

with collection of particulate matter, 
383-384 

Pumping laser, HO measurements, 355 
Punta Arenas, Chile, ER-2 data, 146-147 

Q 

Quenching, spurious HO fluorescence, 353 

R 
Radiocarbon characteristic tracer measure­

ments, HO, 346-348, 349/ 
Radiocarbon techniques, advantages and dis­

advantages, 362 
Ram air inlets, aircraft sampling, 111 
Rapidity, importance for personal 

monitors, 376 
Reactive nitrogen family, research needed, 

176-177 
Reactive trace gases 

balloon-borne measurements, 158-166 
CIO and BrO, resonance fluorescence, 

163-166, 168-176 
ER-2 aircraft measurements, 166-168 
future management strategies, 176-180 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

99
3 

| d
oi

: 1
0.

10
21

/b
a-

19
93

-0
23

2.
ix

00
2

In Measurement Challenges in Atmospheric Chemistry; Newman, L.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1993. 



I N D E X 405 

Reactive trace gases—Continued 
laser in situ sensor, 159-161 
NO and N 0 2 measurements, chemilumi­

nescence, 158 
O, ClO, and BrO, resonance fluores­

cence, 163-166, 168-176 
O H detection, laser-induced fluorescence, 

161-163 
platforms and instruments for in situ mea­

surements, 155-180 
stratosphere, in situ measurements, 

133-180 
Remote measurements, nitrogen 

species, 256 
Remote sensing 

limitations, 101-102, 134 
platforms, 102 

Remotely piloted vehicles, stratosphere, 
179-180 

Reproducibility problems, annular geometry 
diffusion scrubbers, 67 

Reservoir species, ozone depletion, 143 
Resolution of organic acids, ion chromato­

gram, 285/ 
Resonance fluorescence detection of HO, 

peroxy radical measurement, 
307, 309 

Respiratory tract, penetration by 
aerosols, 186 

Reversed-phase chromatographic tech­
niques, speciation of organic com­
pounds, 281-282, 284/ 285/ 

Reynolds number, diffusion dénuder, 13 
Risk assessment, development of personal 

monitoring techniques, 375 
Rural forested environment, gas chromatog­

raphy, 283/ 

S 
Salt River Project's Grand Canyon Study of 

1989-1990, 219-222 
Sample heating, aircraft inlets, 167-168 
Sample storage, H N 0 3 losses, 9-10 
Sampling lines, constant pressure, 111 
Satellites, remote measurements of nitrogen 

species, 256, 257/ 267 
Saturation, HO absorption, 352-353 
Scotia Range field study of 1988, 315-317 
Secondary aerosol formation, attempts to 

derive fundamental data, 201-202 
Selectivity, importance for personal moni­

tors, 376 
Semivolatile particles, theoretical treatment 

of volatilization, 24-25 
Sensing volume, eddy correlation calcula­

tions, 98 
Sensitivity, importance for personal moni­

tors, 376 

Sensor, temporal resolution, 98-99 
Signal-limited detection, ideal, 358 
Signal processing, eddy correlation calcula­

tions, 98-99 
Signal-to-noise considerations, HO, 342/ 

356-359 
Simultaneous measurements, stratosphere, 

152-155 
Single-particle analysis, mass spectrometry, 

195-196 
Single-particle optical counter, measurement 

of aerosols, 189-190 
Size-composition profiles, examples of util­

ity, 222-226 
Size cuts, aerosol measurements, 196 
Size distribution, aerosols, 188-193 
Size resolution, aerosol instruments, 197/ 
Size-resolved chemical information, difficul­

ties in obtaining, 207-208 
Size-segregated sampling 

aerosols, 211-227 
aircraft, 115 
filter pack sampling systems, 115 

Size-segregating samplers, examples of util­
ity, 222-226 

Smog, hydrocarbon influence, 277 
Smokers, differences from nonsmokers in 

personal monitoring, 386 
S0 2 , retention on nylon filters, 7 
Southern California 

parallel atmospheric sampling, 21 
phase-specific nitrate concentrations, 

11-12 
Spatial coverage, improvement in field stud­

ies in the troposphere, 264-265 
Special-purpose detectors, determination of 

nonmethane hydrocarbons, 286-287 
Speciation, organic compound analysis, 

280-284 
Specific extraction of atmospheric acids, fil­

ter collection of strong acids, 233 
Spectral overlap, absorption spectros­

copy, 297 
Spectroscopic methods, peroxy radicals, 

296-307 
Speed, ER-2 aircraft, 167 
Spin-trapping radicals, measurement of at­

mospheric hydroxyl, 307 
Splitting of magnetic energy levels, 

EPR, 305 
Stacked filter unit, removal of particles from 

gases, 214 
Static method, HO instrument calibra­

tion, 366 
Stavanger, Norway, Airborne Arctic Strato­

spheric Experiment, 149-150 
Stratosphere 

abundances of gases, 138/ 139/ 140/ 
air pressure, 137-138 
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Stratosphere—Continued 
Chapman mechanism, 140-141 
chemical families, 139 
development of nitrogen species tech­

nique, 267-268 
effect of high-speed civil transport 

aircraft, 178 
environment, 136-140 
in situ measurements of reactive trace 

gases, 133-180 
increasing Cl* abundance, 143-144 
isolation from troposphere, 136-137 
lower, winter and spring, 144-151 
major gas-phase cycles, 141/ 
measurement and theory for the ratio of 

H 0 2 to O H , 155/ 
measurement challenges, 136 
ozone depletion, 133-134, 135-136 
predictive knowledge, 151 
strategy for research, 134 
temperature, 137 
trace gas distribution, 136-140 
uncertainty of photochemical mecha­

nisms, 152 
vertical distributions of trace gases, 

138-139 
Stratospheric measurements, total reactive 

chlorine plotted against potential 
temperature for four Arctic flights, 
175/ 

Stratospheric ozone, chlorine burden, 
178-179 

Stratospheric trace gases, measurement 
strategies, 151-155 

Strong acid content, atmospheric aerosol 
particles, 229-239 

Strong acids, atmospheric 
definitions, 230-231 
measurement methods, 231-235 
pitfalls in measuring, 235-239 

Subisokinetic sampling, aircraft, 108-110 
Submicrometer particles, penetration of res­

piratory tract, 186 
Sulfate aerosols, heterogeneous chemis­

try, 151 
Sulfur 

aerosol, flame photometric detector, 106 
aerosol size distribution, 223/ 225/ 

Sulfur dioxide 
aircraft sampling, 120-122 
diffusion scrubber applications, 76-77 
flame photometric detector, 106 
heterogeneous oxidation, 57 
seed particle growth, 203-205 
single-tube denuders, 85 
study of formation of aerosols in photo­

chemical oxidation, 199 
thermodenuder system, 58 
wet denuders, 80 

Sulfuric acid 
Netherlands Energy Research Foundation 

instrument, 56-57 
properties in atmosphere, 231 
Slanina instrument, 57 

Superisokinetic sampling, aircraft, 108-110 
Surface interactions, atmospheric strong acid 

sampling, 235-236 
Surface measurements, limitations, 101-102 
Surface sites, nitrogen species measure­

ment, 254 
Surface tension, porous membrane diffusion 

scrubbers, 66 

Τ 
Tandem filter techniques, particulate or­

ganic carbon, 32-34 
Technical problems, personal monitoring, 

381-382 
Teflon, types, 9 
Teflon filters 

filter pack method, 10-12 
H N 0 3 retention, 6 

Teflon tubing, H N O 3 losses, 9 
Tetra-n-butylammonium hydroxide, filter 

pack method, 10 
Thermal emission spectroscopy, strato­

spheric measurements, 297 
Thermal volatilization, atmospheric strong 

acid measurement, 231-232 
Thermodenuders 

annular geometry, 58-62 
description, 54-63 
determination of aerosol-phase analvtes, 

55-56 
distinguishing ammonia and amines, 

61-62 
first measurement of N H 3 and H N O 3 , 

54-55 
Thermodynamic equilibrium, gaseous N H 3 

and H N O 3 and aerosol parti­
cles, 237 

Time delay, introduction by inlet system, 
95-96 

Time resolution, aerosol instruments, 197/ 
Titratable acidity, definition, 230 
Titration, procedures for strong acid content 

of atmospheric aerosols, 232-233 
Titration and mass spectrometry, advantages 

and disadvantages, 363 
Total Human Environmental Exposure 

Study, example of personal monitor 
development and application, 
383-386 

Total inorganic nitrate 
atmospheric sampling, 3-20, 22-23 
definition, 3-4 

Toxic trace species, enrichment, 193-194 
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I N D E X 407 

Trace gases 
rate constants and lifetimes for reactions, 

325* 
reactive, See Reactive trace gases 
stratosphere, measurement strategies, 

151-155 
Tracers, stratospheric measurements, 

147, 149 
Triethylorthosilicate, use in wet de­

nuders, 84 
Triphenylene, gas-particle ratios, filter and 

sorbent sampling, 27 
Troposphere 

aircraft sampling, 101-128 
chemistry, 291 
development of measurement techniques 

for currently unmeasured species, 
259-264 

HO, 323-367 
improvement needed in spatial coverage, 

264, 265/ 
isolation from stratosphere, 136-137 

Tubing surfaces, H N 0 3 losses, 9 
Tunable diode laser absorption spectros­

copy, nitrogen oxides detection, 123 
Tunable diode laser technique, comparison 

with dénuder difference method, 
14-15 

Tungstic oxide thermodenuder, measure­
ment of ammonia and nitric acid, 
54-55 

Turbulent losses of aerosols, aircraft sam­
pling, 111 

Two-photon laser-induced fluorescence, ni­
trogen oxides detection, 123-124 

U 
Ultraviolet photofragmentation-laser in­

duced fluorescence detection, ammo­
nia, 251/ 252/ 

Ultraviolet spectral region, peroxy radical 
spectroscopy, 297-300 

Unipolar charger, aerosol measure­
ments, 193 

Unmeasured species in the troposphere, de­
velopment of measurement tech­
niques, 259-264 

Urban environment, gas chromatography, 
282/ 

V 
Vertical wind speed, correlation with fluc­

tuations of concentration, 267 
Vibration, aircraft sampling, 113 
Visible spectral region, peroxy radical spec­

troscopy, 300, 301/ 
Volatile organic compounds, atmospheric 

importance, 276-277 
Volatilization, theoretical treatment, 24-25 

W 
Wall thickness, porous membrane diffusion 

scrubbers, 65-66 
Weak acids, atmospheric definitions, 

230-231 
Weight considerations, aircraft sampling, 

112-113 
Wet denuders 

definition, 79 
deposition of particles, 80 
first reported, 80, 81/ 82/ 
future uses, 85-86 
parallel-plate, 85 
scrubber liquids, 79-80 
single-tube designs, 83-85 

Wet effluent diffusion-based collection de­
vices, categories, 63 

Wetted wall column, description, 79-80 
Workplace, personal monitoring, 374 

X 

XeCl laser, HO absorption, 343 

Ζ 
Zone air, problems in personal monitor­

ing, 385 
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