Publication Date: June 1, 1993 | doi: 10.1021/ba-1993-0232.fw001

Measurement Challenges
in Atmospheric Chemistry

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



Publication Date: June 1, 1993 | doi: 10.1021/ba-1993-0232.fw001

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



Publication Date: June 1, 1993 | doi: 10.1021/ba-1993-0232.fw001

ADVANCES IN CHEMISTRY SERIES 232

Measurement Challenges
in Atmospheric Chemistry

Leonard Newman, EDITOR
Brookhaven National Laboratory

Developed from a symposium sponsored
by the Division of Analytical Chemistry
of the American Chemical Society

A4

American Chemical Society, Washington, DC 1993

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



Publication Date: June 1, 1993 | doi: 10.1021/ba-1993-0232.fw001

Library of Congress Cataloging-in-Publication Data

Measurement challenges in atmospheric chemistry / Leonard
Newman, editor.

p- cm.—(Advances in chemistry series, ISSN 0065-2393; 232)

“Developed from a symposium sponsored by the Division of
Analytical Chemistry at the 199th National Meeting of the
American Chemical Society, Boston, Massachusetts, April 22-27,
1990.”

Includes bibliographical references and indexes.
ISBN 0-8412-2470-6

1. Atmospheric chemistry—Technique. 2. Aerosols—Mea-
surement.

I. Newman, Leonard. II. American Chemical Society. Division
of Analytical Chemistry. III. American Chemical Society.
Meeting (199th: 1990: Boston, Mass.) IV. Series.

QC879.6.M4 1993
551.5'11—dc20 92-38528
CIP

The paper used in this publication meets the minimum requirements of American National
Standard for Information Sciences—Permanence of Paper for Printed Library Materials, ANSI
739.48-1984.

Copyright © 1993
American Chemical Society

All Rights Reserved. The appearance of the code at the bottom of the first page of each chapter
in this volume indicates the copyright owner’s consent that reprographic copies of the chapter
may be made for personal or internal use or for the personal or internal use of specific clients.
This consent is given on the condition, however, that the copier pay the stated per-copy fee
through the Copyright Clearance Center, Inc., 27 Congress Street, Salem, MA 01970, for
copying beyond that permitted by Sections 107 or 108 of the U.S. Copyright Law. This consent
does not extend to copying or transmission by any means—graphic or electronic—for any other
purpose, such as for general distribution, for advertising or promotional purposes, for creating
a new collective work, for resale, or for information storage and retrieval systems. The copying
fee for each chapter is indicated in the code at the bottom of the first page of the chapter.

The citation of trade names and/or names of manufacturers in this publication is not to be
construed as an endorsement or as approval by ACS of the commercial products or services
referenced herein; nor should the mere reference herein to any drawing, specification, chemical
process, or other data be regarded as a license or as a conveyance of any right or permission
to the holder, reader, or any other person or corporation, to manufacture, reproduce, use, or
sell any patented invention or copyrighted work that may in any way be related thereto.
Registered names, trademarks, etc., used in this publication, even without specific indication
thereof, are not to be considered unprotected by law.

PRINTED IN THE UNITED STATES OF AMERICA
Amermn

In Mmrmm’&&*ﬁg% hemistry; Newman, L.;
Advancesin Cheﬁl iety: Washington, DC, 1993



Publication Date: June 1, 1993 | doi: 10.1021/ba-1993-0232.fw001

1993 Advisory Board

Advances in Chemistry Series

M. Joan Comstock, Series Editor

V. Dean Adams

Tennessee Technological University

Robert J. Alaimo
Procter & Gamble Pharmaceuticals,
Inc.

Mark Arnold

University of Iowa

David Baker

University of Tennessee

Arindam Bose
Pfizer Central Research

Robert F. Brady, Jr.
Naval Research Laboratory

Margaret A. Cavanaugh

National Science Foundation

Dennis W. Hess
Lehigh University

Hiroshi Ito
IBM Almaden Research Center

Madeleine M. Joullie

University of Pennsylvania

Gretchen S. Kohl
Dow-Corning Corporation

Bonnie Lawlor
Institute for Scientific Information

Douglas R. Lloyd
The University of Texas at Austin

Robert McGorrin
Kraft General Foods

Julius J. Menn

Plant Sciences Institute,
U.S. Department of Agriculture

Vincent Pecoraro
University of Michigan

Marshall Phillips

Delmont Laboratories

George W. Roberts
North Carolina State University

A. Truman Schwartz
Macalaster College

John R. Shapley

University of Illinois
at Urbana—Champaign

Peter Willett
University of Sheffield (England)

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



Publication Date: June 1, 1993 | doi: 10.1021/ba-1993-0232.fw001

FOREWORD

The ADVANCES IN CHEMISTRY SERIES was founded in 1949 by the American
Chemical Society as an outlet for symposia and collections of data in special
areas of topical interest that could not be accommodated in the Society’s
journals. It provides a medium for symposia that would otherwise be frag-
mented because their papers would be distributed among several journals
or not published at all.

Papers are reviewed critically according to ACS editorial standards and
receive the careful attention and processing characteristic of ACS publica-
tions. Volumes in the ADVANCES IN CHEMISTRY SERIES maintain the integrity
of the symposia on which they are based; however, verbatim reproductions
of previously published papers are not accepted. Papers may include reports
of research as well as reviews, because symposia may embrace both types
of presentation.
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PREFACE

IN THIS AGE OF ENVIRONMENTAL CONCERNS, it is important that we properly
address the issues involved in the measurement of atmospheric constituents
in order to come to realistic solutions expeditiously and economically. Noth-
ing is more fundamental to this process than the ability to measure the
substances of concern. Not only are these measurements necessary for doc-
umenting what is there, they are also important for describing and under-
standing the transport, transformation, and removal of substances from the
atmosphere. We have become increasingly sophisticated in our approach to
these questions, and, accordingly, we are continually facing the problem of
not having the requisite tools to document and understand atmospheric
processes. We are constantly in need of more sensitive, precise, and accurate
methods of sampling and analyzing substances of interest. The 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 problem areas in order to stimulate the community
at large to address these problems.

This book is not intended to be an exhaustive treatise that discusses all
substances of potential interest, but rather a discussion of selected substances
that are of particular importance in describing the state and processes of the
atmosphere and that have measurement problems that remain to be solved.
The 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 still exist.

The first two chapters deal specifically with problems associated with
sampling. Chapter 1 addresses sampling of labile, or reactive, substances.
With these substances, the very act of sampling can change the chemical
composition of the substance or of the materials with which they are in
equilibrium; consequently, unique problems are posed for sampling and
analysis. Gases must often be separated from particles during sampling, and
this step requires a suitable matrix that can be used for subsequent chemical
analysis. Consequently, Chapter 2 discusses diffusion-based collection pro-
cedures that are used for the separation process; diffusion coefficients of
gases are greater than those of particles, so under laminar flow gases will
diffuse to walls that are coated with reactive substances and will thereby be
removed from the airstream.

Substances can be removed from the atmosphere by dry deposition to
surfaces. A method for obtaining the parameters of dry deposition uses eddy
correlation flux measurements that require chemical sensors with very fast
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responses. The problems of implementing this approach are discussed in
Chapter 3. To understand large-scale transport and transformation proper-
ties, scientists frequently sample substances above ground level, where mea-
surements are relatively uninfluenced by local sources. In Chapter 4, the
problems of sampling from aircraft are discussed. In Chapter 5, measure-
ments in the stratosphere, both by high-altitude aircraft and helium-filled
balloons, are discussed.

The sampling and analysis of aerosols is a problem of long-standing
interest. Our understanding of atmospheric aerosol chemical dynamics has
been furthered by the development of specific instrumentation. The various
capabilities and the problems associated with aerosol analysis are presented
in Chapter 6. Aerosols persist in the atmosphere for relatively long periods,
and a description of their sources, transport, and transformation has been
furthered by the ability to analyze size-segregated fractions. The problems
associated with sampling fine particles and with the analysis of the concom-
itant small masses are discussed in Chapter 7. Concerns about potential
health effects and environmental damage originating from the acid content
of aerosols have in large part prompted the development of methods for the
measurement of the strong acid content of aerosols. The difficulties that still
exist, especially in connection with sampling this reactive substance, are
presented in Chapter 8.

The family of nitrogen compounds, by virtue of their number and com-
plexity, has presented a series of challenges to the measurement community
as the need to learn more about them has arisen because of their pivotal
position in the chemistry of the atmosphere. A detailed description of the
current ability to make measurements of known substances and the impor-
tance and possibility of the existence of as yet unmeasured species is pre-
sented in Chapter 9. In addition, the use of intercomparisons to verify and
validate methods is discussed.

Hydrocarbons are a primary ingredient in the photochemical reactions
that produce smog. Chapter 10 describes the methodologies used to deter-
mine the concentration of nonmethane hydrocarbon species in the atmo-
sphere. Products of the oxidation of hydrocarbons are peroxy radicals. Both
chemical and spectroscopic methods are used to measure them, and the
principles and approaches of these methods are given in Chapter 11. Possibly
the most important radical in the atmosphere for which a determination is
required is the hydroxyl radical; the difficulty of measuring this radical has
plagued the community for years. A review is given in Chapter 12, and the
hurdles still to be surmounted are discussed in light of theoretical and ex-
perimental results.

A somewhat new and burgeoning field is the development of personal
air monitors that permit the recording of an individual’s direct and total

xii
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exposure to pollutants. The associated technological issues and problems are
described in Chapter 13. The criteria needed for the design of personal
monitors are presented and should serve to guide the community in devel-
oping new methods for personal air monitoring.

Practicing atmospheric scientists should find the book useful as a re-
source, and scientists from other disciplines, such as analytical and physical
chemistry, electrical and mechanical engineering, physics, and instrumen-
tation, should find it a good introduction to the field.
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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 HNO; 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.

THE OBJECTIVE OF INTEGRATIVE ATMOSPHERIC SAMPLING is to measure

accurately the concentrations of species of interest averaged over the sam-

pling time. However, a substantial number of species are difficult to sample

because of chemical or physical changes occurring during or after collection.

Such pollutants are referred to as “labile”. This chapter focuses on integrative

sampling techniques for selected labile species, including particulate nitrate
and its corresponding gas-phase species, nitric acid; particulate carbon; and
particle-phase, polycyclic aromatic hydrocarbons. The terms “vapor-phase”,

“gaseous”, and “gas-phase” are used interchangeably, as are the terms “par-
ticulate” and “particle-phase”.

0065-2393/93/0232—-0001$11.00/0
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2 MEASUREMENT CHALLENGES IN ATMOSPHERIC CHEMISTRY

The need to determine accurately the phase-specific concentrations of
these pollutants reflects several concerns: Compared to gaseous materials,
particle-phase materials may penetrate more deeply into the human respi-
ratory tract; particle-phase pollutants scatter light much more effectively
than gaseous materials, and they thus have a greater contribution to visibility
reduction; gaseous nitric acid has a much higher deposition velocity than
particulate nitrates and can be a substantial contributor to the acidification
of lakes, streams, forests, and vegetation.

In some instances specialized techniques were developed to determine
concentrations of specific labile pollutants through the use of techniques that
avoid (or nearly avoid) sample collection; these techniques are often referred
to as “real-time” methods. These methods, as well as analytical methods to
be applied to collected samples, are not discussed.

The literature cited is intended to illuminate the topics covered but in
no sense represents an exhaustive review. Furthermore, numerous alter-
native sampling techniques are omitted in favor of more comprehensive
treatments of what I judge to be the most generally useful strategies. The
most important omission is probably impactor collection, a technique that
may reduce sampling errors with some labile species (1).

It is useful to consider the general composition of atmospheric aerosols.
Such composition varies markedly depending on sampler location (e.g., ur-
ban or rural), proximity of significant sources of aerosols and their gaseous
precursors, and meteorology (e.g., wind speed, inversion height, and sun-
light intensity). Anthropogenic particulate matter is concentrated in fine
particles (i.e., less than 2.5 wm in diameter), whereas natural aerosols (e.g.,
wind-blown soil, sea salt, pollen, and spores) are concentrated in larger
particles. Table I, taken from reference 2 and references cited therein, details
average concentrations in the fine and coarse (2.5-15 pum) particle fractions
obtained from a rural and an urban location. The materials that readily
undergo phase and chemical changes are concentrated in the fine fraction.
The major constituents shown for the fine fraction include carbonaceous
materials, sulfate, ammonium, and nitrate.

Although Table I is generally self-explanatory, the carbonaceous material
measurements require comment. Because of its chemical complexity, car-
bonaceous material is frequently characterized only on the basis of carbon
measurements. These measurements attempt to divide the carbonaceous
material into “organic C” and “elemental C”. Carbon present in carbonate
salts, frequently a minor contributor to the total particulate carbon, can be
determined independently. Elemental carbon is among the most important
pollutants in visibility reduction. Polycyclic aromatic hydrocarbons (PAHs)
are relatively minor constituents of the particulate carbon but are of great
interest in health effects studies. PAHs can also serve as model compounds
in developing improved sampling techniques for semivolatile carbonaceous
materials.

In Measurement Challenges in Atmospheric Chemistry; Newman, L.;
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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 Houston®
Composition Fine® Coarse® Fine Coarse
Total mass 24,000 = 3000 5600 + 3000 42,500 * 4250 27,200 = 2700
SO 12,000 = 1300 NA° 16,700 = 1380 1100 = 200
NOy 300 + 300 NA 250 = 260 1800 + 260
NH,* 2280 * 390 NA 4300 = 390 <190
H* 114 NA 67 <1
C (organic) 2220 * 400 1200 = 400 NA NA
C (elemental) 1100 = 800 <100 NA NA
C (total) 3300 = 600 1300 * 600 7600 = 500 3300 = 500
Al 20 = 18 195 = 101 95 + 60 1400 = 420
Si 38 £ 10 580 + 262 200 = 60 3800 = 1000
S 3744 = 218 204 + 187 NA NA
Cl <10 7*+4 19+6 330 = 21
K 40 = 3 108 = 30 120 = 7 180 * 21
Ca 16 =1 322 = 73 150 = 8 3100 = 160
Ti <6 185 <8 48 + 14
\% <4 <5 NA NA
Mn NA NA 132 23+ 3
Fe 28 = 2 118 = 9 170 = 9 730 = 40
Ni 1+£0.5 1x05 3x1 5*1
Cu 3+07 <5 16 £ 2 142
Zn 91 <4 102 = 6 68 =5
As 22 +1 <1 NA NA
Se 1.4 £ 0.3 0.2 0.2 NA NA
Br 18+1 504 70 = 4 39+3
Pb 97 x5 141 483 + 23 127 = 10

NotE: All values are given in nanograms per cubic meter.

“Samples collected during the daytime.

*Fine and coarse particles were defined in this study as having aerodynamic diameters in the
ranges 0-2.5 and 2.5-15 pm, respectively.

‘Not analyzed.

SouRCE: Reproduced with permission from reference 2. Copyright 1986 Wiley.

Sampling errors associated with these species can result in measure-
ments that are too high or too low and that lead to the frequently used terms
“positive artifact” and “negative artifact”. To ensure the accurate measure-
ment of the species to be considered, researchers have focused on deter-
mining the sources and magnitude of such errors and on devising strategies
that eliminate or minimize both positive and negative artifacts.

Sampling of Atmospheric Inorganic Nitrates

Inorganic nitrates in the atmosphere include the gaseous species HNO; and
nitrate salts in suspended particulate matter. The sum of their concentrations

In Measurement Challenges in Atmospheric Chemistry; Newman, L.;
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4 MEASUREMENT CHALLENGES IN ATMOSPHERIC CHEMISTRY

is referred to as total inorganic nitrate (TIN). The composition of the par-
ticulate nitrate (PN) may be expressed as M(NO,),, where M denotes NH,
or a metal (especially an alkali metal or an alkaline earth element) and x
denotes the valence state of M. Of these, the principal salts that have been
identified are NH,NO, and NaNO,. The latter can be formed from the
reaction of sea salt aerosol with HNQ, (3, 4), a pathway consistent with the
somewhat larger particle size associated with NaNO,. Reaction of HNO,
with suspended soil particles, a proposed pathway to coarse particulate ni-
trate, could involve other cations as well (5).

Most atmospheric studies do not determine the specific composition of
the particulate inorganic materials being sampled, although composition has
frequently been inferred from the balance between the principal anions and
cations. The NO;™ salts other than NH,NO, are not significantly volatile,
and their sampling and analysis should be less problematic although still
subject to error. Specialized analytical techniques attempting to distinguish
ammonium from other nitrate salts in atmospheric particulate samples have
been devised (4) but are not reviewed here.

Ammonium nitrate, found primarily in the fine-particle fraction, results
principally from the atmospheric reaction of HNO,; with NH; according to
the equilibrium

'NH,NO, (5) == NH, (g) + HNO (g M

where K = 9.5 ppb? at 20 °C. This value of K, which applies only below
the deliquescence relative humidity (RH), increases sharply with increasing
temperature. Above the deliquescence RH, K decreases with increasing RH
(Figure 1) (6). Numerous studies, reviewed by Allen and Harrison (7), have
compared observed atmospheric concentrations of HNO; and NH; with those
expected from this equilibrium. Grosjean (8) assessed agreement between
theory and observation both above and below the deliquescence RH, finding
generally reasonable agreement for samples in Southern California, a location
notable for elevated nitrate concentrations.

PN is often approximated by the NO;™ retained on a filter, an impactor,
or other nominal collector of particulate matter. However, inorganic nitrates
are subject to particle-vapor transformations while present in the atmosphere
as well as after collection on nonreactive sampling media. The following
sections discuss the various pathways for such transformations, other sources
of error, and alternative sampling strategies. Because the goal is to measure
nitrates as they exist at the time of sampling, only transformations during
and after the sampling process and other sampling artifacts are discussed.
In the Summary and Conclusions section, the methods reviewed and their
sources of error are presented in tabular form.

In Measurement Challenges in Atmospheric Chemistry; Newman, L.;
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Figure 1. NH,NO; 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 if airborne NH,NO,;, HNO,, and NH, are present, they
are in equilibrium immediately before collection. However, if, for example,
the temperature increases before the end of the sampling period without
partial pressures of HNO, and NH; being achieved at the sampler inlet at
least equal to their new equilibrium values, dissociation and loss of NH,NO,
from the particulate sample should occur.

In addition to dissociation of NH,NO;, PN can be lost from the particle
phase by reaction with both particulate and gaseous strong acids, yielding
HNO;. Such processes have been demonstrated in aqueous solutions and
on inert filter surfaces. In aqueous systems including H*, SO, NH,*, and
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6 MEASUREMENT CHALLENGES IN ATMOSPHERIC CHEMISTRY

NO;", the partial pressure of HNO, depends on the nitrate-to-sulfate ratio
(9). The same processes are expected to occur in acidic, suspended SO,*-
and NOj; -containing particles before sampling. Laboratory and atmospheric
sampling results with filter-collected samples support the reaction of nitrate
salts with acidic particulate sulfates (reference 10 and references cited
therein) and with gaseous HCI (10), liberating gaseous HNO,.

Pathways for Real or Apparent Gaseous-to-Particle Nitrate Con-
version. Introduction. The retention of gaseous HNO; on many filter
types is well recognized as a source of artifact PN (11, 12). Of those in
common use, Teflon filters provide the least HNO; retention, less than 2%
at 50% RH, and are the most widely used filter for PN sampling. With
quartz-fiber filters, such retention increases with increasing filter alkalinity
and RH (12, 13). Glass-fiber filters, which are relatively alkaline, can ap-
proximate efficient TIN samplers and retain both PN and HNO; with high
efficiency under atmospheric conditions (14).

In addition to retention on sampling media, artifact PN can be formed
by the retention of HNO; on previously collected particulate matter. Rel-
atively few data are available that clearly document the magnitude of this
problem, and unanswered questions remain.

Retention of Nitric Acid on Particulate Matter. Teflon filters preloaded
with atmospheric particulate matter collected without particle-size segre-
gation in Berkeley, California, showed greatly increased HNO; retention
compared to clean Teflon filters (15). At 50-80% RH, retention of 300-500
pg/m® HNO; ranged from about 6 to 22%. Within this range, retention
increased with increased particle loadings varying from 7 to 65 ug/cm?®.

The specific aerosol constituents responsible for HNO; retention were
not established. The reaction of HNO, with CI salts, yielding relatively
nonvolatile nitrates, can be assumed to contribute; indeed, this reaction is
the basis of a method for HNO, sampling (16). The reaction of HNO; with
alkaline soil dust particles is also likely, as shown by a high correlation
between nitrate and soil-related elements in coarse particles (5). Such re-
actions, including that with chloride salts, could occur both before and after
particle collection, with only the latter causing a sampling error.

The mechanisms suggested for PN formation by reactions with aerosol
constituents imply that the degree of HNO; retention on previously collected
particulate matter would be greatly reduced if coarse particles were excluded
from the sampler, and that the extent of HNO, retention with inert prefilters
should generally decrease with decreased sampling volume.

Formation of Nitrate on Nylon Filters. Introduction. Since first
proposed by Spicer (17), nylon filters have played a prominent role in mea-
suring atmospheric PN and HNO,. Their prominence may be ascribed to a

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



Publication Date: June 1, 1993 | doi: 10.1021/ba-1993-0232.ch001

1. AppEL Sampling of Selected Labile Atmospheric Pollutants 7

high efficiency for gaseous HNO; retention and relatively low retention of
NO, and peroxyacetyl nitrate (PAN); Spicer demonstrated these features that
were generally confirmed by others. However, as the state of the art im-
proved, and with the finding of significant levels of HONO in the atmo-
sphere, the selectivity of nylon filters has remained an area of active inves-
tigation. The change in the nylon polymer used to fabricate filters has also
prompted some concern for the degree of generality possible with prior
research results.

The nylon filter currently sold as 1-pm pore size Nylasorb (Gelman
Sciences), probably the most widely used filter for HNO; sampling in the
United States, was initially marketed by Ghia Corporation. Until 1985, these
filters were fabricated from nylon 6, a polyamide formed from the homo-
polymerization of e-caprolactam. More recently, Gelman, Sartorius, and
other vendors have supplied filters fabricated from nylon 6,6, made by
polymerization of adipic acid and hexamethylenediamine.

Potential interferents collected by nylon filters include organic nitrates
(e.g., PAN), NO,, and HONO. Each can yield NO,", which can be oxidized
to NO;™ by O, or other oxidants. Although not related directly to nitrate
sampling, SO, retention in varying degrees was also of concern.

Comparison of Nylon Filters from Different Suppliers. Nylasorb nylon
6 filters from Ghia Corporation exhibited an efficiency of 95 = 11% for up
to 3000 g HNO, (sampling at 20 °C, 50% RH, and 20 L/min with 47-mm-
diameter filters) (14). Comparisons of the measured atmospheric HNO; levels
among different lots of Gelman Nylasorb and between Gelman Nylasorb and
anylon 6,6 filter from Sartorius Filters, Inc. showed no significant differences
(18).

The retention of NO, on nylon 6 Nylasorb filters (Gelman Sciences),
nylon 6 filters from Sartorius Filters, Inc., and nylon 6,6 filters from
Schleicher & Schuell (S&S) was assessed; 0.5 ppm NO, was sampled at
75-80% RH and 21 °C for 6 h at 20 L/min with 47-mm filters. The results
showed no more than 0.1% retention (19). Similarly, Perrino et al. observed
with 47-mm Gelman Nylasorb filters (nylon type unstated) 0.4% retention,
sampling 0.6 ppm NO, for 15 h at 1.5 L/min and 60-80% RH (20).

The degree of retention of SO, on these nylon filters was also assessed;
0.14 ppm SO, was sampled at 20 °C, 80% RH, and 20 L/min (total dosages
for each filter, 2600 pg of SO,) (19). At saturation, the artifact SO,* values
with the S&S filter, 56 = 1 pg, was lower than that for the Sartorius and
Gelman nylon 6 filters, which ranged from 65 to 70 pg.

Accordingly, the change in nylon polymer should not hamper atmo-
spheric HNO, determinations. However, on the basis of the results with
the acidic gas, SO,, the capacity of nylon 6,6 filters for HNO; retention
without breakthrough may be somewhat lower than that reported previously
with nylon 6 filters.

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



Publication Date: June 1, 1993 | doi: 10.1021/ba-1993-0232.ch001

8 MEASUREMENT CHALLENGES IN ATMOSPHERIC CHEMISTRY

Other Interferent Studies with Nylon Filters. Retention of HONO on
Gelman Nylasorb (nylon 6) filters was tested; 0.3 to 1 pg/m® HONO was
sampled in air (~50% RH) at 20 L/min with 47-mm filters for 16-23 h. At
saturation, the filters contained 1.8 pg/cm? NO,~; this result indicates less
than 50% efficiency for HONO retention (19). Sampling 440 ng/m® HONO
at 20 L/min with 47-mm Gelman Nylasorb filters (nylon type unstated),
Sickles and Hodson reported about 25% retention efficiency, with a similar
saturation value, and noted that such retention was reversible. Substantial
oxidation of HONO to NO;™ on the filter surface by O; was demonstrated
in laboratory and atmospheric trials (21). Perrino et al. (20) observed with
47-mm Gelman Nylasorb (nylon type unstated) filters an efficiency for
HONO that increased from about 25 to about 90% as the flow rate decreased
from 12 to 2 L/min, with saturation at ~50 pg/filter. Nitrite to nitrate
conversion on the nylon filter surface increased from 13% at 45 ppb O; to
93% at 200 ppb O;.

Because atmospheric HONO exhibits nighttime and early morning max-
ima (22), in contrast to the midday maxima for HNO; and O,, little midday
interference from HONO would be expected in HNO; measured with short-
term samplers. However, with long-term (e.g., 24-h) sampling, substantial
interference from atmospheric HONO might be observed with techniques
involving nylon filters, depending on details of the sampling strategy.

PAN is a potential interferent with daytime concentration maxima that
can coincide with the HNO,; maxima. However, early work by Joseph and
Spicer (23) and later work by Fahey et al. (24) indicated that PAN is not a
significant interferent in HNO, measurements relying on nylon-filter col-
lection. The change in nylon-filter composition introduces a small degree of
uncertainty to this conclusion.

Talbot et al. reported that O, can react with unwashed nylon filters to
produce increased extractable NO,™ (25). The artifact HNO, was equivalent
to about 0.1 ppb (0.25 wg/m?®) under the conditions used; this result suggests
that the artifact would only be significant at background locations.

Nitrite oxidation to NO; following removal from the sampler can prob-
ably be minimized by freezing nylon (and other) filter samples immediately
after collection and analyzing the aqueous filter extracts as soon as possible.

Common Pathways for Loss of Nitric Acid (Without Artifact Par-
ticulate Nitrate Formation). Introduction. Loss of HNOj; can result
from sorption on the surfaces of sampler inlets and inlet lines; this situation
is common to all collection procedures for atmospheric HNO;. Such inlet
losses are rarely determined, so it is difficult to assess the accuracy of at-
mospheric HNO; measurements or to pinpoint the source of bias between
methods in intermethod comparisons (e.g., see reference 26). In addition to
sampler-associated losses, NO;™ can be lost from samples during storage.
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HNO; Losses on Tubing and Inlet Surfaces. Several laboratory studies
have examined the degree of loss of HNO, at low concentrations in air when
it passes through tubing of varying composition. All types of tubing showed
decreasing loss of HNO, as the surfaces became conditioned. These studies
concluded that Teflon and Pyrex glass tubing provide the least HNO, re-
tention; Teflon is slightly better than glass (27, 28). A comparison of tubing
fabricated from three types of Teflon, polytetrafluoroethylene (PTFE), fluor-
inated ethylene-propylene (FEP), and perfluoroalkoxy (PFA), was made by
sampling successive <1-pug doses of HNO; in air. The results showed PTFE
tubing to produce severe losses of HNO,. Loss with FEP tubing varied from
zero to moderate, depending on the batch tested. A single batch of PFA
tubing exhibited no measurable loss (19). The results suggest that differing
porosities account for the results with the three types of Teflon; FEP and
PFA products are prepared by extrusion molding of the molten polymers,
whereas PTFE products are prepared by compression and sintering of a
powdered polymer of relatively high melting point, a process that results in
a substantial, and easily varied, void content in the finished product.

A laboratory evaluation (29) of losses of HNO; within seven different
cyclones or impactors used as inlets for HNO, measurements suggested that
large differences should be observed between atmospheric samplers using
these devices; initial transmission efficiencies ranged from 28 to more than
100%. Loss of HNO, within the devices varied inversely with residence time
as well as with the total dose sampled, and loss increased with RH. The
extensive loss of HNOj; observed with PTFE tubing was not reflected in the
results with a cyclone fabricated from this polymer; this result probably
reflects the much lower surface-to-volume ratio with the cyclone and, per-
haps, differing Teflon porosity. A comparison of atmospheric HNO, results
between samplers equipped with these same inlets showed much better
agreement than that predicted by the laboratory findings (29). The data
suggested that atmospheric sampling passivated the inlet walls for HNO,
sampling much more quickly than sampling HNO; in clean, humidified air.
Further work is needed to resolve the discrepancy between laboratory and
atmospheric results.

HNO; Losses During Sample Storage. The loss of up to 90% of the
NOj;™ from atmospheric particulate-matter-loaded glass and quartz-fiber fil-
ters has been documented during 2- to 18-month storage at room temper-
ature (30, 31). The storage container used probably influenced strongly the
degree of loss; in trials with atmospheric samples collected with Teflon filters
stored in plastic petri dishes (which had relatively tightly fitting lids), no
loss of nitrate was detectable in 2 months of storage at room temperature
(32). Loss of nitrate may be partially offset by bacterial oxidation of NH,*
to NO;", a process that is evident in aqueous extracts of atmospheric par-
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ticulate samples. Low-temperature storage immediately following sampling
is the prudent strategy for all nitrate samples.

Filter Pack Method for Atmospheric Particulate Nitrate and Ni-
tric Acid and Associated Errors. Introduction. The sampling method
chosen to determine atmospheric PN and HNO; is usually the simplest
technique affording an acceptable degree of accuracy for a given application.
The most widely used technique for atmospheric PN and HNO; uses two
filters in tandem (a “filter pack”); the first retains PN, while the second traps
HNOj;. The well-recognized problem of artifact PN on most filter types has
led to the use of Teflon prefilters as the preferred medium; this use can
nearly eliminate HNO, retention on the filter itself. However, the apparent
PN and HNO; measured with such a filter pack still reflects the net result
of opposing sources of error, Factors minimizing one error source may en-
hance others. Therefore, concentrations of the nitrate species measured in
this way are approximations. Even the observation of relatively 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 HNO, retention of those
in common use (12). Fluoropore (Millipore Corporation) and Zefluor PTFE
filters (Gelman Sciences) of 0.5- to 2-wm pore size, are frequently used as
prefilters in the filter pack method (FPM). With 47-mm-diameter filters,
flow rates with the FPM from 10 to 20 L/min are typical. The 2-pm pore
size Zefluor filter exhibited 97% efficiency for 0.035-wm particles at a face
velocity of 33 ecm/s, with a pressure drop of 1.0 cm Hg (1.3 kPa) (33).

The after-filters in common use with the FPM include nylon (17) and
NaCl-impregnated cellulose (e.g., Whatman 41) filters (13, 16). The latter,
impregnated by the user, have very high efficiency and capacity (15, 16),
low cost, and relatively low air-flow resistance. However, the high chloride
ion concentration in aqueous filter extracts has hampered NO;™ determi-
nation by ion chromatography for some analysts. Nylon filters (e.g., 1-um
pore size Nylasorb from Gelman Sciences) are relatively expensive and can
exhibit significant and varying NO,™ blanks together with varying air-flow
resistance. Filters impregnated with strongly alkaline tetra-n-butylammo-
nium hydroxide have also been used as after-filters (34). Retention of NO,”
of less than 5% was demonstrated. However, the probable partial retention
of PAN and efficient retention of HONO make this and other strong-base-
impregnated after-filters less desirable options for atmospheric sampling of
HNOj; under most circumstances.

Loss of HNO; to Filter Holder Surfaces. The walls of filter holders as
well as the prefilter support screens are likely sites for HNO; retention.
Polycarbonate filter holders (Nuclepore Corporation) are frequently used
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because these can be easily assembled into two or more holders in tandem.
Significant loss of HNO, on these filter holders has not been reported but
would be expected when HNOQ, is sampled at very low concentrations (unless
the holders are conditioned by prior sampling). Using an all-Teflon filter
holder to minimize losses, Goldan et al. (28) observed significant losses of
HNO; by sampling with a nylon filter preceded by a Teflon prefilter. These
workers sampled dosages from 2 to 10 pg of HNO, to simulate sampling in
a clean air environment, and they observed losses up to 40% in dry air and
55% in moist air. The lost HNO; was not recoverable from the prefilter.

Discussion of Atmospheric Results. Depending on the aerosol
composition and concentration, the concentration of strongly acidic species
in the particle and gas phases, and the meteorological conditions, the po-
tential concentration of artifact HNO, formed by conversion of the deposited
PN may be relatively small or very large. In Southern California, the con-
centrations of particle-phase strong acids are usually relatively low, and
HNO; and NHj levels can be relatively high with large diurnal temperature
changes. Particulate nitrate levels during summertime periods can exceed
30 pg/m® and can be similar in concentration to HNO,. Consequently, a
large potential error, as a percent of TIN, PN, or HNO, (or in pg/m®), exists
with the FPM because of NH,NO, dissociation following collection. Recov-
eries of PN from 2- to 8-h samples collected with Teflon prefilters can be as
low as 10% when sampling includes periods at or above 30 °C. At nighttime,
however, under conditions of lower ambient temperatures and high RH,
little or no net loss of PN is usually found, a finding consistent with the
decrease in dissociation constant for NH,NO; under these conditions (14).
In a major intermethod comparison performed in Southern California, FPM
HNO,; results by all participants averaged 20% higher than those by a spec-
troscopic technique (26).

At the opposite extreme, for atmospheric sampling in the northeastern
United States, where the acidity of atmospheric particulate matter from
acidic sulfates can be relatively high (35), or at rural or background sites
with very low TIN, a large proportion of the TIN can be present as HNOg
when sampled. For example, at a rural site in southwestern Ontario, Canada,
nearly 70% of the TIN appeared to be HNO; (36). In these cases, the
maximum potential artifact HNO;, as a percent of TIN or of HNO;, is
reduced. The Canadian FPM HNO,; results did not exceed those with the
reference procedure, a tunable diode laser system; indeed, the filter results
were lower. Similarly, at background sites, with measured TIN levels less
than a few hundred parts per trillion, the potential artifact HNO; concen-
tration has been argued to be reduced for the same reason. At 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 NO;™ from the prefilter
(28, 37) in both PN and HNO, measurement.
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If the prefilter contains relatively little PN, then retention of HNOj; on
the particulate matter of the prefilter might dominate over loss of PN. This
situation is most likely to occur at locations providing a large percentage of
the TIN as HNO;, accompanied by lower ambient temperatures and higher
RH.

Alternative Integrative Sampling Strategies. The Denuder Dif-
ference Method. General Description. First proposed by Shaw et al. (38),
the denuder difference method (DDM) provides a strategy that can measure
HNO; and fine-particle nitrate (FPN) free of a number of potential errors
to which the FPM is subject. The DDM samples with two filter packs in
parallel, with each using a cyclone or impactor to exclude particles larger
than 2 or 3 um in aerodynamic diameter. Between the inlet and filter pack
of one sampler is a diffusion denuder, designed to remove HNO; with high
efficiency. Each filter pack consists of a Teflon and a nylon filter as described
in the preceding section. The nylon filter in the sampler with the denuder
serves to trap (as HNO,) any FPN that volatilizes from the Teflon filter.
Thus, one sampler collects atmospheric HNO; plus FPN, and the second
collects FPN only. The difference in the total of the NO;™ recovered from
the Teflon plus nylon filters of each sampler, together with the measured
air volume, provides a measure of the HNO, concentration. Alternatively,
if particulate SO,> concentrations are not required, the Teflon filters can be
omitted and the nylon filters used as efficient collectors of both FPN and
HNO;. This strategy provides improved precision, decreases filter and an-
alytical costs, and has been recommended elsewhere (39).

The restriction of samplers to fine particles and gases is necessitated by
the frequent presence of coarse PN. Such particles may be collected by
impaction on the walls of the denuder, thereby decreasing the recovered
PN and increasing the calculated HNO;. An addition filter sampler, operated
without restriction to fine particles, is needed to collect TIN and thereby
to obtain coarse nitrate (CPN):

CPN = TIN - (HNO; + FPN) 2)

Design Parameters. In a diffusion denuder an airstream, in laminar
flow, contacts a surface (e.g., the inner wall of a tube) coated with a sorptive
or reactive trapping medium for the gaseous pollutant of interest. Fine
particles, which have diffusion coefficients more than 4 orders of magnitude
smaller than those for gases, penetrate the denuder with high efficiency.
Forrest et al. (40) reported losses of 0.2-2.2% for particles between 0.3 and
0.6 pm and about 4-5% for 1- to 2-pm particles.

The theoretical efficiency of a diffusion denuder for a gaseous pollutant
can be calculated for various geometries with the assumption of a high
probability for reaction and complete retention of the pollutant upon contact
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with the coated surface. The Gormley—Kennedy equation (41) provides for
a denuder constructed from cylindrical tubes:

C/Cy = 0.82 exp(-15A) + 0.098 exp(-894)
+ 0.033 exp(-228A) 3)

where C is the average concentration leaving the tube, C, is the average
concentration entering the tube, A = DLw/4Q, D is the diffusion coefficient
(cm?®/s), L is the aggregate total length of the coated section in each tube
(em), Q is the flow rate (cm®/s), and (1 — C/C,) is the fractional denuder
efficiency. This expression is valid if the flow rate is sufficiently low to ensure
laminar flow (i.e., the Reynolds number is less than 2000). The Reynolds
number is determined from the equation

Ng. = dV p/n 4

where N, is the Reynolds number, d is the internal diameter of each tube
(cm), V is the velocity of gas in the tube (cm/s), p is the gas density (g/cm®),
and m is the gas viscosity (g/cm ¢ s).

Diffusion coefficient values for HNO, ranging from 0.12 to 0.15 cm?®/s
have been reported. Trapping media for HNO, include MgO (38), Na,CO,
(42), Na,CO5—glycerol (43), NaCl (44, 39), NaF (45), and anodized aluminum
(46).

A typical design uses multiple tubes operating in parallel. For example,
11 tubes, each coated for 30 cm with MgO, provide a calculated efficiency
of 85.7% at a total flow rate of 20 L/min (with D = 0.15 cm®/s). A laboratory
determination at RH = 30-80% and T = 21-32 °C yielded an efficiency of
87.8 = 5.1% (n = 5), a value consistent with the calculated result (47).
Experimental results can be corrected for denuder penetration. Denuders
for atmospheric nitrate use are normally designed for =95% efficiency.

To develop laminar flow prior to HNO, collection, the initial section of
each tube remains uncoated. The uncoated length required can be calculated
(reference 48; see also Chapter 2). For example, a denuder with 24 6-mm-
i.d. tubes operating at a total flow of 20 L/min requires a 6-cm uncoated
section in each tube. ’

Accuracy and Sources of Error. A comparison of DDM HNO; results
by separate laboratories using the Teflon-nylon and “nylon filter only” strat-
egies showed agreement, on average, within 15% (49). Further validation
of this alternative would be required when sampling with increased con-
centrations of particle-phase acids. Additionally, nylon filters (1-pm pore
size Nylasorb) exhibit a greater tendency to plug up at high particle loadings
than 2-wm pore size Zefluor filters (J. Horrocks, private communication).
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The DDM method has been extensively compared to other techniques,
including spectroscopic methods (e.g., reference 26). For example, Figure
2 compares 4- to 6-h DDM atmospheric results (without Teflon filters) to
those obtained with a tunable diode laser (TDL) technique; values are about
30% higher with the DDM (49). The TDL method uses a PFA Teflon inlet
line and an in-line PTFE Teflon filter to introduce a particle-free air sample
into an optical cell at subambient pressure. The TDL HNO; results averaged
about 16% less than those by Fourier transform infrared spectroscopy, a
long-path in situ method considered to be the reference procedure (26).
Therefore, the above DDM results were inferred to be too high by, on
average, 14%.

The potential sources of error and imprecision in the DDM include the
following:

1. Retention, on nylon filters as well as on the denuder, of at-
mospheric species other than HNO, that form NO;".

2. Volatilization of NH,NO, during passage through the denuder,
which would cause low FPN values and correspondingly high
calculated HNO, concentrations.

3. Poor precision at low concentration because the DDM is a
difference method. The limit of detection is, therefore, rela-
tively high. For example, with Nylasorb nylon filters exhib-
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Figure 2. TDL HNO; results plotted against DDM HNO; results (ng/m?).
(Reproduced with permission from reference 49. Copyright 1988.)
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iting a NO;™ field blank of 3.0 = 0.3 pg per 47-mm filter, the
limit of detection by the DDM for 5-h samples at 20 L/min

was 0.2 pg/m®, based on twice the standard deviation of the
blanks (49).

Nitrate formation from retention of HONO on nylon filters was discussed
in the Formation of Nitrate on Nylon Filters section. Efficient removal of
HONO has been demonstrated on carbonate-coated denuders (42), so po-
tential interference with all DDM methods using strongly alkaline denuders
is likely (but not on denuders coated with NaCl or NaF, as discussed in
following sections). Positive interference in HNO; measurements due to
HONO is likely with the DDM (as well as with the FPM) during nighttime
and early morning periods; the magnitude varies with details of sample
handling as well as ambient HONO levels.

To examine volatilization of NH,NO, while within a denuder, several
laboratories evaluated the extent of such loss by using laboratory-generated
aerosols. None found evidence supporting significant losses under normal
denuder conditions. For example, Larson and Taylor (50) followed the rate
of evaporation of 0.4-wm aqueous droplets of NH,NO,;. They concluded that
for a denuder residence time of 1.0 s the error due to evaporation and loss
of the nitrate salt averaged 1.8 = 1.5%. Typical denuders for HNO; use
residence times of 0.2-0.3 s, decreasing the anticipated error. Similarly,
Forrest et al. (40) found insignificant loss of smaller than 3-pm-diameter
NH,NO; particles by such evaporation. Pratsinis et al. (51) developed a
model for a dissociating aerosol and concluded that for NH,NO; particles no
larger than 0.1 pm in diameter evaporation during a 0.2-s residence time
was significant and that such evaporation increased markedly with temper-
ature. However, size distribution measurements for NH,NO;, including a
recent report (52) using techniques that appeared to minimize volatilization
following collection, support generally larger particle sizes for this aerosol.
Thus, on the basis of the Pratsinis model as well as experimental results,
volatilization of NH,NO; within a denuder should not be a significant factor.

Annular Denuder Method (ADM). General Description. By replacing
open-bore tubes with a 1- to 2-mm annular space between concentric cyl-
inders, Possanzini et al. (53) developed a denuder that was about a factor of
30 more efficient per unit length compared to an open-bore denuder tube.
Typically, annular denuder tubes are used with two or three sections in
tandem (Figure 3) and operate at 10-20 L/min. As with the DDM, it is
important to remove coarse PN to minimize error in nitrate measurements
because of its possible impaction on the annulus walls or elsewhere within
the denuder. The system shown in Figure 3 uses a Teflon-coated glass
cyclone and glass denuders available from University Research Glassware
(Carrboro, North Carolina).
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Figure 3. Schematic diagram of an annular denuder system. (Reproduced with
permission from reference 22. Copyright 1990.)

In contrast to the DDM, in the ADM HNO, (together with other acidic
gas) concentrations are obtained directly by analyzing aqueous extracts of
the denuder coating. In principle, therefore, greater precision at low con-
centration should be possible for atmospheric HNO; with the ADM com-
pared to the DDM methods. However, the method is labor-intensive, re-
quiring extraction and recoating of the denuders at the sampling site. The
greater potential of the method for operator error (e.g., sample loss) com-
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pared to the DDM may diminish the observed precision and accuracy.
Furthermore, the commercially available glass denuders are both expensive
and fragile. A Teflon-nylon filter pack or a nylon filter alone downstream of
the denuder provides a measure of FPN analogous to the denuded sample
in the DDM.

Design Parameters. With the assumption that the walls of the annulus
are coated with a perfect collector for HNO,, the efficiency of an annular
denuder can be calculated (53):

/¢y = 0.819 -22.53—————————+— 5

ole exp( DL, + ¢ ®)

where c is the average gas concentration leaving the denuder, ¢, is the gas
concentration entering the denuder, D is the diffusion coefficient of the
pollutant, L is the length of the coated annulus, F is the flow rate, and d,
and d, are the internal and external diameter of the annulus, respectively.

Accuracy, Limit of Detection, and Sources of Error with CO;>~Glycerol
Coated Denuders.

1. Retention Efficiency of Acidic Gases. Acidic gases (e.g.,
HNO,;, HONO, HCI, or SO,) are efficiently trapped by a
denuder coating prepared by using 1% Na,CO;1% glycerol
in a 1:1 (v/v) mixture of methanol-water (19, 43, 54). For
example, when sampling 10 to 20 pg/m® HNO, in clean air
at 17 L/min, 50% RH, and 20 °C and at 80% RH and 13 °C,
the collection efficiency of a single, 21-cm, CO;*—glycerol
coated annular denuder was 99% or greater (19).

2. Interferents. The principal sources of error in HNO; deter-
mination with the ADM and CO,>—glycerol coated denuders,
include (1) greater than 98% retention of HONO on the first
denuder (55) followed by partial conversion of the resulting
NO; to NO;™ during sampling and following extraction, and
(2) retention, with low efficiency, of other NO, - and NO;™-
yielding species, including NO, and PAN.

Relatively little retention of NO, on CO;*—glycerol coated
denuders has been observed. For example, Appel et al. ob-
served 0.2% at 80% RH at room temperature (22). However,
greater retention is possible, because NO, can be converted
to HONO by reaction with H,O on inlet surfaces, and HONO
is retained with high efficiency by this coating. Because at-
mospheric NO, levels can be much higher than HNO; con-
centrations, such retention cannot be ignored. The inlet sec-
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tion of commercial annular denuders is Teflon-coated for about
2.5 cm ahead of the annulus, but Jenkins et al. (56) noted that
PTFE-coated glass was indistinguishable from glass in pro-
moting HONO formation from NO,.

PAN can be hydrolyzed quantitatively to NO,™ in alkaline
solution. Thus, at least partial retention of PAN on alkali-
coated denuders is likely. Ferm and Sjodin (42) reported up
to 10% retention of PAN on an open-tube denuder coated with
Na,CO,. Facile conversion of NO,” to NO;™ on carbonate-
impregnated filters by oxidation with O; has been reported
(21), so similar conversion on alkali-coated denuders is likely.
The use of glycerol in the alkaline denuder coating has been
shown to decrease substantially the extent of nitrite oxidation
(55). Slow oxidation of NO,” to NO,™ in extracts of the denuder
coating is also probable, a factor that can probably be mini-
mized by low-temperature storage and by minimizing delays
before analysis.

The use of tandem denuders, each with the same coating,
permits at least partial correction for these sources of error in
HNO; measurement. Species retained with low efficiency on
carbonate coatings (e.g., NO, and PAN) are collected in about
equal amounts by successive denuders. If it is assumed that
oxidation during and subsequent to sampling occurs equally
on successive denuders as well as in their corresponding ex-
tracts, the NO; from the second denuder extract can be sub-
tracted from that in the front denuder extract to obtain a
measure of atmospheric HNO;. However, this technique does
not correct for the efficient retention (and subsequent oxi-
dation) of atmospheric or artifact HONO.

The measurement of FPN from the NO,™ recovered from
a backup Teflon-nylon or nylon filter with the ADM is subject
to some of the same potential sources of error as with the
DDM. No loss of FPN passing through the annular denuder
is expected on the basis of particle-loss measurements (55).
Although HONO is efficiently removed ahead of the filter or
filters, nearly all of the PAN would reach the nylon filter.
Retention of PAN on nylon filters has been reported to be
insignificant. Thus, relatively little error in FPN is expected
with the ADM and CO,*—glycerol coated denuders.

. Uncertainty in Correcting Atmospheric Data. The level of

uncertainty with this method can be illustrated with results
from atmospheric trials (57). After 4- to 6-h samples were
collected in Southern California with CO,*—glycerol coated
annular denuders during a late fall period, the NO;™ recovered
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from the rear denuder averaged 14% of that on the front
denuder. If the nitrate on the rear denuder was due to in-
complete retention of HNQ;, in spite of the laboratory results
showing greater than 99% removal efficiency by the front
denuder (19), atmospheric HNO, concentrations should have
been corrected by +14%. However, we judged the partial
retention of nitrite-yielding species, followed by oxidation, to
be the most probable source of the observed NO;™ on the rear
denuder. Thus, subtraction of this NO;™ from that on the front
denuder is the preferred strategy to calculate atmospheric
HNO; concentrations.

The simultaneous collection of HONO and HNO; during
nighttime and early morning periods on the front denuder,
followed by partial oxidation of the resulting NO, to NOjy,
remains the most significant source of error with the ADM
and CO;*—glycerol denuder coatings. In Southern California,
4- to 6-h average HONO concentrations up to ~15 ppb (28
pg/m® as NO,) were recently observed (22). Much lower
HONO concentration maxima are the norm at other locations.

The efficiency of HNO, collection with a single annular
denuder should be confirmed by each user with a known
source of HNO,, regardless of denuder coating used. On the
basis of laboratory studies, Ferm and Sjodin (42) reported a
technique that can be used to correct simultaneously for pen-
etration of HNO, through the first of tandem denuders as well
as for artifact NO;™ due to atmospheric species retained with
low efficiency.

An Improved ADM Strategy for HNO;. An alternative strategy that is
reported to eliminate interference from HONO uses an NaCl-coated de-
nuder. Removal of HNO, with 97% efficiency on an initially NaCl-coated
denuder at 15 L/min was reported, without collection of HONO, and with
less than 1.5% retention of NO, (39, 44). An NaF coating (45) would also
provide efficient HNO, collection while minimizing retention of interferents
and eliminating interference with NO;™ determination by ion chromatog-
raphy due to high chloride concentrations. However, NaF is highly toxic, a
disadvantage for field operations. Variability in its performance was also
observed (44). Nevertheless, this approach has been recently used by U.S.
Environmental Protection Agency (EPA) personnel in atmospheric sampling
(58). The NaCl- (or NaF-) coated denuder can be followed by a second
denuder with the same coating to confirm that the combined effects of
penetration and artifact NO,™ formation are negligible. Whether any NO;
observed on the second denuder should be added or subtracted from that
on the first denuder remains uncertain. Alternatively, the front denuder can
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be followed by one CO,>—glycerol coated annular denuder to remove HONO
ahead of a Teflon-nylon (or nylon alone) filter pack to determine FPN free
of error from partial HONO retention on nylon filters. If simultaneous mea-
surement of HONO and other acidic gases is desired, then two
CO;*—glycerol coated denuders to permit correction for partial retention of
PAN and NO, can be operated downstream of an NaX-coated denuder (X
denotes Cl or F).

In addition to greatly increasing the sampling and analytical require-
ments, if other acidic gases are to be measured the NaCl-coated denuder
may show decreased efficiency at low RH. Forrest et al. (13) observed a
sharp decrease in HNOj collection efficiency with NaCl-coated filters at 25%
RH. Similar studies with denuders have not been reported, however. A
comparison of atmospheric HNO, results with the ADM using NaX-coated
denuders with those by reference procedures has not been reported, so the
accuracy of the method remains to be confirmed.

Summary and Conclusions. The methods discussed and the poten-
tial errors associated with specific sampler components are summarized in
Table II. Measurement of the labile atmospheric pollutants HNO; and par-
ticulate NO; is subject to a multiplicity of errors with all methods that rely
on the collection of a sample. The method selected will frequently be that
providing an acceptable degree of uncertainty and may be influenced by the
need to determine other species simultaneously. In general, the filter pack
method is the least accurate but simplest procedure. A comparatively new
technique, collection of HNO, with an NaCl- or NaF-coated annular denuder
followed by HONO removal with a CO,>—glycerol coated denuder and fine
particulate NO,™ collection with a backup nylon filter, appears to address
many of the systematic sources of error and may prove to be the integrative
sampling method that provides the greatest accuracy. However, its validation
is incomplete. Regardless of the inherent accuracy of the method chosen,
all inlet and sampler surfaces ahead of collection media should be treated
as potential sources of HNQ, loss until proven otherwise.

Because of the labor-intensive nature of annular denuder sampling,
alternative techniques deserve further scrutiny. The DDM, relying on
Teflon—nylon filter packs (or nylon filters alone) and an anodized aluminum
annular denuder ahead of one of a pair of modified dichotomous samplers
(46), merits evaluation for the influence of potential interferents (e.g.,
HONO). The DDM with NaCl-coated denuders would probably be nearly

. free of interference from HONO, but this conclusion requires evaluation.

Because coarse particulate NO,” must be excluded to achieve improved
accuracy for HNO, and fine particulate NO,", supplementary samplers are
needed to obtain improved estimates of total as well as coarse particulate
NO,".
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Sampling of Particulate Organic Compounds and Organic
Carbon

Introduction. Sampling Problems. The vapor pressures of organic
compounds in the atmosphere range from more than 1 atm (101 kPa) (i.e.,
completely gaseous under ambient conditions) to nearly zero. Semivolatile
materials, those with vapor pressure (v.p.) in the range 107 to 107 torr (10
to 107 Pa), can have significant concentrations in both the particle and vapor
phases. Although it is relatively easy to determine the total concentrations
(i.e., particle plus vapor phase) for such semivolatile materials, the accurate
measurement of the average concentrations existing in one phase at the
moment of sampling is difficult. The determination of particulate organic
compounds (as total C or as individual semivolatile species) may be subject
to positive errors from sorption of species that are in vapor phase at the
sampler inlet. Sorption may occur on a sampling medium, usually a filter,
as well as on previously collected particulate matter. Conversely, volatili-
zation may occur following collection, resulting in a negative artifact.

The composition of the carbonaceous species retained by sorption on
sampling media has rarely been evaluated. Fung (59) reported that the
carbonaceous materials retained by sorption on quartz-fiber filters were rel-
atively polar organic compounds, including phthalate esters and nitrogen-
containing heterocyclic compounds. Additional studies of this type would
be very helpful.

Sorption on previously collected particulate matter as well as on filter
media may be inferred from a comparison of sampler results. Filter samples
collected for 14 h were compared to seven successive 2-h samples for re-
covered carbonaceous materials taken in parallel atmospheric sampling in
Southern California (60). The collected organic materials were characterized
by their solubility in solvents of varying polarity. The mean ratio of calcu-
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 with sorption of nonpolar organic compounds on previously col-
lected particles (more significant in the 14-h samples) and sorption of polar
organic compounds on blank Gelman AE glass-fiber filters (which would give
an upward bias to the 14-h results calculated from 2-h samples). The latter
results are consistent with the more recent work of Fung. However, the
nature and significance of sorption on previously collected particles requires
additional, and more direct, experimental results.

Experiments attempting to measure the extent of loss of organic C from
the particle phase following collection have also been performed. The sim-
plest experiment consists of passing carbon-free air through a filter loaded
with freshly collected atmospheric particulate matter and determining the
decrease in organic C. Such experiments (61, 62) have failed to show sig-
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nificant loss of organic C and are in marked contrast to findings with specific
organic compounds [e.g., PAH compounds (63)].

The problems associated with sampling particulate organic C in the
atmosphere crudely parallel those with sampling nitrates. However, the very
large number of carbonaceous species, the range of vapor pressures involved,
and the ubiquitous nature of carbon severely complicate development of
improved sampling techniques based on total (or organic) carbon measure-
ments.

Theory of Vapor-Particle Partitioning. A theoretical treatment of the
volatilization of semivolatile particles following collection has dealt with a
pure, single-component aerosol in equilibrium with its vapor at the sampler
inlet (I). Pure compounds assumed to be retained by adsorption on the
surface of less-volatile particulate matter (e.g., PAHs) have been treated
more empirically by Yamasaki et al. (64) and Bidleman et al. (65) and re-
viewed by Pankow (66). In both cases, the driving force for volatilization is
a decrease in vapor concentrations below the equilibrium value for each
species. This decrease can be caused by a combination of (1) atmospheric
dilution or diurnal concentration change, (2) the pressure drop across the
aerosol deposit on the sampling medium, (3) the pressure drop across a
sampling medium that allows particles below the surface (e.g., a “depth”
collector such as a quartz- or glass-fiber filter), and (4) the pressure drop
caused by sampler inlets and inlet tubing, impactor jets, and so forth. Zhang
and McMurry (1) concluded that for single-component aerosols, losses from
impactors should be less than those from filter samplers.

Qualitative evidence of the possible influence of pressure drop can be
seen by comparing recoveries of carbonaceous material, as carbon, while
varying filter sampling flow rates. For example, samplers operating at a face
velocity (i.e., flow rate per unit area of the macroscopic filter surface) of 11
cm/s yielded an average of 30% greater total carbon, in wg/m?, compared
to a standard high-volume sampler operated at 50 cm/s (67).

Efforts to overcome the problems of sampling semivolatile carbonaceous
materials have dealt with particulate organic C (62, 67, 68) and, more suc-
cessfully, with the measurement of individual organic compounds (e.g., ref-
erence 63). The partitioning of PAHs and pesticides between particle and
vapor states has served as the framework for developing and testing theories
and sampling techniques. A discussion of these theories and techniques
follows. However, the use of PAH compounds as models for semivolatile
carbonaceous materials may be inappropriate for those that can approach
single-component aerosols.

With PAH as well as other organic compounds, oxidation reactions,
including reactions with O, and NO,, may be significant in altering recoveries
(e.g., reference 69) of specific compounds. Chemical reactivity of carbona-
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ceous species is not, however, considered in this chapter, in part because,
on a total C basis, such reactions would have reduced significance.

Table III lists the empirical formulas, molecular weights, and, where
available, boiling points and vapor pressures for PAH compounds. This chap-
ter discusses, in addition to particulate C, both theory and application in
sampling such compounds as a guide in developing improved particulate C
samplers.

Table III. Physical Properties of Selected PAH Compounds
Vapor Pressure (torr)

Boilin . . 0

Empirical  Molecular Pointg Jor Crystalline Solid at 20 °C
Compound Formula Weight (°Cy  Bidleman et al.® Pupp et al.
Phenanthrene CuHy 178.2 338 6.1 x 10~
Anthracene CuHyp 178.2 340 4.1 x 10
Fluoranthene CmHm 202.3 383 4.2 X 104
Pyrene CisHypo 202.3 393 7.3 x 10°
Benz[a)anthracene CisHpz 228.3 435¢
Cyclopenta[c,d]pyrene CiHyo 226.3
Perylene CyH)z 252.3
Benzo[b]fluoranthene CyHj, 252.3 481
Benzo[j]fluoranthene CyH), 252.3 ~480
Benzo[k]fluoranthene CypH,, 252.3 481 3.7 x 10* 1.1 x 10°
Benzo[a]pyrene CyH,z 252.3 496 9.2 x 10 7.1 x 107
Benzo[e]pyrene CyH,z 252.3 493 9.6 x 10 7.1 x 107
Benzo[g,h,i]perylene CnH); 276.3 1.1 x 10*
Dibenz[a,h]anthracene CHyy 278.4
Coronene CyH)p 300.4 525 1.7 x 107

“Reference 79. Boiling points are at 760 torr (1 torr = 133 Pa).
bReference 65.

Calculated from the experimental data of Pupp et al. (86).
4Sublimes.

Theory of Vapor-Particle Partitioning of PAH Compounds in the
Atmosphere. Yamasaki et al. (64) treated semivolatile PAHs as inherently
vapor-phase materials, existing in the particle phase only because of their
tendency to sorb on nonvolatile materials. Under this assumption, the pro-
portion in each phase should vary with the available surface area for sorption
and with the ambient temperature. They assumed that sorption followed a
Langmuir adsorption isotherm, requiring that there be only a low fractional
coverage of the particulate matter with semivolatile material. In this case,
competition for sorption sites can be ignored. At equilibrium, the rate of
sorption equals the rate of evaporation. They derived this relationship:

log ((PAH,,,][TSP]/[PAH,,]) = -A/T + B (6)

where [PAH,,, ] is the concentration of the PAH in vapor phase, [TSP]
is the concentration of total suspended particulate matter in a sample,
[PAH . | is the concentration of PAH sorbed on the particulate matter, A
and B are constants, and T is temperature (in kelvins).
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Testing of this relationship required the ability to measure the PAH
concentrations in the vapor and particle phases. Yamasaki et al. used glass-
fiber (GF) filter-collected PAH as an approximation of PAH,,,.. Polyurethane
foam (PUF) downstream of the filter in a high-volume sampler was used to
trap, and, thereby, operationally define the atmospheric concentrations of
vapor-phase PAH. Figure 4 shows typical semilog plots for [PAH,,, |[TSP]/
[PAH,,. | against 1/T. The mean temperature for 24-h sampling periods
was used for these plots; the variability of these temperatures was expected
to increase the scatter in the resulting linear regressions. Nevertheless,
regression fits to equation 6 gave r* = 0.8 for most PAH compounds (r,
linear correlation coefficient). The slopes of these lines correspond to the
constant A. Thus, this simple approach seemed consistent with atmospheric
behavior for a series of PAH compounds.

This approach was developed further by Bidleman and co-workers (65,
70-72) and included the use of filter-collected particles and PUF traps to
operationally define the required parameters. For example, the predicted
influence of temperature on the vapor—particle partitioning of fluoranthene

18 F

PAHvap
(PAHpartic,)/TSP

A BaP + BeP

103
10 L | | 1 | I . 1
3.3 3.4 3.5 3.6 3.7
(1103, %1

Figure 4. Plot of PAH.,,/(PAH o/ TSP) against 1/T. (Reproduced from ref-
erence 64. Copyright 1964 American Chemical Society.)
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(FL) may be calculated from the regression parameters obtained by Keller
and Bidleman (71). At 0 °C and an assumed 60 wg/m® [TSP], 47% of FL
should be in the particle state, compared to only 2.2% at 25 °C.

Sorption Media for Collecting Vapor-Phase PAH Compounds.
Analogous to sampling TIN with the filter pack method, sampling with a
quartz- or glass-fiber filter followed by a sorbent can provide a relatively
accurate measure of the total (i.e., vapor plus particle phase) concentration
of specific PAH compounds. Such methodologies were reviewed by Lee et
al. (73). Selection of a sorption medium for collection of vapor-phase PAHs
is influenced by air-flow resistance, collection efficiency, breakthrough vol-
ume, the effort required to purify the medium for use, and the efficiency
with which the PAH can be recovered from the sorbent.

The sorbents most frequently used for collection of vapor-phase PAH
compounds include Tenax GC (74-76), PUF (70, 77), and XAD-2 (77, 78).
Comparisons of retention efficiencies and breakthrough volumes indicate
that Tenax GC and XAD-2 are more efficient than PUF for more volatile
PAH compounds (e.g., anthracene). Lee et al. (73) noted XAD-2 resin to
be preferable to Tenax GC because of its higher capacity, especially for lower
boiling compounds.

Gas/Particle Ratios for Atmospheric PAH Compounds Estimated
from Filter and Sorbent Sampling. Yamasaki et al. (79) sampled am-
bient air in Osaka, Japan, using a 20 X 25 cm GF filter followed by two
cylinders of PUF; face velocity through the filter was 33 cm/s. For 28 24-h
periods, on average, 92% of the recovered benzo[a]pyrene (BaP) and 100%
of the benzo[ghi]perylene (BghiP) was on the GF filter. The four-ring PAHs,
including benzo[a]anthracene (BaA), chrysene, and triphenylene, averaged
62% recovery from the filter, the balance being recovered from the PUF.

A test of the recovery of 25 pg of PAHs ranging from phenanthrene
(PH) to BghiP was performed by passing clean air through the spiked filter
followed by two PUF disks for 24 h (the temperature was unstated). Except
for PH, PAHs volatilized from the GF filter were 90-95% trapped and
recovered from the PUF plugs. The losses of BghiP and BaP from the filter
were 0 and 3%, respectively (79).

Galasyn et al. (80) made a similar evaluation with Pallflex quartz filters
backed by PUF disks sampling in New Hampshire. For winter samples
collected with an average temperature of 9 °C, the percentages found on
PUF for BaA and BaP were 10 and 0%, respectively. During summer, these
percentages were about 75 and 0%, respectively.

Improved Sampling Techniques for Atmospheric PAHs. Filter
Versus Impactor Collection. The relative degree of volatilization of PAH
compounds from filters during sampling can be inferred by comparison of
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results in which filter and impactor samplers operated in parallel. Katz and
Chan (81) compared the total PAHs collected with an Andersen cascade
impactor operated at 0.57 m®/min to that retained with the high-volume
filter method using a glass-fiber filter operating at 1.5 m®/min (face velocity
64 cm/s). In general, markedly higher PAH concentrations were recovered
from the impactor. Although this result is seemingly consistent with the
theory and conclusions of Zhang and McMurry (1) for single-component
aerosols formed by condensation, it is unclear if this model should be relevant
to PAH compounds.

A Multiple Prefilter Approach. Van Vaeck et al. (75) used what they
termed an “integrated gas phase—aerosol sampling system” to distinguish
the material volatilized after collection from the initially gas-phase PAHs.
The sampler consisted of a filtration system followed by a Tenax cartridge
to collect vapor-phase PAHs; the entire flow passed through this cartridge
at 18.3 L/min. The sample volume was kept at least an order of magnitude
below the breakthrough volume for the most-volatile PAH considered, an-
thracene. Accordingly, quantitative retention was expected on the sorbent
for all vapor-phase PAH compounds of interest. The unique element of their
design was the filtration system, a standard 20 X 24 cm glass-fiber filter in
a holder consisting of two stainless steel plates with ten circular apertures
and Viton O-ring seals; this design effectively created 10 filter samplers.
Using solenoid valves and a timer, they programmed the unit so that a fresh
filter disk was introduced 10 times per 24-h day into the sampling train ahead
of the Tenax cartridge, which was changed once a day. The total air volume
to which any filter-collected aerosol was exposed was reduced by a factor of
100-300 in comparison to a second filter sampler run for 24-h periods. As a
consequence, the Tenax cartridge behind the short-term filters was thought
to be relatively free of organic compounds volatilized from the prefilter.
Accordingly, the PAHs on this Tenax cartridge were used to measure those
in the gas phase when sampled, PAH,. The concentration of PAH recovered
from the filter plus sorbent from the long-term sampler was used as a measure
of the total gas plus particle-phase concentrations, PAH,. Particle-phase con-
centrations for specific PAHs, PAH,, were obtained by difference: PAH, =
PAH, - PAH,. |

This approach remains subject to criticism, however, if sorption of ini-
tially gas-phase PAHs onto glass-fiber filters or on previously collected par-
ticulate matter is significant. The very strategy that reduces positive errors
in measuring initially gas-phase PAH concentrations might cause significantly
enhanced negative errors in such measurements because a fresh prefilter
surface must be saturated with vapor-phase PAHs every 2.4 h. The data of
Van Vaeck et al. do not permit assessment of the possible error from this
source. However, an earlier study (67) showed less than 1% retention of
vapor-phase PH on a glass-fiber filter. The error due to sorption onto the
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prefilter of vapor-phase PAHs and other nonpolar organic compounds similar
in v.p. to PH is, therefore, likely to be small. The error due to sorption on
previously collected particulate matter remains to be assessed but would be
minimized by the frequent filter changes.

For samples collected at various times of the year, results with the
relatively volatile PAHs, PH through pyrene (PY), were highly variable,
showing as little as ~20% retention on the prefilters. However, BaP and
other five-ring PAH compounds were found only on the filter.

Diffusion Denuders for Specific Organic Compounds. Diffusion de-
nuder techniques have been applied successfully to sampling individual
organic materials, including pesticides (82), nicotine (83, 84), and PAH com-
pounds (63). The methodology and results relating to PAH compounds are
detailed here.

Diffusion coefficients have been measured for comparatively few ma-
terials, but they can be calculated (67). Values for vapor-phase naphthalene
and anthracene of 0.058 and 0.048 cm?/s at 20 °C, respectively, are nearly
a factor of 3 lower than that for HNO, and other inorganic gaseous pollutants.
Thus, their removal efficiency is lower per unit length of denuder.

Figure 5 shows the sampler components used by Coutant et al. (63) for
sampling semivolatile PAH compounds; these components include a denud-
er, a filter, and a cylinder of PUF. A second unit, lacking the denuder,
sampled total concentrations of the PAH compounds. The denuder consisted
of a parallel bank of seven stainless steel tubes, each 61 cm long with i.d.
of 1.5 cm. The inner surface of each tube was coated with high-vacuum
silicone grease (Dow Corning) before each sampling trial. Denuder efficiency
was tested with naphthalene vapor; sampling was done with a single tube
at 2 L/min. The observed efficiency, 89%, compares to 92% predicted by
the Gormley—Kennedy equation (equation 3). Capacity for the single tube
was “several tens of micrograms” without significant decline in efficiency.

A prefired Pallflex 2500 QAST quartz filter (104-mm diameter) down-
stream of the denuder retained particle-phase PAHs together with other
particulate matter at a face velocity of about 3 cm/s. The PUF retained
vapor-phase PAH compounds that penetrated the denuder, together with
those volatilized from the filter following collection in the particle state. The
presence of a denuder is expected to enhance the extent of volatilization of
PAHs from the filter relative to the unit without a denuder. The PAH
concentrations volatilized during sampling from the unit without a denuder
were referred to as the normal artifact, A,. The corresponding concentrations
from the unit with the denuder included A, + A,, where A, indicates “excess
artifact” caused by the presence of the denuder. The possibility that particle-
phase PAH compounds could volatilize and be retained while within the
denuder was not addressed.
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Figure 5. A denuderfilter—sorbent system for PAH sampling. (Reproduced
with permission from reference 63. Copyright 1988.)

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



Publication Date: June 1, 1993 | doi: 10.1021/ba-1993-0232.ch001

1. AppEL Sampling of Selected Labile Atmospheric Pollutants 31

The apparent particle-phase and vapor-phase PAH concentrations and
the sampling artifacts were determined from the system of simultaneous
equations:

F4=P-A, @)
Fy=P-A,-A., ®)
PUFy = V + A, )
PUFy = 0.11V + A, + A, (10)

where F,4 and F; are PAH levels recovered from filters without and with
the denuder, respectively; P is the true particle-phase PAH concentration;
V is the true vapor-phase PAH concentration; A, is the normal volatilization
artifact; A, is the excess volatilization artifact; PUF,  and PUF, are PAH levels
recovered from PUF without and with the denuder, respectively; and 0.11V
is a correction for the 11% penetration of vapor-phase PAH through the
denuder, with subsequent collection only on PUF assumed. (The degree of
penetration for naphthalene was assumed relevant to higher molecular
weight PAH as well.) This approach is analogous to that for HNO; and fine-
particle NO; by the DDM after correction for significant penetration through
the denuder. (The values of the normal and excess artifact cancel out when
P and V are calculated.)

Table IV summarizes results for eleven PAH compounds, including me-
dian values and ranges for the percent of the total amount of each compound
found in the vapor phase at the moment of sampling. Also given are cor-
responding values for the “artifact” (i.e., A,) for each compound. The three-

Table IV. Summary of PAH 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[alanthracene 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[1,2,3-c,d]pyrene NA NA NA NA
Benzo[g,h,i]perylene NA NA NA NA
Coronene NA NA NA NA
NorEe: Ranges and median values are expressed as percentages of the total
amounts of each compound found. NA denotes not applicable: no evid

of vapor or artifact was found.
Sourck: Reproduced with permission from reference 63. Copyright 1988.
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and four-ring PAHs showed substantial vapor-phase components as well as
volatilization of the initially particle-phase fraction during sampling. The
five-ring and higher PAHs were recovered exclusively from the particle
phase. Thus, for example, the median percentage of PY in the vapor phase
was 43%, indicating that 57% was in the particle state when sampled. The
47% of the total PY shown as the median artifact indicates that 82% of the
initially particulate PY was volatilized after passage through the denuder
(i.e., from the filter) during sampling. These results suggest that the use of
filter—sorbent collection to estimate atmospheric particle-to-vapor ratios may
cause substantial errors for more volatile PAHs as well as other materials.

The implications of such denuder results for the approach of Yamasaki
(64) remain to be addressed. However, the findings of Coutant et al. (63)
cannot be accepted uncritically. Their conclusions rest on the assumption
that volatilization of particle-phase PAHs within the denuder is insignificant.
Additional control studies on such methodology are essential.

The variability observed in the percentages shown in Table IV for the
three- and four-ring PAHs was thought to reflect the variability in both the
temperature and the timing of these variations with respect to the sampling
cycle. Lesser volatilization was found in winter samples. Coutant et al.
recommended that 24-h filter sampling for PAH compounds should be
started and finished during early morning hours so that only samples col-
lected during the first 8 to 10 h would be subjected to rising temperatures
within the sampler, conditions favoring enhanced volatilization of previously
collected PAHs.

Improved Samplers for Particulate Organic Carbon. Tandem
Filter Techniques To Correct for a Positive Sampling Artifact. As detailed
in the preceding sections, data indicate, although not unequivocally, that
the determination of specific particle-phase organic materials, namely, PAH
compounds, can be subject to large negative sampling artifacts. However,
there is no similar indication that positive sampling errors are encountered
with such materials. The situation is somewhat reversed for the sampling of
atmospheric, particle-phase carbonaceous materials determined as carbon.
Volatilization during sampling must be inferred from such indications as the
influence of face velocity, an interpretation that has been challenged recently
(vide infra). By contrast, the sampling medium typically used, quartz-fiber
filters, can easily be shown to retain vapor-phase carbon, with atmospheric
CO, being only a minor contributor. In a typical experiment (62), atmo-
spheric sampling is done with two or more quartz filters sampling in tandem,
and the amounts of carbon recovered from backup filters are compared to
the total carbon (particulate plus sorbed) on the front filter. The concentration
of sorbed carbon on the backup filter, expressed per volume of air sampled
or relative to the front filter carbon, increases with decreasing air volume;
this observation is consistent with sorption of carbonaceous materials on a
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limited number of sites on the filter. For air volumes ranging from 2.4 to
7.2 m®, the ratios ranged from 0.51 to 0.13.

In experiments in which ambient air was sampled by three quartz filters
in tandem, Cadle et al. (61) proposed to measure the sorption efficiency, E,
of a clean filter from the equation

E = 1-A,/A, (11)

where A, and A; are the amounts of adsorbed organic C on the second and
third filters, respectively. Using 47-mm Gelman Microquartz filters for
24-h samples at 20 L/min (face velocity 23 cm/s), they found, on average,
E = 34% (four trials). In similar experiments (62) with 47-mm Pallflex 2500
QAO quartz-fiber filters (24 trials and sample volumes ranging from 2.4 to
60 m® at 20 L/min and a face velocity of 26 cm/s), the mean ratio A;/A, was
0.88 + 0.17. The variability in results prevented a useful estimation of
average absorption efficiency with equation 11.

The current state of the art in filter sampling particulate C is to use a
dual-filter strategy to provide an approximate correction for sorption of vapor-
phase organics on the particle collection filter medium. The carbon deter-
mined on a backup filter is assumed to be equal to that retained by sorption
on the front filter composed of the same material. Two techniques are in
use. The simplest involves two quartz-fiber filters sampling in tandem and
subtracting the carbon recovered from the backup quartz filter from the
organic C determined on the front quartz filter (Q — Q strategy). This ap-
proach is supported by the near equivalence of the carbon on the second
and third quartz filters (62). However, this approach cannot correct for any
hypothetical vapor-phase, organic C sorbed efficiently by the front quartz
filter. Additional support for this approach is discussed in the Diffusion
Denuder Techniques section.

In the alternative method (85), a second sampler, consisting of a Teflon
particle filter followed by a quartz filter, is operated in parallel with a quartz-
filter sampler. The carbon recovered from the quartz backup filter of this
second sampler is subtracted from the organic C determination of the first
sampler (Q — TQ strategy). The rationale for this alternative approach is to
minimize the extent of sorption of vapor-phase carbon on the first (particle-
collection) filter, which, otherwise, might significantly diminish the amount
retained on the backup quartz filter. The need for an additional sampler and
very accurate air volume measurements is a disadvantage.

Comparisons of the two strategies permit differing conclusions. One
comparison (62) found the Q — Q strategy to be more accurate at sample
volumes less than 10 m®. However, the experimental technique prevented
an unequivocal conclusion. The elimination of the face velocity dependence
of particulate organic C concentrations was used by McDow and Huntzicker
(85) as an indication of the accurate measurement of this material by filter
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sampling. They compared corrections for vapor adsorption on quartz-fiber
filters by using the Q — TQ and Q — Q strategies. The organic C on both
front and backup quartz filters exhibited decreasing concentrations with
increased face velocity. Rather than arguing for an increase in volatilization
of particulate organic C from the front filter, they argue that this decrease
reflects diminished absorption of vapor-phase C with increased face velocity.
Their findings showed the Q — TQ correction strategy to eliminate 90% of
the face velocity dependence of the front quartz-filter organic C compared
to 45% with the Q — Q strategy. This comparison was performed at constant
sample volume; face velocities were varied by altering the exposed filter
areas. Additional comparisons of this type should be performed, but with
varying sample volumes.

The dual-filter technique for particulate C would not correct for sorption
onto previously collected particulate matter. To the degree that this sorption
is significant, dual-filter techniques would probably provide decreasing ac-
curacy with increased particle loading.

Diffusion Denuder Techniques. In principle, a diffusion denud-
er-filter—sorbent system analogous to that described for PAH compounds
can be designed to measure particulate organic C as well as the significance
of positive and negative sampling errors. The denuder must be able to retain,
with very high efficiency, the carbon-containing materials that are, other-
wise, retained by sorption on the filter or on the particulate matter thereon.
The carbon recovered from the sorbent following the filter in such a system
would provide an upper limit to that lost from the filter during sampling.
Evaluation of potential denuders for this application provided efficiencies
up to ~60% (62) and, in work by Fitz, 78% (68).

The experimental system used by Fitz is shown in Figure 6. Dual, 47-
mm filters sampled ambient air in parallel at 15 L/min from a common
cyclone inlet with one of the samplers preceded by a denuder composed of
quartz-filter strips. The denuder, which provided an average residence time
of ~2 s, was designed for greater than 99% removal efficiency of a material
with a diffusion coefficient at least that of anthracene if 100% retention of
species contacting the filter strips is assumed. The filter material, Pallflex
QAST quartz fiber, was identical for the denuder and dual filters. The ex-
perimental results for 18 12-h sampling periods are shown in Table V. The
organic C (OC) on the front filter following the denuder was consistently
lower by about 12% (~2 pg/m?®. The OC on the back filter following the
denuder averaged 22% of that on the undenuded side; this value suggests
an average denuder efficiency of 78%. Elemental C (EC) values were about
equal, a situation consistent with the absence of significant loss of fine par-
ticles passing through the denuder.

Fitz concluded that the OC on the back filter is primarily due to irre-
versible adsorption of gas-phase organics rather than to volatilization of par-
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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. Accordingly, the front filter
OC should be corrected by subtracting the backfilter OC. Corrected organic
particulate C values are nearly identical for the denuded and undenuded
side: 14.0 and 13.8 pg/m?, respectively. ’

Fitz’s data provide additional support for the Q — Q correction strategy.
If a portion of the vapor-phase C were efficiently sorbed on quartz filters,
such materials should be efficiently removed by the denuder. As a conse-
quence, the OC on the front filter following the denuder would be lower
than that on the undenuded side. Accordingly, the Q — Q strategy should
undercorrect for sorption on the undenuded side. The near equivalence of
the corrected results from the two sides argues that strongly sorbed OC is
not significant.

This experiment does not address possible sorption of OC on the par-
ticulate matter, volatilization within the denuder, or the degree of volatili-
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zation following filter collection. The addition of a relatively efficient inor-
ganic sorbent [e.g., a fluidized bed of activated Al,O; (62)] downstream of
the dual filters shown in Figure 6 might prove useful in the assessment of
the negative artifact and the attempt to more closely approach the elusive
goal of a true particulate organic C sampler.

Conclusions. Compared to nitrate sampling, the sampling of partic-
ulate organic C remains relatively primitive, with room for much creative
research effort. Although 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 volatilization of particulate C remains
unclear. Dual-filter techniques permit correction of the error due to sorption
on filter media. Denuder-based sampling techniques may hold the key to
improved particulate C samplers and provide an estimate of the negative
artifact. The quartz-filter denuder developed by Fitz can serve as the starting
point for developing such improved samplers.

Glossary

ADM annular denuder method
BaA  benzo[a]anthracene

BaP  benzo[a]pyrene

BeP  benzo[e]pyrene

BghiP benzo[ghi]perylene

CPN  coarse particulate nitrate
DDM denuder difference method
EC elemental carbon

FEP fluorinated ethylenepropylene (Teflon)
FL fluoranthene

FPM filter pack method

FPN fine particulate nitrate

GF glass fiber

oC organic carbon

PAH  polyaromatic hydrocarbon
PER perylene

PFA  perfluoroalkoxy (Teflon)
PH phenanthrene

PN particulate nitrate

PTFE polytetrafluoroethylene (Teflon)
PUF  polyurethane foam

PY pyrene

RH relative humidity

S&S  Schleicher and Schuell
TDL tunable diode laser
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TIN  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.

THE DETERMINATION OF ATMOSPHERIC TRACE GASES has represented an
area of active endeavor since the onset of humanity’s interest in the chemis-
try of the atmosphere. Present-day practice ranges from sampling the air
with a liquid absorber contained in a bubbler to making direct spectroscopic
measurements with path lengths of several kilometers, with obvious attend-
ant differences in cost, sensitivity, and reliability. Generally applicable direct
spectroscopic techniques in present use relying on absorptiometry include
tunable diode laser spectroscopy (I), differential optical absorption spec-
troscopy (2), and Fourier transform infrared spectroscopy (3). In general,
these methods are relatively free from interferences and thus represent the
techniques of choice as reference procedures. However, their widespread
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application is deterred by their bulk and cost. Occasionally, compact ab-
sorptiometric instruments of adequate sensitivity are possible for a specific
gas, as is the case for ozone (4). Other examples of dedicated affordable
instruments for specific gases typically involve luminometry, for example,
pulsed fluorometry for SO, (5) and chemiluminometry for the determination
of NO upon reaction with O (6) or for the determination of O3 upon reaction
with C,H, (7). In general, however, if the gases of interest can be repro-
ducibly collected in a liquid (typically aqueous) absorber, a great variety of
analytical alternatives (e.g., colorimetric—fluorometric-electrochemical de-
tection following wet chemical manipulations or ion-liquid chromatography)
become applicable. In most cases, such approaches allow good specificity
and respectable limits of detection (LODs) at a modest cost.

Continuous Gas-Liquid Contactors

Collection of an atmospheric trace gas for subsequent wet analysis has been
classically accomplished by using a bubbler or an impinger. Usually, the
liquid volume is not the limiting factor in the analytical procedure; if the
gas collection efficiency is not seriously sacrificed at the same sampling rate,
the ability to utilize a smaller liquid volume translates into a greater analyte
concentration and thus a lower attainable LOD. Several alternatives are
superior to bubblers and impingers in this respect. Moreover, these alter-
natives permit continuous liquid and gas flow, allowing continuous analysis
of the liquid stream. The earliest example of such a device is a multiturn
glass coil in which the sampled air causes the simultaneously pumped liquid
absorber to form a film on the interior walls of the coil. A gas-liquid separator
follows, and typically the isolated liquid stream is fed to an air-segmented
continuous-flow analyzer. Fully automated ambient air analyzers based on
this principle were reported more than two decades ago (8), and more mod-
ern adaptations have been reported, most notably for the continuous mea-
surement of H,O, and HCHO (9, 10).

A continuous gas scrubber can be designed around the Venturi principle
as well (11). Nebulizing the absorber liquid by using the sample air as
propellant is among the most efficient and ingenious strategies utilized to
design continuous gas-liquid contactors. The nebulized liquid is then col-
lected by providing either an impaction site (12) or a hydrophobic membrane
(13). All of these gas-liquid contactors involve a flow regimen that is far from
laminar. Consequently, a significant (and variable, depending on the design
of the device) fraction of the simultaneously sampled atmospheric aerosol is
scrubbed as well, and it finds its way in the liquid effluent. If the analyte-
measured is not significantly present in the aerosol and does not interact
with any of the aerosol constituents, no particular problems are posed. If it
does either, however, a different strategy is needed because removal of the
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aerosol from the sample gas by prefiltration is generally unacceptable because
of filter-induced artifacts.

Diffusion Denuders

Indeed, it is often impossible to distinguish between an analyte originating
from the aerosol and the same analyte originating from the gas phase after
incorporation into a liquid absorber: the inability to distinguish between
particulate NH,* and NH;, (g) or between particulate NO;” and HNO; (g),
once collected into an aqueous solution, can be cited as examples. In such
cases, diffusion-based collection has proven to be the only approach for
reliably measuring a gas in the presence of an aerosol.

Because the diffusion coefficient of a gas molecule is typically 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 in an appropriately designed
system. The simplest form of a diffusion-based gas—aerosol discriminator of
this type is a tube with its interior walls coated with some substance that
serves as an efficient sink for the gas molecules. Under laminar flow con-
ditions and with a vertical deployment of the tube to avoid gravitational
settling of the aerosol, the aerosol transmission efficiency can be nearly
quantitative (14, 15). These devices were suggested originally by Townsend
(16), and the initial interest was to remove certain gases to better study the
associated particles. The removal of gases by means of diffusion thus even-
tually led to the term “diffusion denuder”. In 1949, Gormley and Kennedy
(17) provided a mathematical treatment concerning the diffusion from a
stream flowing through a cylindrical tube. Several recomputations of the
original Gormley-Kennedy solution have been made, and the expression of
Bowen et al. (18) is regarded the most accurate (19). The following expression
(equation 1) agrees with the results of Bowen et al. up to four significant
figures.

1—f = 0.81905 ¢35 4 (.09753 22305+
+ 0.0325 6% + 0.01544 ¢7107-62 1)

where f is the fraction collected by the denuder and p is a dimensionless
quantity given by

w = wDL/Q 2)

where D is the diffusion coefficient of the gas, L is the length of the tube,
and Q is the volumetric flow rate. For most denuder systems designed to
collect a gas, f is high, and only the first term on the right side of equation
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1 needs to be used. These principles are regarded as sufficiently sound to
permit reliable measurements of diffusion coefficients of gases (20, 21).

The first reported application of a denuder device with subsequent
chemical analysis involved the speciation of gaseous and particulate fluoride.
This study used a denuder system containing three concentric tubes (22).
Few details were given as to why such a design was chosen; denuders of
annular geometry were not reinvestigated until the 1980s. Using the simple
single-tube geometry, Crider et al. (23) reported the first continuous
gas—aerosol discriminating analytical instrument. Since this time, reported
designs have included multiple tubes operated in parallel (24), two concentric
tubes (with the inner wall of the outer tube and the outer wall of the inner
tube being suitably coated to serve as the sink surface) held together by one
or two tripoint welds with the air being sampled through the annular space
(25), and even a set of 12 concentric tubes operated in the multiple annular
geometry (26). Stevens et al. (27) similarly described a concentric denuder
with three glass annuli, protected on the exterior by a stainless steel sheath
so as to render the assembly less fragile. Koutrakis et al. (28) described the
design of a compact serial acid- and alkali-coated denuder, complete with
an inlet impactor, for the measurement of acidic aerosols and gases. Another
reported diffusion-based sampler utilizes flow in the laminar—turbulent tran-
sition region (29, 30). A decisive judgment on the advantages and disadvan-
tages of the transition-flow reactor, including its general applicability to a
variety of analytes, awaits further studies.

Three reviews describing applications of diffusion denuders have been
published. The doctoral dissertation of Ferm (31) reflects considerable ex-
perience with single-tube denuders for the measurement of a variety of
species. The review by Ali et al. (32) is extensive; it provides an excellent
historical and theoretical background and summarizes the literature based
on the type of analyte gas determined. The focus of the most recent review,
by Cheng (19), is diffusion batteries used for size discrimination of aerosols
as well as diffusion denuders. Various physical designs are discussed in some
detail in that review.

Diffusion denuders have become a relatively common tool for the pres-
ent-day atmospheric analytical chemist. In a comparison of methods for
nitrogen species analysis conducted in urban Los Angeles in 1985, some 8
out of 18 instruments deployed to measure HNO; used a diffusion denuder
(33). This study also indicated the uncertainties associated with prefilters
and filter-based measurements. Despite the increasing popularity of diffusion
denuders, the use of a typical diffusion denuder is very labor-intensive. A
typical application involves washing and coating the active surfaces of a
denuder tube, field sampling, returning to the laboratory, washing and re-
moving the coating under noncontaminating conditions, analyzing the wash
solution for the collected analyte, and then beginning the cycle anew. Efforts
have been and continue to be made to fully automate diffusion-based col-
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lection and analysis, at least for specific analytes. These devices are discussed
in the remainder of this chapter; the cited reviews give the general appli-
cation of diffusion denuders.

Operating and Design Considerations

Some considerations common to all diffusion-based collection-analysis sys-
tems are discussed in the following sections.

Laminar Flow Development. In a typical application, it is not
generally possible to sample isokinetically. Equations governing the collec-
tion efficiency (e.g., equation 1) apply only under laminar flow conditions.
It is considered necessary therefore to leave a length of the tubing surface
at the entrance deliberately uncoated to permit laminar flow to fully develop
before actual collection occurs. For a simple tube, the minimum inlet length,
L, necessary to fully develop laminar flow (within about 98%) is given by
(34):

L; = 0.05 dNg, @)

where d is the diameter of the tube and Nj,, the Reynolds number, can be
expressed as

where Q is the volumetric flow rate and p and m are the density and the
viscosity of the sample gas, respectively. Equations 2 and 4 can be combined
to

L; = 0.2 Qp/(mm) )

This equation shows that at a given location (p and m constant), L; is solely
dependent on the sampling rate Q. For dry air at 20 °C and 1 atm and with
a density of 1.2 g/L and a viscosity of 1.8 X 10™ P, equation 5 can be
rewritten

L =620 6)

where L, is expressed in centimeters and Q in liters per minute. Inlet length
considerations for an annular denuder are not fundamentally different. For
most annular geometries in present use, the annular gap is small relative to
the radius of curvature; this situation permits the parallel-plate approxi-
mation. For a set of parallel plates separated by the distance x, Schlichting
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(35) stated that the inlet length necessary for laminar flow development can
be approximated by

L, = 0.04 xNg. @)
For an annular denuder,
x = (d, + d)/2 (8)

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

NRe = 2QP/[1T"I(do + dl)] (9)
Combining equations 7 through 9 gives
L; = 0.04 Qp(d, - d)/[mn(d, + d))] (10)

When the inlet length is expressed in terms of number of “gap widths”, the
difference between the flow in a tube and the flow in an annulus of narrow
gap differs only by 25% [(0.05 — 0.04)/0.05]. This situation is an indication
that the growth of the laminar boundary layers from the wall to the center
of the channel is similar in both cases. Because duct friction coefficients, a
measure of momentum transfer, do not vary by more than a factor of 2 for
ducts of regular cross sections when expressed in terms of hydraulic diam-
eters, the use of the inlet length for tubes or parallel plates can be expected
to be a reasonable approximation for the inlet lengths of other cross sections
under laminar flow conditions. In the annular denuder, the dimensionless
inlet length for laminar flow development, L', can be expressed as

L' = 2L/(d, - d) (11)

For a given flow rate, L’ is inversely related to the gap width or to the
diameter (d, or d)) at constant gap width (36).

Because it may not be possible to provide an inlet length sufficient for
full development of laminar flow in some applications, the consequences of
not meeting this requirement may be worthy of examination. Although the
lack of a fully developed laminar flow profile may make it impossible to
compute diffusion coefficients from the overall fraction of the gas that pen-
etrates the denuder, most practitioners are solely interested in obtaining a
good collection efficiency for the analyte gas. Over the inlet region, analyte
gas collection efficiency is expected to increase slightly relative to predictions
based on diffusive mass transfer under laminar flow conditions. According
to Mercer (37) and Friedlander (38), the length required for parabolic flow
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to develop is short compared to the length required for the particle con-
centration boundary layer to develop. As such, the entrance length should
have little influence on the extent of particle deposition on the denuder.
However, the existence of some uncoated inlet length is important, because
otherwise particles deposited in the entrance region will become part of the
sample analyzed. On the other hand, leaving long, uncoated lengths of a
glass tube, from which denuders are commonly constructed, is hardly a
desirable state of affairs. Such a length can easily acquire a static charge
(particularly at low relative humidities) and can contribute to significant loss
of particles. (39); the loss, predictably, is even higher when the surface is
poly(tetrafluoroethylene) (PTFE), known to be particularly susceptible to
acquiring an electrostatic charge (40). On the basis of these conflicting con-
siderations, the prudent course of action appears to be to require several
centimeters of uncoated entrance length, although this length may not be
sufficient to fully develop laminar flow. However, this discussion may be
irrelevant to issues of leaving any uncoated lengths at all in denuders that
are manually washed (with wash liquid being subsequently analyzed). In
such cases, typically both the uncoated and coated portion of the denuder
is washed (41).

Collection Efficiency. Single-Tube Denuders. For the appropriate
design of a diffusion-based collection device for an intended application, the
ability to estimate the collection efficiency a priori is of considerable help.
Although the theoretical soundness of the Gormley—Kennedy equation
(equation 1) is not questioned, it is based on the assumption that the uptake
probability of the analyte gas at the wall is unity;.that is, the wall is truly a
“perfect sink”, and every collision results in uptake. This assumption is
unrealistic. In recent years, this issue has been reexamined. McMurry and
Stolzenburg (42) showed for a liquid-coated denuder how the uptake prob-
ability (discussed by the authors in terms of the “mass accommodation coef-
ficient”) can be evaluated from collection efficiency measurements. Murphy
and Fahey (43) utilized the mathematical solution originally developed for
hemodialyzers by Cooney et al. (44); this treatment assumes a constant
uptake probability that may be less than unity. To use the Murphy—Fahey
approach, however, this probability must be precisely known.

When the denuder active surface is an inert porous membrane such that
the analyte molecule must diffuse across the pores to be trapped by an
absorber liquid, only a fraction of the membrane surface is porous, and the
pores may also be tortuous. Consequently, collision at the membrane surface
is not synonymous with uptake. Corsi et al. (45) developed a numerical
solution for the collection efficiency observed for such a membrane-based
diffusion denuder, hereinafter referred to as a diffusion scrubber (DS). Both
groups of researchers dealing with the issue of less than unity uptake prob-
ability reached the conclusion that this value must be very much less than
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unity before a significant departure from Gormley—Kennedy behavior be-
comes experimentally discernible. The collection efficiency determined by
Dasgupta et al. (46) for a hydrophobic porous PTFE membrane tube (2-pm
pores, 50% surface porosity, 0.4-mm-thick wall) collecting SO, (dilute H,O,
flowing as scrubber liquid outside the tube) indeed agrees within 1% with
values computed directly from the Gormley—Kennedy equation at sampling
rates lower than 2 L/min (89 to 100% collection efficiency). At higher sam-
pling rates, however, experimental collection efficiencies were lower than
Gormley-Kennedy values. Overall, for most practical single-tube denuders,
whether membrane-based or not, the Gormley—Kennedy equation provides
areliable starting estimate for device design. A gradual decrease of collection
efficiency during sampling due to surface saturation is possible with typical
sorbent-coated denuders (47); with automated diffusion denuders—scrubbers
this decrease would not appear to be an important issue inasmuch as the
collecting medium is either continuously or cyclically renewed.

Annular Denuders. Computing the collection efficiency of annular
denuders—which are becoming increasingly popular because of their ability
to maintain near-quantitative collection efficiencies at high sampling rates
within a compact design—is less straightforward. Possanzini et al. (25) in-
troduced the annular geometry to the present-day practice of diffusion-based
sampling and suggested an empirical equation to calculate the collection
efficiency f:

1-f= Ae* (12)
where A and o are empirical constants and A is given by
A = p(d, + d)/(d, - d) (13)

Although the precise values of A and a 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 (d, >> d, - d), A and «
were regarded to be constants. For SO, as the test gas in tetrachloromer-
curate(II)-coated glass annular denuders (Q = 1 to 40 L/min, A = 0.064
to 0.272, f = 0.81 to 1.00), they reported A = 0.82 and @ = 5.63. In a
later study dealing with the collection of NO, (g) with KI-impregnated an-
nular denuders coated with polyethylene glycol, the same value for A but
a different value for o was reported. The much lower value for a, 1.12, was
attributed to poor sink efficiency (48). Ali et al. (32) have criticized the
drawbacks of such empirical approaches. On the basis of the original work
of Gormley (49) on diffusion between parallel plates, they suggested that
the parallel-plate approximation of an annular denuder will lead to a form
of equation 12 where A = 0.91 and a = 3.77. The differences in the actual
collection efficiencies resulting from the different values of A and a can be
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substantial unless the denuder is operating at nearly quantitative collection
efficiency.

More recently, Winiwarter (50) has built on the work of Stephan (51)
by dealing with heat transfer in annular tubes and applying a Fickian diffusion
model to compute collection efficiencies in an annular denuder. The resulting
differential equations were solved by the Runge—Kutta method. Collection
efficiencies thus computed for HNO,, HCOOH, and CH;COOH agreed
well with the experimental data obtained by Rosenberg et al. (52). Wini-
warter provided tabulated data and graphs to enable computation of collec-
tion efficiencies for specific annular denuder dimensions and operating con-
ditions. Coutant et al. (26) also developed a numerical method; they used
the parallel-plate approximation. Their model takes into account the non-
unity uptake probability, which can be input as a separate parameter. The
software (written in C programming language for IBM and compatible PCs)
is available from the authors and permits calculation of collection efficiencies
for multiple concentric tubes as well.

None of these approaches are applicable to denuders of the annular
geometry where only one of the surfaces in contact with the sampled gas is
effective in uptake. Membrane-based DS devices of the reverse geometry,
introduced originally by Tanner et al. (53), utilize a membrane tube con-
centrically suspended within an outer jacket tube. The gas is sampled
through the annular space, and the analyte gas is captured by collection
through the pores in the membrane. With this design, only the inner surface
of the annulus is effective as a sink. Solutions to the parallel problem for
heat transfer are available. Lundberg et al. (54) presented an extensive set
of numerical solutions for cases where either the outer or the inner surface
of the annulus is the sink. These results can be directly used, with the
limitation that the treatment assumes the probability of uptake to be unity.
The fraction collected, f (referred to as the parameter 6,,* by Lundberg et
al.), is calculated as a function of the dimensionless axial position X, where
X in this application would be given by

= d, + d;
X= Wad—d) 4
Figure 1 graphically depicts the numerical data relevant to our application
listed by Lundberg et al. Different sets of curves of f vs. X are provided for
individual values of d;/d,. Discrete data were provided in the numerical
tables of the original work; to produce the continuous traces in Figure 1, a
cubic spline fitting was used.

The experimental collection efficiencies for H,O, (estimated Graham’s
law diffusion coefficient is 0.18 cm?/s) for an aqueous scrubber Nafion (per-
fluorinated ionomer) membrane DS (L = 40 cm, d, = 0.5 cm, and d;, =
0.06 cm) have been experimentally determined by two independent ap-

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



Publication Date: June 1, 1993 | doi: 10.1021/ba-1993-0232.ch002

50 MEASUREMENT CHALLENGES IN ATMOSPHERIC CHEMISTRY

// L~
i AVSS

— d ’,// pd
> A ’// /
o //?j//,///
(O] %8%
E;’ yd /]/// {
s T

////
€ 0.1 EX—AAA
.0 4 p,
- i /
o  /
o /
L %

/

0,01 ) 0.1 o N
Dimensionless Axial Position (%)

Figure 1. Collection efficiency (f) for a denuder 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 di/d, = 1.0, 0.5, 0.25, 0.1, 0.05,
and 0.02.

proaches (40). Here the sink surface is expected to be efficient in uptake,
and f has been observed to be 0.944 + 0.017, 0.838 + 0.013, 0.732 * 0.006,
and 0.638 * 0.002 at Q = 0.5, 1.0, 1.5, and 2.0 L/min, respectively.
The corresponding values for X are 0.86, 0.43, 0.29, and 0.22, respectively.
The d,/d, value for this DS is 0.12; interpolating between the curves for
d,/d, = 0.1 and 0.25 in Figure 1 reveals that the theoretical predictions are
in excellent agreement with the experimental data.

With porous membrane DS devices of this geometry and for thin mem-
branes with low-tortuosity pores (i.e., where the diffusion distance within
the pores is very small compared to the radial diffusion distance in the DS),
good predictions for the collection efficiencies can be obtained if the nominal
X and d,/d, values are both multiplied by the fraction of the surface that is
porous. For example, with a diffusion scrubber based on such a membrane
tube (L = 40 cm, d, = 0.5 cm, d, = 0.045 cm, fractional porosity 0.4), the
corrected X values for H,O, 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/min, and the corrected d,/d,
value is 0.036. The collection efficiencies predicted from Figure 1 (inter-
polating between d,/d, values of 0.02 and 0.05) are in good agreement with
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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.

The efficient sink criteria cannot be overemphasized, however. When
the experimental data for formaldehyde for either of the two different mem-
brane scrubbers are considered, the theoretical predictions significantly ex-
ceed the experimental collection efficiencies. The uptake of formaldehyde
at an aqueous interface is controlled by its rate of hydration to methylene
glycol, a process that is acid- or base-catalyzed. The collection efficiency
significantly increases in going from pure water to 0.1 M H,SO, as a scrubber
liquid (55), but the uptake probability still remains a controlling factor in
determining the collection efficiency. Obviously, in such cases theoretical
predictions merely establish an upper limit.

Particle Transmission. Coarse particles (>~2.5 pwm) are present in
all atmospheric samples. If a diffusion-based collection system is not
equipped with an impactor or cyclone at the front end to remove the coarse
particles, some coarse particle deposition will occur in the system. This is
especially true for annular denuders (in which the inner member must have
some physical means of attachment to the outer member and such structural
supports are obligatorily present in the flow path) and DS devices with T-
type air inlets. Larger particles are often derived from crustal sources and
display significant acid-neutralizing capacity. If total acidity is to be deter-
mined in the atmospheric sample, significant errors can be introduced unless
such particles are first removed. PTFE-coated cyclones as an integral part
of the sample inlet appear to be the best choice for removing the coarse
particles (27, 56). Relative to a more polar surface like glass, the adsorption
of sticky gases like HNQ, is minimized on a PTFE or PTFE-coated surface.
Although such a surface is more prone to promote electrostatically induced
fine-particulate deposition (vide infra), the residence time within the cyclone
is typically below 1 s, and significant losses of fine particles have not been

. observed (27, 56). In this connection, maintenance requirements of any

instrument with a coarse-particle removal system at the inlet need to be
pointed out. Although the rest of the system may well be configured to be
completely automated, without periodic cleaning of the cyclone the resulting
data may be subject to significant error. Because of diurnal temperature
variations, errors may accrue, for example, from cyclic deposition and evap-
oration of NH,NO, as well as from loss of acid gases due to gas—particle
interactions with deposited coarse particles.

For fine particles, despite the fact that the major rationale behind dif-
fusive sampling of a gas is to achieve discrimination from the concurrently
present atmospheric aerosol, relatively little attention has been paid to ac-
tually characterizing the particle transmission through these systems. A sum-
mary of existing data has been presented (40). The only thorough charac-
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terization of particle losses that has appeared in the literature concerns the
Harvard-Environmental Protection Agency annular denuder system (39,
57). The system is equipped with an integral inlet cyclone or impactor. The
first study (57) suggested that total particle losses are <~3% for the particle
size 1.50 to 2.77 pm. The more recent and more extensive study (39) dealt
with particles over a much greater size range and with different degrees of
charge: neutral, with Boltzmann charge, or with a single charge. Further,
the glass denuder surfaces were either uncoated or coated with NaCl or
citric acid. The loss increased in going from the neutral to the charged aerosol
and was somewhat higher for an uncoated denuder surface compared with
the coated surface, presumably because of the greater tendency of the un-
coated surface to acquire a static charge. Typical losses in a single-stage
uncoated denuder in the 0.10- to 0.86-w.m size range ranged from 0.9 to 8%
for an aerosol with Boltzmann charge distribution; an additional 1.8 to 5.3%
was lost on essential system components. Although the overall extent of the
loss is still reasonably small, it may not be insignificant if the intent is to
measure the aerosol composition.

The effect of electrostatic charging cannot be overemphasized—dramatic
increases in particle deposition occurred when the denuder was dried with
a vigorous flow of compressed air. With PTFE tubes, much more susceptible
to acquiring a static charge, as much as 3 to 15% of the aerosol, 0.1 to 1.09
pm in diameter and with a Boltzmann charge distribution, can be lost under
dry conditions merely by passage through a 70-cm-long straight PTFE tube
(40). Clearly, long inlet lines must be avoided to measure particle compo-
sition along with gases. Unfortunately, tubing materials that are considered
inert are also more susceptible to acquiring a static charge. The choice of
the sample conduit material is also dictated by the adsorption characteristics
it displays toward the analyte gases of interest. For a variety of polar gaseous
analytes, for example, HNO,, HCl, and H,0,, glass inlet lines are unac-
ceptable. Even when the conduit is electrically conductive, for example,
stainless steel, the extent of aerosol deposition is acutely dependent on the
charge on the aerosol (58); little control can be exercised over this situation.

In any fully automated instrument operating unattended, it is also highly
desirable that the instrument periodically zeros and calibrates itself. Thus,
aside from the sample air, zero and calibrant gases must be accessible to
the collection system inlet by some automated valving arrangement. Typi-
cally, PTFE or perfluoroalkoxy (PFA) solenoid valves are used to switch
sample streams. However, virtually all available commercial valves have
right-angled passageways inside the valve, and deposition of ambient par-
ticulate matter occurs at the bend. Over a period of time, this buildup
compromises sample integrity. Some valves also become sufficiently warm
upon energization to cause significant loss of labile analyte gases like H,O,
(55). A three-position electropneumatic slider valve with no sharp angular
bends (59) minimizes these problems. An altogether different and possibly
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superior approach is to provide a T-connection at the very beginning of the
inlet line. Zero or calibration gases are introduced through this T-arm as
desired by appropriate valves connected to these sources. The zero or cal-
ibration gas flow is made greater than the sample flow. Thus, during zero
or calibration periods, no ambient air is drawn into the system; rather, excess
zero or calibration gas is vented through the inlet.

Annular Geometry: Preferred in All Applications? The annular
geometry is rapidly replacing the single-tube geometry in most applications.
Clearly, the annular design is capable of collecting a greater analyte mass
per unit time. For automated collection—analysis systems that operate on a
cyclic sorption—desorption protocol (e.g., thermodenuders and vide infra),
the collected analyte is generally desorbed as a plug within a fixed time
window. Greater collected mass therefore translates to better LODs or tem-
poral resolution or both. On the other hand, for a wet denuder in which a
flowing scrubber liquid continuously wets the active surfaces and the effluent
is then taken for analysis, the advantages of an annular geometry, in view
of its more complex construction, are less clear-cut unless the scheme in-
volves concentration of the denuder liquid effluent prior to analysis. This
situation arises because most continuous flow-through analytical detectors
are concentration-sensitive rather than mass-sensitive. The ability of the
annular geometry to collect a greater analyte mass is associated with a larger
active surface area. With the reasonable assumption that the minimum nec-
essary scrubber liquid flow rate to effectively present a continuously renewed
collection surface is directly proportional to the active surface area, most of
the advantage of the annular geometry disappears. For the example of the
isoefficient denuder trio cited by Possanzini et al. (25), the collection effi-
ciency of a single-tube denuder—L = 50 cm, d = 0.3 cm at Q = 1.7 L/
min—is identical to that of two annular denuders—L = 10 cm, d; = 1.0
cm, d, = 1.3cm at Q = 3.8 L/min and L = 20 cm, d;, = 3.0 cm, and
d, = 3.3 at Q = 20 L/min. The differences in the analyte mass collected
per unit time is reflected in the ratio of the flow rates, 1:2.23:11.8. The
corresponding ratio of the active surface area, w(d, + d)L, is 1:1.52:8.4.
The collected mass per unit surface area ratio, the superiority factor, is then
obtained by dividing the first set of numbers by the second and is 1:1.45:1.20.
This degree of improvement is hardly worth the added complexity of the
annular design. Higher sampling rates are sometimes considered desirable
to minimize inlet losses. However, a high flow denuder is not essential for
this purpose. An inlet manifold can be set up with a high flow rate and small
residence time, and the denuder, with its own aspiration source, is then
connected with a very short conduit to this manifold.

These considerations pertain largely to automated systems. In systems
utilizing manual collection and analysis, the annular geometry does have
advantages, as evident from its current widespread use.
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Automated Collection—Analysis Systems

The existing systems can be broadly classified into two groups: systems that
deal with a gaseous analyte, and systems that deal with the analyte in the
liquid phase. To date, the first group is composed solely of thermodenuders,
devices that rely on thermally cycled sorption-desorption steps. The second
group includes wet diffusion denuder—scrubbers and devices that are cycli-
cally sorbent-coated and washed.

Thermodenuders

Sampling ambient air through sorbents like diphenylphenylene oxide (Tenax)
and thermally desorbing the adsorbed compounds for gas chromatographic
analysis are among the most established and useful practices for the deter-
mination of organic compounds in ambient air. Thermodenuders represent
the equivalent approach with diffusion-based sampling.

Braman et al. (47) reported the first such device for the measurement
of atmospheric NH; and HNO,, and application to ambient air analysis was
reported by McClenny et al. (60). Tungsten(VI) oxide (WO;, often referred
to as tungstic acid) is coated on the inside walls of porous glass (Vycor) or
quartz tubes by electrically heating a concentrically suspended tungsten
wire. The polymeric blue W(IV) oxide initially formed is converted to the
preferred yellow W(VI) form by heating the tube to 500 °C while passing
oxygen through it. In the automated instrument (60), the sampler inlet
allowed, by appropriately connected solenoid valves, the choice of sample
air, calibrant, and a purge gas (20% O, in He, used during the desorption
step). The sample air is drawn through a WO,-coated denuder tube con-
taining an integral heating coil and then through a catalyst tube containing
a gold catalyst, also provided with a heating coil. A typical operational cycle
involves (1) 10-50 min of sampling of ambient air (Q = 1 L/min); (2) inte-
gration of the baseline signal of a chemiluminescence-based NO, monitor
for 10 min (this is considered blank, and step 1 continues during this time;
(3) ceasing sampling, switching to purge gas, and connecting the converter
tube exit to the NO, monitor by appropriate valving, controlled electrical
heating of both the denuder and the converter, and recording of the resultant
signal from the NO, monitor (10 min); and (4) cooling (10 min) before the
cycle is begun anew. During step 1, sampled NH; and HNO; are taken up
by the denuder. When it is heated in step 3, HNO; first comes off as NO,,
and at a higher temperature NH, comes off without decomposition. In the
presence of the heated Au catalyst, both are converted to NO and are thus
measured by the NO, monitor. The individual signals from HNO; and NH;,
are temporally separated; although they are not baseline-resolved, the sep-
aration is considered adequate. The LOD for NH; or HNO; was 70 parts
per trillion by volume (pptrv) for a 20-min sample. Collection of particulate
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ammonium and nitrate with a packed column of WO,-coated sand and anal-
ysis by similar thermal desorption techniques are also mentioned in these
papers (47, 60), although few details are given.

Although the tungstic oxide thermodenuder in principle is an attractive
means of measuring two analyte gases of considerable interest, field studies
have indicated that unknown interferences can seriously compromise the
reliability of the data generated for either NH, or HNO,. In intercomparison
studies, the data generated by this technique have been in error by as much
as a factor of 2 to 6. [See Fox et al. (61), Roberts et al. (62), and Appel et
al. (63)]. In a more detailed subsequent study, Roberts et al. (64) made a
number of important observations regarding this technique as applied to the
measurement of background levels of NH;. They found that neither the blue
W(IV) oxide nor the yellow W(VI) oxide is best suited for the purpose; rather,
the blue-green oxide, presumably of an intermediate oxidation state, is the
most desirable form. Alkylamines like ethylamine were also found to be
taken up by such a denuder. Although such amines are desorbed at a tem-
perature significantly lower than NH, under idealized test conditions, sig-
nificant amounts of the amines are converted to NH; on the active surface
of the denuder at relative humidity levels greater than 25%. Consequently,
it is doubtful that such compounds can actually be differentiated from NH;,
under actual measurement conditions. Most importantly, continued reliable
performance of the denuder is very susceptible to overheating; the recovery
of NH; decreases and the peak becomes ill-defined for an overheated de-
nuder. With frequent calibration to ensure accuracy, the authors measured
NH; levels in isolated regions in the Colorado mountains and coastal Cali-
fornia to be 200 + 80 and 360 + 170 pptrv, respectively; these are among
the lowest NH; concentrations reported for NH; in continental air. Despite
the apparent applicability, Roberts et al. did not endorse the technique.
Because desorption of NH; occurs at temperatures near those that alter the
surface, they concluded that the performance is susceptible to slow evolu-
tionary and occasionally catastrophic failure and that other alternatives should
be sought. Much more favorable results were later reported with a molyb-
denum oxide denuder of annular geometry (65); this denuder is described
in a later section.

Interestingly, much of the early interest in developing automated ther-
modenuders centered on the determination of aerosol-phase analytes rather
than gases. Lindqvist (66) described a system for the determination of aerosol
H,SO, in which the analytical and regeneration step of the denuder was fully
automated but the transfer of the denuder tube between the collection
system and the analyzer was manual. As discussed subsequently, this step
is not difficult to automate. The strategy behind the collection of aerosols
by a denuder typically involves the removal of all gases that may pose an
interference by an appropriate predenuder. The aerosol is then thermally
converted to a gas (either a phase transition or decomposition into gaseous
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products), and this gas is taken up by a denuder that is thermally desorbed
during the analysis step. In Lindqvist’s instrument, two serial glass (Pyrex)
predenuders (one coated with oxalic acid to remove NH;, and the other
coated with alumina impregnated with AgNO,, H;BO,;, NaHCO;, and tar-
taric acid) designed to remove SO,, H,S, CH,SH, CH,SCH,, and CH;SSCH,
are used. The principal denuder is a 73.3- X 0.45-cm quartz tube, first
solution-coated with an acetone solution of Mn(NQ,), and PdCl, and later
heated to 800 °C in sequential H,, air, and He streams to obtain a coating
of MnO,~PdO. During collection, this tube is maintained at 138 °C to vol-
atilize the aerosol H,SO,, which is collected as sulfate. During analysis, the
denuder is supplied with a small flow of helium and heated to 800 °C,
whereupon the sulfate decomposes to SO,. The exit gas from the denuder
is merged with a small flow of H, that then flows through a quartz tube
heated to 1000 °C. The resulting H,S is collected on a silver wool trap.
When this step is complete, the silver wool is flash-heated to 600 °C, and
the liberated H,S is fed to a gas chromatograph equipped with a photoion-
ization detector. The entire analytical cycle requires 12 min. Samples of 60
min provide an LOD of 60 ng/m® (15 pptrv gas-phase equivalent) if im-
mediately analyzed. Blanks increase upon storage, and the attainable LOD
increases by an order of magnitude upon 24 h of storage; this observation
clearly underscores the advantages of a fully automated system with no
elapsed time between collection and analysis. Under ambient conditions,
the relative standard deviation (rsd) of the measurement procedure is re-
ported to be 17%.

Lindqvist subsequently described a similar system for the determination
of HNO; (67). HNO; was collected on an Aly(SO,);-coated quartz denuder.
The thermally desorbed NO, was determined by gas chromatogra-
phy—photoionization detection. Subsequently Tanner et al. (68) simplified
and fully automated the overall system configuration. A 51- X 0.4-cm quartz
denuder tube was solution-coated with 20% w/v Al,(SO,); and used at a very
low Q (0.1 L/min). The desorption step involved heating to 500 °C for 1
min; the liberated NO, was determined by a chemiluminescence monitor.
Although laboratory results were attractive, field intercomparisons with a
number of other methods indicated low and variable results; the reasons for
this discrepancy could not be identified with certainty.

The Netherlands Energy Research Foundation (ECN) has made many
significant contributions to the progress of atmospheric analytical chemistry,
particularly in the area of automated diffusion denuder-based analytical sys-
tems. As early as 1981, the ECN group, in collaboration with Klockow and
Niessner, who originally developed the thermoanalytical strategy for the
measurement of strong acids, described a serial seven-section denuder sys-
tem to perform measurements of HNO,, NH;, H,SO,, ammonium nitrate,
and ammonium sulfate (69). The first section was coated with NaF and was
reported to retain HNO; (g), the second section was coated with H;PO, and
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retained NH; (g), the third section was coated with NaOH to retain SO, (a
potential interferent), the fourth section was coated with NaF and heated
to 130 °C to convert H,SO, into the vapor phase and retain it as well as to
dissociate NH,NO, and to retain the resulting HNO,, the fifth section was
coated with H;PO, to retain NH, evolved from the fourth section, the sixth
section was coated with NaF and heated to 230 °C to dissociate ammonium
sulfates and retain the resulting H,SO,, and the seventh section contained
an H;PO,-coated tube to collect the NH, evolved in the sixth section. The
system was not automated; it would be indeed difficult to automate such an
involved scheme.

Slanina et al. (70) subsequently described a fully automated computer-
controlled thermodenuder system for the measurement of sulfuric acid and
ammonium sulfate aerosol. As in Lindqvist's work, sulfur gases are removed
by two serial glass predenuders, one coated with K,CO, and the other with
activated carbon. The main denuders are 50- X 0.6-cm quartz tubes solution-
coated initially with Cu(NO,),, dried and then fired at 900 °C in a nitrogen
stream to obtain a mixed Cu—CuO coating. Two sequential Cu-CuO denuder
tubes are used: The first is maintained at 120 °C and the second at 240 °C
for the respective collection of aerosol sulfuric acid and ammonium sulfates.
During analysis, the tubes are heated, one at a time, to 800 °C, and the
liberated SO, is measured by a flame photometric sulfur analyzer. The tubes
are then regenerated while still hot by injecting a small volume of clean air,
and the cycle is started anew. The instrument is equipped with a second
pair of Cu-CuO denuder tubes that are used for sampling while the first
pair goes through the analytical cycle. Provisions for periodic automated
calibration with SO, as a calibration standard are also provided. The system
provides an LOD of 20 ng/m? for a 1-h sample and 100 ng/m?® for a 5-min
sample for either H,SO, or (NH,),SO,.

Although this thermodenuder collection—analysis system represents an
interesting and ingenious advance in the art of atmospheric analysis, it did
not meaningfully solve the intended measurement problem. The premise
of the thermal differentiation step is that H,SO, and (NH,),SO, aerosols exist
as an external mixture. In light of what is presently known about the het-
erogeneous oxidation of SO,, this premise is incorrect. Internal mixtures,
that is, aerosols containing H,SO, in various stages of neutralization with
NH;, cannot be thermally differentiated to hypothetical constituent com-
ponents in the described manner. On the basis of subsequent findings, it is
doubtful that (NH,),SO, and NH,HSO,, even when discretely present in
the same sample, can be thermally differentiated. Further, the thermal
decomposition of more volatile ammonium salts (e.g., NH,NO;) can produce
negative interferences in H,SO, measurements with thermal denuders (41).
To be fair, science advances on faltering steps; I have been just as guilty of
making the identical erroneous assumption (71, 72).
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In any case, the development of the automated H,SO,~(NH,),SO, de-
termination system was clearly an important step toward the subsequently
reported thermodenuder system for the measurement of SO, (73). In this
instrument, a quartz predenuder, solution-coated with NaHSO,~Ag,SO,,
removes interfering sulfur gases, notably H,S. This removal is followed by
a Cu—-CuO-coated denuder as described in a preceding section. During the
analysis step, the sulfate resulting from the collected SO, is thermally de-
composed to SO, and measured with a pulsed fluorescence instrument.
Under field conditions, this setup permitted an LOD of 40 pptrv of SO, for
a 30-min sample (Q = 0.5 L/min). An LOD almost an order of magnitude
better was attainable with the flame photometric detector in the laboratory.
The reproducibility of the technique was measured with parallel triplicate
denuders and ranged from 2 to 5% rsd.

Continuing applications of thermodenuders typically utilize the annular
geometry. Keuken et al. (74) described a vanadium pentoxide coated quartz
annular denuder system. The denuder itself and the overall setup of the
system are shown in Figures 2 and 3. The denuder is coated by an aqueous
slurry of V,05 and dried at 70 °C. The denuder (d, = 2.8 cm, d; = 2.5 cm,
and L = 25 cm) exhibited essentially quantitative efficiency for collecting
NH; at Q = 10 L/min. Following the collection period (10-20 min), a
motorized screw drive moves a preheated oven (700 °C) around the denuder
(Figure 3) and stops when the denuder is half covered (position 1). After 5
min, the oven is moved again, this time to cover the entrance half of the
denuder as well (position 2). During sampling, ammonia is essentially re-
moved completely by the first half of the denuder. Unknown nitrogen-
containing gaseous interferences are, on the other hand, removed ineffi-
ciently and are sorbed approximately to the same extent on the first and the
second half of the denuder. When the denuder is heated, both NH; and
any other nitrogen-containing compounds are converted to NO, and mea-
sured in turn by a chemiluminescence-type NO, monitor. Thus, the peak
obtained in position 1 corresponds to the interferences only, and the peak
obtained in position 2 corresponds to both NHj; and the interferences. The
NH; signal is determined by difference. For a 10-min sample, the LOD is
~150 pptrv with a typical rsd of 5% under ambient measurement conditions.
In parallel measurements with a H,PO,-coated single-tube denuder, a wet
annular denuder (vide infra) and a tunable diode laser spectrometer, very
good agreement was reported.

Earlier, a less conventional annular geometry was reported by Langford
et al. (65) for the determination of NH;. Following their previous work with
tungstic oxide coated denuder tubes (62, 64), they sought a more rugged
and reproducible means of fabricating metal oxide coated denuders. These
goals were met in a geometry in which a W or Mo rod is concentrically
placed within a quartz tube (d, = 0.32 cm, d, = 0.40 cm, and active L =
30.5 cm); this geometry is analogous to that of the DS described by Tanner
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et al. (53) and reduces the overall thermal mass of the system. Heating under
a flow of O, at 300 to 400 °C produces Mo(IV) oxide within 15 min, and the
desired Mo(VI) oxide is produced upon further heating to 450 °C. (The W
rod produces similar coatings of the corresponding (IV) and (VI) oxides but
at higher temperatures.) After 1 h, the flow is reversed and the assembly is
heated for another hour to produce a more even coating. The entire pro-
cedure requires 3 h and produces an optimum oxide coating 0.25 mm thick.
Sampling is typically conducted for 30 min at Q = 0.9 L/min.

Detailed studies of the desorption behavior of NH; from all four oxide
surfaces [W(IV), W(VI), Mo(IV), and Mo(VI)] were reported (65). The WO,, -
MoO,, and WO, surfaces all desorb NH, as NH, at respective temperatures
of ~280, 300, and 350 °C and thus require the usual heated Au converter
for the conversion of NH; to NO prior to measurement by a chemilumi-
nescence-type NO, monitor. In contrast, the MoO, surface shows two distinct
desorption steps at 350 and 380 °C; the first corresponds to the desorption
of NH; as NHj, and the second peak has been shown to be NO, the denuder
surface itself acting as the necessary oxidative converter. At the low NH;
levels of interest, the second peak amounts to ~30% of the total NH; sorbed
(the figure is essentially constant for a given denuder, but individual de-
nuders require separate calibrations), and this situation allows sufficient sen-
sitivity for the system to be operated without an additional oxidative con-
verter. The MoO; surface also takes up NO, and HNO;, which are both
desorbed as NO at 200 and 200 to 250 °C, respectively. The feasibility of
thermal separation of sorbed NO, and HNO, was not investigated in this
work; rather, using a program that rapidly heats the denuder to 250 °C and
then gradually raises the temperature to 400 °C, a complete separation of
the NO,~HNO; and the NH, peaks (the rejection ratio of the NH; peak from
NO, is greater than 5000:1) is obtained. A flow of N, is used during the
desorption and the cooling steps.

Like the WO, denuder, the MoO; denuder is unable to distinguish
between NH, and amines; however, the predominance of the former in most
measurement situations may make this limitation of little consequence. The
LOD is estimated to be 10~20 pptrv of NH;; during extensive field studies,
concentrations as low as 50 pptrv were measured and constitute the lowest
reported gaseous NH; concentrations thus far. At low levels virtually every
surface shows some uptake of NH;; to avoid this situation, the entire train
is maintained at 50 °C (including the denuder, during the collection step,
to prevent adsorption on the quartz walls). This practice does cause some
concern about interference from the potential evaporative dissociation from
aerosol NH,NO,; however, side-by-side studies with citric acid coated simple
tubular denuders indicate that the evaporation kinetics is slow, and the
observed extent of artifactual NH; is likely less than 3%. Overall, the MoO,
thermodenuder represents an elegant combination of good design and clever
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use of chemistry, and the studies clearly reflect the attention to detail be-
stowed by its inventors.

Klockow et al. (75) described two separate automated thermodenuder
systems for the simultaneous determination of HNO, and NH,NO;. One
problem in the determination of HNO, is that most denuder coatings tried
for this purpose also take up some other nitrogen-containing compounds,
presumably organic in nature. Although such compounds are not collected
with high efficiency, the NO, evolution from these species during the thermal
desorption step cannot be temporally separated from that of HNO; by any
reasonable programmed temperature steps, and the resulting interference
can be significant. The first system devised attempted to solve this problem
by using a train of three serial annular quartz denuders similar to that
described earlier (74). All three denuders are solution-coated with MgSO,.
The serial denuder train incorporates valves at the connecting point between
each denuder such that during the desorption step each denuder can be
separately heated and its effluent can be analyzed by a chemiluminescence-
type NO, monitor. During the collection step (Q = 5 L/min), the first two
denuders, operating at room temperature, separately collect HNO; plus
unknown interference and the unknown interference only. The third de-
nuder is operated at 150 °C to volatilize NH,NO,; and collect the resulting
HNO;. During the desorption step, each tube is heated in turn to 700 °C,
and the evolved NO, is detected. The difference between the signals from
tubes 1 and 2 is taken to be HNO,, and the signal from tube 3 is taken to
be NH,NO;. The system is provided with provisions for automated detector
calibration with cylinder NO. A second train of three sequential denuders
is provided to alternate the collection—analysis cycles between the two trains
and thus improve temporal resolution. With a 30-min sample, LODs of 40
pptrv and 100 ng/m*® were reported for HNO,; and NH,NO;, respectively.

The second system described in this paper (75) utilizes single-tube de-
nuders operating at Q = 0.66 L/min. The first and third denuders are made
of glassy carbon (50 X 0.6 cm) and are coated with a methanolic suspension
of BaSO, and a water—methanol solution of NaF, respectively. The middle
denuder is a glass tube (50 X 1.5 cm) containing an inserted rolled sheet
of activated-carbon-impregnated filter paper. According to Klockow et al.,
the BaSO,-coated glassy carbon denuder does not collect the unknown or-
ganic nitrogen-containing interference(s) to a significant extent and collects
HNOs; selectively. The nitrogen-containing interferents are removed by the
activated carbon denuder, and the NH,NO, is then volatilized and collected
in the NaF-coated denuder maintained at 140 °C. During the analysis step
denuders 1 and 3 are sequentially heated to 700 °C, the liberated NO, is
measured, and the denuders respectively yield measures of HNO; and
NH,NO;. For 24-h samples, respective LODs of 20 pptrv of HNO; and 60
ng/m® of NH,NO, were reported.
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The general advantages of thermodenuder systems include facile pre-
concentration, automation, and the ease with which they can be coupled to
a variety of detectors designed to handle gas-phase samples. The fact that
all flowing fluids are in the gas phase simplifies overall system design. On
the negative side, thermodenuders frequently have high analytical blanks,
they consume a large amount of electrical power, and substantial cool-down
times are required for a new sampling cycle to begin unless parallel sampling
trains are used instead.

Wet Effluent Denuders—Scrubbers

Wet effluent diffusion-based collection devices can be subdivided into three
groups—conventional coated denuders, in which the coating-washing—
analysis steps are fully 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 in which a single-tube glass denuder is
coated in situ with a methanolic solution of citric acid, the denuder is dried
with clean air, ambient air is sampled for a preset period of time, the denuder
surface is washed down with water, and the washings are sent (for the
determination of the collected NH,) to an air-segmented flow analysis system
relying on the indophenol blue chemistry, and then the cycle is begun anew.
Such an obviously complex arrangement cannot be replicated from the very
limited description provided in the brief paper by Bos (76). Should it be
possible to operate such instruments reliably over long periods of time, they
clearly may have many applications. No further reports on this technique
have appeared in the decade since Bos published his work, and the method
is not in present use.

Diffusion Scrubbers

Diffusion scrubbers are membrane-based denuders in which the sample air
flows on one side of a membrane and a suitable scrubber liquid flows on the
other side. The analyte gases of interest are collected in the scrubber liquid,
and the effluent is subjected to analysis. The simplest geometry is that of a
conventional single-tube denuder. Air is sampled through a tubular mem-
brane while the scrubber liquid is pumped in a countercurrent fashion
through an external jacket tube surrounding the membrane tube.

Ion-Exchange Membrane DS Devices. The first DS reported (77)
was based on a perfluorosulfonate cation-exchange membrane tube (Nafion,
wet internal diameter 700 pwm, wall thickness 75 um, 30 cm long) contained
in a glass jacket. Dilute H,SO, was pumped through the jacket, and the DS
was used for sampling NH;. Ion-exchange membranes are hydrophilic, and
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during the sampling the tube is moist on the interior wall as well. Ammonia
is captured at the membrane surface as NH,*, which migrates across the
membrane to the scrubber liquid. Nafion is a membrane of considerable
structural strength and inertness (aside from its ion-exchange properties).
Small neutral polar molecules, for example, H,0, and HCHO, and small
cations show good transport properties across Nafion. It should be possible
to sample low-molecular-weight amines, for example, CH;NH,, but as the
cations become larger, more hydrophobic, or both, their diffusion coefficients
in the membrane decrease markedly. Acid gases, which lead to characteristic
anions, cannot generally be sampled with Nafion because the Donnan barrier
inhibits the transport of anions across the cation-exchange membrane.

However, acid gases constitute a singularly important class of analytes
to the atmospheric chemist. It is logical to attempt their collection with a
DS based on an anion-exchange membrane. The major problem is the lack
of the availability of suitable anion-exchange membrane tubes. Phillips and
Dasgupta (78) studied a DS based on a PTFE membrane tube into which
vinylbenzyl chloride is radiation-grafted and then quaternized (79). With a
DS built from a 25-cm-long (3000 wm i.d., 100-pm wall) tube, the collection
of HNO, was studied with on-line UV detection. The D of HNO, determined
from the dependence of f on Q was in good agreement with other Dyyo,
values in the literature. The scrubber liquid was a solution of K,SO, and
sulfamic acid; the latter was incorporated to minimize the interference from
NO, and HONO in the determination of HNO,. (A DS based on an ion-
exchange membrane cannot be used with pure water as the scrubber liquid
if the collected analyte species is an ion that is bound on the jon-exchange
sites. The scrubber liquid must contain ionic species of suitable displacing
power in sufficient concentration to displace the collected analyte ion from
the ion-exchange site.) Although this work proved in principle the appli-
cability of an anion-exchange membrane based DS, it did not represent a
practical means of measuring atmospheric HNO;; the direct UV detection
method provided neither the necessary sensitivity nor selectivity. Other
problems may occur in dealing with the simultaneous collection and analysis
of a variety of acid gases with an anion-exchange membrane based DS. Anion-
exchange sites tend to catalyze the oxidation of sulfite to sulfate and nitrite
to nitrate because of the greater affinity of the ion exchanger for the more
oxidized form. The first oxidation does not present a major problem; collected
SO, is often deliberately oxidized to sulfate before determination. However,
the second oxidation does complicate the differentiation of HONO from
HNO,.

Ion-exchange membranes are hydrophilic. They present an active sur-
face that has the same uptake probability for the analyte gas as may be
obtained with a wet denuder with the same aqueous scrubber liquid. Thus,
with scrubber liquids that are efficient sinks, these denuders typically exhibit
Gormley-Kennedy behavior in terms of collection efficiency. The transport
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of the analyte from one side of the membrane to the other takes place in
the condensed phase. For typical analyte species, the relaxation time, given
by #/D,,, t being the membrane thickness and D,, being the analyte diffusion
coefficient in the membrane matrix, is of the order of 0.75 to 3 min for 50-
to 100-pm-thick membranes when the analyte species is not retained in the
membrane by electrostatic forces. This condition may be the determining
factor in controlling the response times of continuous analyzers based on
such membrane-based collectors. Nonaqueous or mixed aqueous scrubber
liquids can also be used with an ion-exchange membrane, should their use
be deemed beneficial for the collection of certain analytes. Transport across
an ion-exchange membrane tube does not rely on passage through pores;
the membranes are therefore not easily “fouled”. However, in designing a
simple DS based on tubular ion-exchange membranes, it is difficult to
achieve the concurrent goals of having a membrane tube large enough in
diameter to sample air under conditions of low Np,, thin enough to have
rapid transport of analytes across it, and yet structurally strong enough to
resist deformation as the scrubber liquid is pumped in an annular space
necessarily small to minimize the integration volume. Other available hy-
drophilic membrane tubes, for example, cellulosic tubes used for dialysis,
are likely to have the same limitations. Nevertheless, recent work (40, 80)
shows that successful designs can indeed be achieved with ion-exchange
membranes, and response times may actually be better for uncharged an-
alytes or analytes that are charged similarly to the membrane matrix rather
than for analytes that are retained on the membrane by ion exchange.

Porous Membrane DS Devices. The applicability of a simple tu-
bular DS based on a porous hydrophobic PTFE membrane tube was dem-
onstrated for the collection of SO, (dilute H,O, was used as the scrubber
liquid, and conductometric detection was used) (46). The parameters of
available tubular membranes that are important in determining the overall
behavior of such a device include the following: First, the fractional surface
porosity, which is typically between 0.4 and 0.7 and represents the proba-
bility of an analyte gas molecule entering a pore in the event of a collision
with the wall. Second, wall thickness, which is typically between 25 and
1000 wm and determines, together with the pore tortuosity (a measure of
how convoluted the path is from one side of the membrane to the other),
the overall diffusion distance from one side of the wall to the other. If uptake
probability at the air-liquid interface in the pore is not the controlling factor,
then items 1 and 2 together determine the collection efficiency. The transport
of the analyte gas molecule takes place within the pores, in the gas phase.
This process is far faster than the situation with a hydrophilic membrane;
the relaxation time is well below 100 ms, and the overall response time may
in fact be determined by liquid-phase diffusion in the boundary layer within
the lumen of the membrane tube, by liquid-phase dispersion within the
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analytical system, or by both. Consequently, the response times of porous
membrane DS based analyzers are unlikely to be limited by the membrane
response time.

The third important membrane parameter is the pore size; it is typically
0.02 to 5 pm. Together with the contact angle of the scrubber liquid on the
membrane surface (which is a combined measure of the hydrophobicity of
the membrane and the surface tension of the liquid), this parameter deter-
mines the pressure at which the scrubber liquid will undesirably seep
through the membrane. Liquids with low surface tensions (e.g., methanol)
cannot be used with porous membranes—they readily leak through the
membrane. With water, the pressure necessary to force it through a 0.4-
mm-thick PTFE membrane with 2-um pores is ~10 psi; the necessary pres-
sure is more than an order of magnitude greater for a much thinner, similar
membrane with 0.02-pwm pores. In general, membranes with >2-pm pore
size leak much too easily and are unusable for DS applications. Although
the first porous membrane scrubber was demonstrated with PTFE mem-
branes with 2-pm pores (46), the pressure tolerance toward liquid leakage
for such a membrane continually decreases with use, presumably because
of soiling that compromises the hydrophobicity of the membrane surface.
Consequently, the membrane eventually leaks. Although this problem has
been solved independently by two research groups as described in the fol- -
lowing section, such solutions were dictated by tubular membranes then
available—a series of inert porous polypropylene membrane tubes with
many attractive features (0.2-wm pores, surface porosity 0.7, diameters 0.2-6
mm) have since become available (Accurel, Enka AG, Wuppertal, Germany)
and may permit the fabrication of attractive porous membrane DS devices
of the simple tubular geometry.

A few other characteristics of a porous membrane DS should be pointed
out here. The collection efficiency is dependent on the pores being open
and available. Deposition of particulate matter on the membrane, small as
it may be, can reduce the membrane collection efficiency during continued
use. For essentially the same reason, solutions containing significant amounts
of dissolved solids cannot be used as scrubber liquids because of the evap-
orative deposition of the solid in the pores. On the other hand, should
analyte-bearing particles deposit on the membrane (e.g., if an (NH,),SO,
particle is deposited during the determination of NHj;), the membrane be-
haves as a filter, and there is little probability that the contents of the particle
will be incorporated into the scrubber liquid (although, admittedly, it will
interact with the incoming sample gas). The fate of the particle, if deposited
on a wetted membrane surface, would obviously be quite different.

Annular Geometry DS Devices. The leakage problems associated
with a 2-pm-pore PTFE membrane tube were solved by Tanner et al. (53)
by adopting the annular geometry. Air flows through the annular space of
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a jacket tube while liquid flows through the concentrically placed membrane
tube. The membrane tube is filled with a solid PTFE filament to reduce
the interior holdup volume. The design is shown in Figure 4. This config-
uration results in very little liquid pressure on the membrane and minimizes
the probabilities of leaks. Tanner et al. (53) used the porous membrane DS
to collect H;0, after prereacting the sample air with NO to remove O; (and
thereby eliminate O,-induced artifact H,O, formation). Field and laboratory
results were comparable with parallel impinger collection. Manual collection
of the scrubber effluent and off-line analysis was used in this work; never-
theless, Tanner et al. clearly recognized that the DS-based approach can
provide a clear advantage only if the scrubber effluent is coupled to a con-
tinuous analysis system.

Work in Tanner et al.’s laboratory with the 2-um-pore PTFE membranes
indicated, on the other hand, long-term reproducibility problems aside from
issues of leakage. They believed that minor changes in pore structure may
be occurring in this extremely flexible and pliable membrane when kept
under tension; these changes may be reflected in changes in collection ef-
ficiency. In our laboratory, thin-walled membranes of minimum tortuosity
(straight pores) of very small pore size were therefore sought to provide
good and reproducible collection efficiency and immunity from leaks. The
only membrane that met these criteria (Celgard X-20, porous polypropylene,
surface porosity 0.4, pore size 0.02 wm, wall thickness 25 m) was available
in a maximum internal diameter of 400 pm. The amount of air that can be
drawn through such a membrane is obviously limited, and thus the annular
geometry, similar to that described by Tanner et al. (53), was also adopted
(55).

A glass jacket tube (to maintain a linear configuration) is lined with a 5-
mm i.d. PTFE tube and terminates in polypropylene T-joints at either end.
A 40-cm length of a 400-um i.d. microporous Celgard tube, filled with a
300-pwm i.d. nylon monofilament fishing line and provided with PTFE con-
necting tubes at the termini is suspended concentrically inside the jacket
tube by appropriate seals at the T-fittings. Air flows in and out through the
perpendicular arms of the T-joints, and the scrubber liquid is pumped
through the membrane countercurrent to the airflow. To minimize particle
deposition and permit laminar flow development, the membrane begins ~7
cm from the T-port. The results of some 10 person-years of effort to develop
automated instruments programmed with periodic zero and calibrate func-
tions based on such a DS and intended for the measurement of HCHO,
H,0,, and SO, have been described (55) and are summarized briefly here.

Each instrument is dedicated to a specific analyte and shares the fol-
lowing common features. The sample inlet allows microprocessor-pro-
grammed selection of sample, zero, and calibrant gas. Rather than being
programmed for continuous aspiration of the sampled air, the instrument is
programmed to alternate between sample and zero with periodic (every 4
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Figure 4. Diffusion scrubber device for H,;O; 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;
¢, porous Teflon tube; d, H;O scrubber solution; and e, Teflon displacement
rod. (Reproduced from reference 53. Copyright 1986 American Chemical So-
ciety.)
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h or longer) calibrant-zero cycles. The sample periods are not quite long
enough to reach plateau response; the signal for each analytical cycle is
therefore represented by a peak followed by a return to the baseline, which
establishes the liquid-phase zero. The scrubber liquids used are 0.1 M
H,SO,, water, and 5 uM HCHO for the HCHO, H,0,, and SO, instruments,
respectively, and they are pumped through the DS at flow rates of 40-85
pwL/min. Total evaporative loss of the scrubber liquid ranges up to a maxi-
mum of 6 pwL/min for completely dry air (Q = 2 L/min). Appropriate
reagents are added via T-joints at microflow rates to the scrubber effluent.
In each case a fluorescent product is formed and monitored with a filter
fluorometer. For formaldehyde, the reaction with acetylacetone and am-
monium acetate to produce diacetyldihydrolutidine in an in-line heated re-
actor is used (81). For H,0,, the peroxidase-mediated oxidation of 4-hy-
droxyphenylacetate followed by the introduction of ammonia through a
permeative membrane reactor is used (82). For S(IV), the reaction with
alkaline 9-N-acridinylmaleimide in a water-N,N-dimethylformamide me-
dium to produce the corresponding fluorescent sulfonate is used (83). The
operational and performance characteristics are shown in Table I; typical
calibration runs and field data are shown for the H,0, instrument in Figures
5 and 6. Various calibration sources have been developed for providing
calibrant gases to the DS instruments (84-87). No meaningful interferences
for any of the techniques were found except for that from O, for H,O,—this
interference does not occur in the laboratory with clean calibrant gases and
a clean DS, but it occurs with ambient air and clearly increases with the
degree of soiling of the entire inlet system. Although none of the instruments
underwent a field intercomparison study after their development was com-
plete, the HCHO and H,O, instruments have been used in various inter-

Table 1. Typical Operating Parameters and Performance Specifications

Sample (Calibrate)/ Detection  Linearity
Zero Periods Lag Time*  Rise Time® Limit* Limit
Analyte (min) (min) (min) (pptrv) (ppbv)
HCHO 3/7 6.3 1.7 100 8004
H:0; 1/4 1 0.8 30 30°
SO, 3/6 1.6 1.9 175 3004

NortE: All values were obtained with 40-cm-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.

Based 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.

“Response was less than linear at higher concentrations.
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Figure 5. A calibration sequence for the H;O; instrument. (Reproduced with
permission from reference 55. Copyright 1988 Pergamon Press.)

comparison studies at different stages in their development and have gen-
erally fared well (88-91).

The lessons of the field studies dealing with the sampling of ambient
air all have to do with the deposition of particulate matter and how such
deposition affects collection efficiencies in the porous membrane DS devices
and analyte losses in the inlet lines and the valves. A strategy for the facile
field determination of collection efficiencies using two serial DS devices has
been developed (55). However, although periodic recalibration, a part of
the routine protocol, can to a large extent correct for any analyte loss or loss
of collection efficiency in the scrubber itself, losses prior to the scrubber
cannot be corrected for.

A unique DS with two Celgard tubular membranes was used by Sigg
(92) to collect two independent liquid effluents for the simultaneous mea-
surement of organic peroxides and hydrogen peroxide; Sigg used a differ-
ential analytical scheme similar to that reported in reference 90. Such devices
have been used successfully in a number of balloon flights (92).

Recently, the annular geometry porous membrane DS coupled to a
fluorometric detection system was shown to be applicable to the sensitive
measurement of ambient ammonia (59). The detection scheme is based on
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the reaction of ammonia with o-phthaldialdehyde and sulfite in"a heated in-
line reactor to produce 1-sulfonatoisoindole (93). Getting an analyte into the
liquid phase often permits a greater latitude in manipulations than is oth-
erwise possible. For example, the selective destruction of H,O, over organic
peroxides with a MnQ, catalyst has been demonstrated (91, 94). The work
on ammonia also illustrated a facile in-line preconcentration procedure gen-
erally applicable to DS-based analyzers. The liquid-phase portion of the
analytical system is shown in Figure 7. Carrier water (W) is deionized by a
small in-line ion exchanger (C) that flows through the DS. The o-phthaldi-
aldehyde reagent (O) and buffered sulfite reagent (B) are added to the DS
effluent. The stream flows through mixing coil (M) and then through reaction
coil (R) in heated block (H). The stream, debubbled by tubular porous
membrane (T), is detected by fluorescence detector (F). Inset a shows the
conventional mode; b shows the preconcentration mode. The DS is con-
nected between the points A and A’. In the preconcentration mode, a six-
port loop valve (V) is installed between A and A’ and the DS is contained
within its loop. During the concentration step, the flow (W) bypasses the
DS and establishes the system liquid-phase blank. Meanwhile, air is sampled
through the DS, any evaporative loss being made up by the liquid in the
reservoir (W). During the measurement mode, the valve is switched and
the contents of the DS are flushed to the system. For a 3-min—2-min
load—inject cycle, the LOD is 45 pptrv of NH;, although accuracy at these

P
—_—
~B_155
O _lIss " F
W lgel S A A dodn yrym B
R 1
uL/min
(a)
A r ] A
e
T

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 in relative humidity unless
corrections are made. Instrument performance at low levels is shown in
Figure 8.

A DS-based NH; instrument, similar to that just described, was among
several others tested in a European intercomparison study in Rome in 1989
and was found to perform well (95).
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u ' u Figure 8. Performance of the DS-based
m u ammonia instrument at low levels of NH;
. I I (g). (Reproduced from reference 59.
A ‘ l | i Copyright 1989 American Chemical So-
) e ciety.)

Many specific and highly sensitive fluorometric and electrochemical
detection methods for various analytes are available. The combination of
such detection schemes with a DS-based collection system provides a com-
bination of sensitive and affordable instrumentation for atmospheric mea-
surements. A step-by-step construction and operation manual for a DS-based
fluorometric H,0, analyzer is available (94). With a change in the reagents,
the calibration source, and the conditions of the fluorometric measurement,
such an instrument is readily reconfigured for a different analyte. The 1992
fabrication cost of a complete DS instrument that utilizes fluorometric de-
tection and includes a thermostated calibration source from commercially
available components is approximately $12,000.

Diffusion Scrubber Coupled-Ion Chromatography. Over the
past decade, ion chromatography (IC) has become the technique of choice
for the determination of anions. Even with conventional sorbent-coated de-
nuders for acid gases, the actual determination is most commonly conducted
by IC. The recognition of this fact led to the coupled DS-IC system (96).
The system is shown schematically in Figure 9. Items A through H constitute
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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; 1, diffusion scrubber;

J., scrubber liquid reservoir; K, needle valve-rotameter; L, suction pump; M,

injection valve; N, peristaltic pump; O, eluent flow; P, downstream chromato-

graphic components; and Q, sample loop. (Reproduced from reference 96.
Copyright 1989 American Chemical Society.)

the calibration source. Sample-zero—calibrant gas is drawn through the DS
(Celgard membrane and annular geometry). A mildly pneumatically pres-
surized (1-2 psi) reservoir (J) contains 1 mM H,0,, the scrubber liquid. It
is connected to the DS membrane, and the effluent liquid is aspirated by
peristaltic pump (N) through the 100-pL loop (Q) of chromatographic injec-
tion valve (M) at a rate of 16 wL/min. This arrangement is preferred over
pumping the liquid through the DS because it maintains a constant effluent
flow rate from the DS even when the extent of the scrubber liquid evapo-
ration varies because of variable inlet air humidity. Every 6 min (the ap-
proximate time required to perform the chromatography), valve M switches
for a long enough period (30-60 s) to completely inject the collected sample
into the chromatographic system. Thus a new chromatogram, representing
the preceding collection period, is obtained every 6 min. There is ~10%
liquid-phase carryover from one sample to the next. The actual integration
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time can be effectively larger than the nominal time resolution for sticky
analyte gases like HNO; because of adsorption—desorption on inlet surfaces.
In the original work (96), the system performance was primarily illustrated
with SO, as the test gas, and the LOD was reported to be better than 20
pptrv of SO,. Much work has been done with this system in the analysis of
ambient air. The use of dilute H,0, as a scrubber liquid ensures the complete
oxidation of collected S(IV) to S(VI) and thereby improves the LOD for SO,.
At the same time this scrubber liquid does not significantly oxidize collected
nitrite to nitrate. A representative ion chromatogram of ambient air is shown
in Figure 10—identities of peaks a through g are due to unresolved organic
acids, HCl, HONO, CO,, unknown, SO, (320 pptrv), and HNO, (~700
pptrv), respectively. Clearly, the system is applicable for the simultaneous

P

—

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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determination of a number of acid gases. In airborne applications where
significant changes in the inlet pressure relative to the calibration conditions
are involved and sampling is conducted at a constant mass flow rate, pressure
corrections are necessary; the method has been reported (97). The DS-IC
instrument has undergone airborne intercomparison studies for the deter-
mination of SO, with satisfactory performance (98).

More recently, Lindgren (99) utilized a similar conductometric DS-IC
instrument for the measurement of atmospheric HCl; an LOD of 20 pptrv
was reported. The rapid response time of the instrument could readily dem-
onstrate the washout of HCI by precipitation. The detection of certain an-
alytes (e.g., NOy) is more sensitively accomplished with UV detection than
with conductometry. Tandem conductivity and UV detection were used for
the determination of HONO (100); particulate nitrite does not commonly
occur, and this work utilized a 1-m-long Celgard membrane coiled into a
0.3- X 40-cm helix suspended inside a 6-mm-diameter jacket tube. The
longer membrane length permits a greater collection efficiency, and its he-
lical form maintains the compactness, although it does increase the extent
of particle deposition. The LOD for HONO is 24 to 16 pptrv at Q = 0.5 to
2.1 L/min, respectively. The interference from NO, is ~0.025% on a molar
basis, with or without added NO or SO,. The instrument has been used
extensively for ambient measurements. HONO maxima at the measurement
location were clearly associated with traffic. Persistent daytime concentra-
tions of 100-500 pptrv were also observed, much higher than could be
accounted for by interference from NO,. Both the HCl and HONO instru-
ments used integral calibration sources based on the equilibrium vapor pres-
sure of the acid over the corresponding ammonium salts.

Miscellaneous Diffusion Scrubber Applications. Dasgupta et al.
(101) compared two DS-based schemes for determining SO,, both involving
reactions in which the collected analyte is converted by appropriate chem-
istry into some other more detectable compound. In the first system, the
Celgard-membrane-based annular geometry DS is used with a water scrub-
ber. The collected S(IV) in the scrubber effluent is oxidized to sulfate by
the enzyme sulfite oxidase with the simultaneous production of an equivalent
amount of H,0,. This H,0, is then detected by the previously mentioned
fluorometric procedure involving the oxidation of 4-hydroxyphenylacetate.
Obviously, the H,0, must be removed from the sample gas for this technique
to work; this was successfully accomplished with an internally silvered glass
tube (catalytic decomposition predenuder for H,O,) without removing the
SO,. The second system used a simple tubular DS with a 2-um-pore PTFE
membrane. This scheme is unique in that the measured analyte remains in
the gas phase and the jacket volume through which the liquid flows is not
constrained; leakage problems are obviated for these reasons. A 2.5 pM
solution of Hg,(NO,), flows in the jacket, and SO, reacts with Hg,?* at the
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gas-liquid interface to produce Hg(II) and Hg(0). The latter is present in
the exit gas from the DS and is collected on a gold coil. After collection for
any desired period of time, the coil is flash-heated electrically, and the
liberated Hg is measured by a commercial conductometric gold film Hg
sensor. LODs 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 either (as long as H,0, was preremoved in system 1). Parallel ambient
measurements in the 400- to 1000-pptrv range correlated with an r* of 0.88
(r, linear correlation coefficient). If used as a solution, the enzyme is relatively
expensive, and the H,O,-translation system can be more practical if an im-
mobilized sulfite oxidase enzyme is used. With the Hg-translation system,
diffusion of the Hg(0) in and out of the liquid phase increases the instrument
response time to ~5 min, even though only 1 min of sampling time was
typically used.

The DS represents an attractive collection interface to devise continu-
ous-flow analytical systems even when discrimination between gas and par-
ticles is not a particularly important issue. In unpublished work, a Celgard-
membrane-based annular geometry DS was used with an absorbance
detector (based on a green-light-emitting diode emitting at 555 nm) to de-
termine NO,; the well-known Griess—Saltzman chemistry was used (102).
The Griess—Saltzman reagent was directly pumped at 13 pL/min through
the DS, and the absorbance of the DS effluent was monitored. Normally it
would not be permissible to pump a reagent with a significant amount of
dissolved solids because of evaporative deposition as mentioned. However,
the uptake of NO, by pure water is essentially negligible; thus, complete
humidification of the inlet sample-zero air can be achieved by passing it
through a porous membrane immersed in water without significant loss of
NO,. At the same time, HONO is removed. The humidity of the air stream
precludes any evaporation of the scrubber liquid and permits the very low
flow rate. Otherwise, evaporative losses and consequent variation in blank
values would greatly compromise the reliability of the data. The low flow
rate and the intrinsic sensitivity of this colorimetric method allows, with
inexpensive equipment, an LOD of 250 pptrv of NO, with 10-min time
resolution.

Diffusion-Scrubber-Based Analyzers: Limitations and Future
Considerations. As may be evident from the foregoing discussion, Cel-
gard-based porous membrane annular geometry DS devices have thus far
been the mainstay of DS-based analyzers. Collection efficiency of porous
membrane devices does decrease with particle deposition. In the short term,
the lumen of the fiber needs to be flushed with a wetting solvent and dried
thoroughly before reuse every 24-48 h, depending on the particle loading
of the air sampled. Over a longer term, the inside of the jacket needs to be
washed as well to remove deposited material. The DS construction described
in reference 96 uses a demountable membrane that can be replaced in
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minutes. Some, however, maintain that periodic cleaning is sufficient and
that membrane replacement is not necessary even in year-long field use
(103). In any case, the need for periodic cleaning does deter from long-term
unattended use. All ambient air studies carried out thus far with DS-based
analyzers have been carried out without any attempts to remove coarse
particles from the sample, for example, with a cyclone or an impactor, prior
to entry to the DS. Experience indicates that the large majority of the
particles deposited in the DS are coarse particles, and particle deposition
experiments (40) confirm this trend. Preremoval of coarse particles may
greatly reduce the frequency of cleaning necessary. The effect of the inlet
geometry was also studied for 0.1- to 3-pwm particles in these experiments—
as may be intuitively guessed, the extent of loss is larger with a T-type than
a Y-type air inlet geometry. Much of this deposition occurs in the entrance
region and not on the membrane itself. The only commercial version of the
DS presently available (Analytek, Umed, Sweden) utilizes PTFE end fittings
in which air flows in—out through ports at an angle of 45° relative to the main
body of the DS. This geometry should have deposition losses equal to or
less than those of the Y-inlets. However, minimum deposition was observed
with a straight inlet system where the tubes connecting to the termini enter
and exit through the jacket walls (Figure 11). This design has become the
one of choice in my laboratory.

FEP PTFE Nafion Polymer Jockel

mr'

Figure 11. The straight inlet DS.

Frequently, a major limitation of DS-based collection systems is that
they operate at substantially subquantitative collection efficiencies at the
typical sampling rates used. This situation increases the probability of error
because of large thermal variations that affect diffusive transport. For these
reasons, should wet denuders (vide infra) prove to be viable continuous
collection devices, they may well replace DS-based systems. Their ability
to more quantitatively remove gases may also spur the development of
combined gas—particle analyzer systems in which, for example, the acid gases
are removed by the denuder and analyzed; the particles are then collected
by the impactor equivalent of a wet denuder, and the acidity associated with
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the aerosol is determined. Despite the bounties promised by the wet de-
nuder, in certain cases, the DS may remain superior. Nafion-membrane-based
DS systems of the geometry shown in Figure 11 can collect gases like H,O,
or HCHO with efficiencies comparable to those attainable by a single-tube
wet denuder of same length, display no change in collection efficiency over
time (no pores to be blocked), and are more easily interfaced to the liquid-
phase analyzer system. Using slightly larger Nafion membrane tubes and a
geometry where the air is sampled inside the membrane and the scrubber
liquid is flowing outside, Lind (80) showed excellent collection efficiency for
HNO; (g), coupled such a DS to an automated IC system, and has used it
successfully in field experiments.

Wet Denuders

As the name implies, wet denuders are devices in which the denuder active
surfaces are continuously wetted by the scrubber liquid, and in a true con-
tinuous analyzer the effluent is continuously removed. In many ways, the
wet denuder represents all of the desirable features—a continuously re-
newed surface, the possibility of using any scrubber liquid, and the best
collection efficiency that a given scrubber liquid will allow for a given ge-
ometry. Further, if the liquid film is indeed always present, the denuder
wall for all practical purposes is composed of the liquid, and relatively few
restrictions are placed on the construction material of the denuder. With a
conductive scrubber liquid, electrostatic particle losses are also expected to
be minimum. In its simplest form, a wet denuder is a tube with the scrubber
liquid flowing down as a uniform film along its inner wall and the liquid
being collected at the bottom without a major disruption of the boundary
layer of the air flow, which proceeds from the bottom up. Water or an aqueous
solution is most commonly the scrubber liquid of choice for determining a
variety of atmospheric gases of interest. Water has a relatively large surface
tension, and it is particularly difficult therefore to maintain a uniform film.
Further, unlike the liquid flow with a DS, the liquid flow is not in a closed
system; there may be attendant difficulties in maintaining an inflow—outflow
balance in the face of a variable extent of evaporative loss.

Significant progress has already been made toward a continuous-flow
wet denuder. The wetted wall column (WWC) of Fendinger and Glotfelty
(104), based on the original work of Emmert and Pigford (105), utilizes a
mechanically etched glass tube and U-shaped copper wire pieces along the
upper interior walls to disrupt the surface tension of the water pumped from
the top and make a uniform film. The air inlet-outlet geometry, in regard
to potential particle losses, was far from that desired in a wet denuder
(although it was of little consequence to these authors, who were solely
interested in achieving gas-liquid equilibration). Most importantly, the
air-liquid flow-rate ratio in the Fendinger and Glotfelty WWC was of the
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order of 100 (air flow rate 50-200 mL/min and water flow rate 1.4-2.0 mL/
min), whereas in a wet denuder air-liquid flow rate ratios 2 orders of mag-
nitude greater (air flow rate 1000-2000 mL/min and liquid flow rate 100-200
pL/min) would be desirable to achieve meaningful preconcentration factors.
I have attempted to adapt a chemically or mechanically etched glass tube
to air inlet-outlet geometries that have low probabilities of particle loss.
With desirable air-liquid flow-rate ratios as stated, the integrity of a contin-
uous film covering the surface, if formed in the first place, was short-lived.
Invariably, within a few hours dry areas would be apparent, and in the worst
case a single narrow stream of water would flow down one wall.

If the deposition of particles was not a factor or was in fact desired, the
design would be much simpler. Most likely, such a device would operate
in the turbulent flow mode; the theoretical aspects have been discussed by
Lucero (106) in exemplary detail for a hypothetical device in which gaseous
sample molecules, particles, or both from a turbulent gas stream are dis-
solved into a laminar film liquid stream that flows in turn to a chromatograph
sampling valve.

The first reported wet denuder operated in discrete cycles and was of
annular geometry; analysis of the scrubber liquid was carried out off-line
(107). The denuder (d, = 4.5 cm, d, = 4.2 cm, and L = 30 cm) is shown
in Figure 12, and the complete setup is shown in Figure 13. The two
concentric tubes are held together by PTFE spacers, and during operation
the annular space is charged with 25 mL of scrubber liquid and the outer
tube is rotated at 40 rpm by a motor-driven belt. This operation results in
an aqueous film, ~0.5 mm thick, on the surfaces defining the annulus. A
pair of denuders is used in parallel in the field instrument, each with Q =
32 L/min. One scrubber liquid is a 0.5 mM HCOOH-HCOONa buffer of
pH 3.7, and the other is a phosphate-buffered (pH 7) solution containing 4-
hydroxyphenylacetate, peroxidase, and formaldehyde. The first solution is
used for the collection of HCl, HNO,, and NH,, and the second is used for
the collection of SO, and H,0,. At the completion of the sampling cycle (40
min), the denuder pair is tilted by an electric jack, and the denuder effluents
are pumped out to individual autosampler tubes by a peristaltic pump. The
denuders are washed with 2 mL of the appropriate scrubber liquids before
they are charged with the new scrubber solutions, and then the sampling
cycle is repeated. All of these operations are fully automated. The first
denuder inlet is equipped with a cyclone to remove coarse particles. The
second denuder inlet is equipped with provisions for premixing NO with
the sampled air to eliminate O, interference in H,O, measurement (53). At
the stated flow rate, all of these analyte gases are collected with 90% +
efficiency, and the attainable LODs are stated to be 290, 80, 130, 190, and
7 pptrv for NH;, HNO,, HCI, SO,, and H,0,, respectively. In field inter-
comparison with other techniques, no major interferences for any of the
analytes of interest were apparent.
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Experiments have been conducted in my laboratory on various single-
tube wet denuder designs (108). These devices have been coupled to an IC
for semicontinuous analysis. The basic system design is largely the same as
that described in reference 96, except that an eight-port dual stack slider
valve is used for chromatographic injection. Such a valve is configured to
have two injection loops; while one is in the load mode, the other is in the
inject mode. Each of the loops contains a short preconcentration column.
The effluent from the wet denuder is pumped by a peristaltic pump through
the preconcentration column(s). The typical input liquid flow rate is 100-700
pL/min. (Unlike in reference 96, the flow resistance of the loop containing
the preconcentrator column is too high for the collected effluent to be as-
pirated through it. The column must be pumped, and some losses of labile
analytes like NO,™ on passage through poly(vinyl chloride) (PVC) pump tub-
ing have been observed.) In the face of variable evaporative losses (up to 30
pL/min for dry air at Q = 2 L/min), the choice is either to let some of the
effluent liquid be wasted and pump an air-free stream to the preconcentrator
or to pump the entire effluent liquid and some air through the preconcen-
trator. The latter alternative was chosen because it was found that as long
as the IC eluent was degassed, the small amounts of air on the precolumn
are dissolved under pressure in the eluent and do not cause any quantitation
or reproducibility problems if sufficient restriction is added to the detector
cell exit to prevent bubble formation. The use of the preconcentrator columns
also allows relatively large liquid flow rates through the denuder, and this
design facilitates complete wetting of the denuder surface. Although the use
of preconcentrators is generally applicable for ionic analytes, this setup is
not applicable to analytes like H,O, and HCHO.

The wet denuder designs are shown in Figure 14. Figure 14a shows an
internally threaded (7 mm, one thread per millimeter) denuder that was
fabricated from a glass-filled PTFE tube (1/4-inch i.d., 1/2-inch 0.d.). Liquid
pumped in through the wall at the top follows the thread and is collected
by aspiration at the bottom. It is not known if the uneven wall hinders
laminar flow development. The second denuder, shown in Figure 14b, con-
tains a porous polypropylene membrane (5.5-mm i.d., 1.5-mm wall) jacketed
by a PVC tube. Liquid is forced through the membrane walls, collects at a
well at the bottom, and is aspirated from there. The design shown in Figure
14c contains a rolled sheet of a thin polycarbonate membrane (Nuclepore)
within a 9.4-mm-i.d. PVC or PFA Teflon tube. The liquid is introduced
simultaneously through four symmetrically placed needle apertures at the
top periphery of the tube and collected at the bottom in a fashion similar
to that in Figure 14b. None of these designs are wetted with pure water
reliably over long periods. However, a solution of a nonionic fluorocarbon
surfactant (0.3% Zonyl FSN) passed through a mixed-bed ion exchanger is
satisfactory. The LODs attainable by the IC system suffer by a factor of 2
to 3 with continued injection of the surfactant-containing samples, relative
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Figure 14. Experimental wet denuder designs. (Reproduced from reference
108. Copyright 1991 American Chemical Society.)

to purely aqueous samples, because of increased baseline noise. It was pos-
sible to use pure water in the denuder shown in Figure 14c with the poly-
carbonate film replaced by a tissue paper. However, this setup was not
studied in depth because of concerns about the integrity of collected samples.
The response time from denuder ¢ was excellent (<2 min) even at low liquid
flow rates. In comparison, denuder a and especially denuder b showed
substantially longer response times. The holdup volume in device a pre-
sented by the threads is not insignificant. In device b, diffusion in and out
of the pores of the relatively thick wall makes, in effect, a very thick film.
At a flow rate of 100 pwL/min, up to 30 min is required to obtain a plateau
response.

The design shown in Figure 14d exhibited the best performance. It
consisted of a glass tube (8-mm i.d.) first treated with triethylorthosilicate,
which bonds to the glass. Before this coating is completely cured, the tube
is filled with fine-mesh, thin layer chromatographic grade silica gel that bonds
in turn to the surface. After overnight curing, the excess silica gel is removed,
and then the interior is cleaned with compressed air and repeatedly washed
with water. The resulting silica surface is readily wetted by water. Water is
pumped into a space between the air inlet tube and the glass tube and is
sealed with a ring of filter paper at the bottom periphery and with adhesive
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at the top. The effluent is collected at the bottom as in denuders b and c.
A fitting was designed subsequently (108) to facilitate the introduction and
aspiration of the scrubber liquid. The system was extensively tested with
SO, as the test gas and dilute H,O, as the scrubber liquid. Ambient air
measurements were also made. With a length of 40 cm, the device exhibited
collection efficiencies that agreed within experimental error with equation
1. With Q = 1 L/min and a liquid flow rate of 700 wL/min, a 7-min sampling
cycle provided an LOD of 4 to 5 pptrv for SO,.

Vecera and Dasgupta (109) described a different wet denuder, also of
the simple tubular design. Male halves of a fitting are permanently glued
to the denuder tube and threaded into appropriate female halves for intro-
duction and removal of the scrubber liquid. A wettable, highly porous soft
glass layer is created within a glass tube by coating the tube with sodium
silicate solution and excess silica and then heating it to high temperatures.
The denuder was used in a system expressly designed to measure HONO
and HNO;. Most of the denuder effluent was aspirated and preconcentrated
on a 1.5- X 3-mm ion-exchange column for 12 min and then eluted onto a
1.5- X 10-mm column that separated nitrate and nitrite. The column effluent
proceeded through a cadmium reductor that reduced nitrate to nitrite.
Griess—Saltzman reagent was added continuously to the column effluent,
and the resulting azo dye formed was detected colorimetrically at 555 nm.
This inexpensive low-pressure (peristaltically pumped) system provided an
LOD of 20 and 200 pptrv for HONO and HNO,, respectively. In field
experiments, persistent daytime presence of HONO was again noted.

More recently, Simon and Dasgupta (110) used a parallel-plate wet
denuder in which the scrubber liquid is made to flow down two closely
spaced silica-coated parallel plates facing each other with the air sample
flowing upward in the gap. Excellent collection efficiency (90% +) was es-
tablished for SO, even at flow rates of 15 L/min. The denuder effluent was
preconcentrated and chromatographed as in reference 108. On the basis of
signal-to-noise data observed at SO, test concentrations of 19 pptrv, the
calculated LOD of the system is on the order of 0.5 pptrv.

Summary

It is tempting but admittedly unwise to make predictions in an area where,
much as the red queen informed Alice, “it takes all the running one can do
to keep in the same place. If you want to get somewhere else, you must
run at least twice as fast as that!” Regardless, not only are diffusion-based
collection systems coupled to automated analyzers expected to make in-
creasing contributions to meeting the measurement challenges in atmo-
spheric chemistry, wet denuder technology will likely mature before the
millennium ends. If an equivalent “wet impactor” can be designed in which
impaction rather than diffusion vectors are used for collection, then aerosol
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composition, at least in terms of its readily soluble constituents, can be
determined by using the same technology. It is conceivable that chromato-
graphic instrumentation can be time-shared by sequential gas and aerosol
collection devices. The recent work of Lind (80) in combining membrane-
based diffusion scrubbers to collect HNO, (g) and in examining a bead-packed
continuously wetted glass coil to collect particulate nitrate has clearly es-
tablished the feasibility and attractiveness of such an approach. There is
relatively little extant data on the occurrence of many organic compounds
in the ambient atmosphere and on their distribution in the aerosol versus
the gas phase. Wet denuders are capable of using any scrubber liquid, and
at a minimum the effluent can be semicontinuously analyzed by liquid chro-
matographic analyzers. The technology for true high-resolution, high-sen-
sitivity analysis exists today; the extraordinarily high separating power ob-
tained by subjecting each effluent liquid chromatographic peak to capillary
zone electrophoresis (111) and the ability to sensitively identify both inor-
ganic and organic eluates from a capillary system by electrospray ionization
mass spectrometry (112) have already been demonstrated. Should even a
fraction of this technology come to be deployed in a systematic study of
atmospheric chemistry, it may reveal much 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, CO 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.

€¢
A MAJOR LIMITATION TO RESEARCH on surface-exchange and flux mea-
surements is the lack of sensitive, reliable, and fast-response chemical species
sensors that can be used for eddy correlation flux measurement. Therefore
we recommend that continued effort and resources be expended in devel-
oping chemical species sensors with the responsiveness and sensitivity re-
quired for direct eddy correlation flux measurements.” This recommenda-
tion (I) was assigned the first priority in the report of the recent Global
Tropospheric Chemistry workshop jointly convened by the National Science
Foundation, the National Aeronautics and Space Administration, and the
National Oceanic and Atmospheric Administration. The authors of the report
recognized that the limited availability of fast, accurate chemical sensors is
a major measurement challenge in the field of atmospheric chemistry.
One of the greatest uncertainties in the understanding of the mechanisms
that control the chemical composition of the atmosphere concerns the ex-
change of trace species between the atmosphere and the surface. These
surface exchanges include both emission and deposition and are intimately
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connected to processes involving the biosphere. The dry deposition of at-
mospheric acids and oxidants, the natural emission of biogenic hydrocarbons,
the anthropogenically perturbed cycles of nutrients, and many other im-
portant aspects of surface exchange are involved in these processes. To
investigate surface exchange, measurements of emission and deposition
fluxes must be made over selected representative sites. Several techniques
to measure these chemical fluxes have been developed. However, the most
direct technique for measuring the emission or deposition is eddy correla-
tion. This method is a fundamentally direct technique that has the added
advantage of not disturbing the nature of the surface.

The concepts involved in the eddy correlation technique and the factors
involved in the design of appropriate chemical sensors are briefly examined
in this chapter. The discussion focuses on surface-layer measurements be-
cause it is in this layer that the atmosphere-biosphere interaction is most
readily examined.

Eddy Correlation

The eddy correlation technique directly determines the flux of an atmo-
spheric trace constituent through a plane parallel to the surface. For the
determination of surface emission and deposition fluxes, the method is rig-
orous when specific criteria are met. Ideally, the meteorological conditions
controlling the state of turbulence should not vary over the course of the
measurements. The surface viewed by the sensors should be horizontally
uniform, both in its physical and chemical-biological aspects, and should
stretch for a distance much greater than the height at which the measure-
ments are made. This height should be much larger than the scale of the
surface roughness and the intrinsic scale of the sensors. The extent to which
these criteria can be relaxed with the method remaining valid is a subject
of ongoing debate (2). The eddy correlation technique has been examined
thoroughly, and a considerable literature exists that deals with potential
errors that can result because of flow distortion (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 within periods
without significant changes in meteorological conditions (7). Approaches
dealing with the problems of correlated and uncorrelated noise have been
explored (8). However, the basic requirement for the measurement of the
surface flux of atmospheric chemical species involves the ability to make the
appropriate chemical measurements.

Because the eddy correlation method may be considered as defining the
instantaneous upward or downward transport of the constituent and then
averaging contributions to give the net flux, it must take into account the

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



Publication Date: June 1, 1993 | doi: 10.1021/ba-1993-0232.ch003

3. DELANY Fast-Response Chemical Sensors 93

frequency range of the turbulence responsible for vertically transporting the
constituent in the atmosphere. Kaimal et al. (9) found that the scalar flux
cospectra scaled with a nondimensional frequency, n = fz/u, where fis the
measurement frequency, z is the height at which the measurement is made,
and @ is the mean wind speed. Under neutral or unstable conditions, such
as occur during most daytime circumstances, 90% of the flux is measured
with n < 1. Thus, for measurements on a tower at 10 m with a 5-m/s wind,
Saox = (1)(5)/10 = 0.5 Hz. The highest required frequency is only 0.5 Hz.
Because of the Nyquist requirement the required sampling rate is 1 Hz.
For stable nighttime conditions or if fluxes must be measured with greater
than 10% accuracy, then higher frequencies need to be measured.

Kaimal et al. also determined that the lowest frequency that needs to
be included is n = 0.01. Thus, for the tower measurements mentioned the
lowest frequency that needs to be included is f,;, = (0.01)(5)/10 =~ 0.005
Hz. This calculation indicates an averaging time of 200 s. Unfortunately,
this time would not allow a sufficient sampling of the lowest frequency
contribution. For such sampling to occur a period an order of magnitude
longer is required, and hence a period of 30 min is generally required.

The technique requires simultaneous fast and accurate measurements
of both the vertical velocity and the trace species in question. Fortunately
the technology for the measurement of turbulence with the necessary res-
olution is available. Sonic anemometers can readily yield air motion data
with the required resolution (10). Likewise, the ability to handle the air
motion and chemical concentration data with modern computer data systems
is well in hand (11). Thus these aspects can be ignored, and the major
limitation can be dealt with: the availability of appropriate chemical sensors
with sufficient time and chemical resolution.

Chemical Resolution Required

The 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 intermittently transports air up from the surface, where the
constituent is either enhanced or depleted, to the level of the sensor. The
chemical resolution of the sensor defines the extent to which this fluctuation
in concentration, ¢’, can be assessed. The required 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 ¢’ and a
more relaxed requirement for chemical resolution. A smaller flux gives a
smaller ¢’ and a more stringent requirement for chemical resolution. The
relationship between the micrometeorological environment prevailing at the
specific location and the chemical resolution required is somewhat more
complex. In general, atmospheric conditions that tend to dissipate or mix
out chemical variability will impose a greater stricture on the chemical res-
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olution, and conditions that allow chemical variability to persist will ease
the requirement of chemical resolution.

Businger and Delany (12) examined this problem and derived a rela-
tionship that defines the chemical resolution required for sensors used for
eddy correlation measurements. Their approach was to specify the standard
deviation of the chemical concentration o, (the root mean square of the
chemical fluctuation ¢’) in terms of the surface chemical flux, F,, and readily
measured micrometeorological parameters.

Te
— 1
u~|9*| ( )

where u. = (-@'@')"? is the friction velocity, 8. = —%'0'/u. is the charac-
teristic potential temperature, o, = (8'0")"? is the standard deviation of the
potential temperature, u is the horizontal velocity, w is the vertical velocity,
and 0 is the potential temperature.

It was then argued that if the flux is to be known to +£10% there is a
resolution requirement that R, = 0.1c, for the worst-case scenario.

o. = |F

Tg
= 0. = 0.1|F|—— 2
R,=0.l1c, =01]| |u‘|(-).| @)
The value of oy/u.|6.|, which Businger and Delany termed the atmospheric
parameter, is plotted in Figure 1 as a function of atmospheric stability,
z/L, and friction velocity, u..
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Figure 1. Isopleths of R., a measure of the chemical resolution of the instrument
with the eddy correlation technique.
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This atmospheric stability versus friction velocity plot is capable of rep-
resenting any atmospheric condition except that when the stability is neutral.
The information contained in Figure 1 and equation 2 allows the relationship
between the value of the surface flux and the required chemical sensor
resolution to be estimated for a full range of atmospheric conditions.

Chemical Sensors

The factors that influence the chemical resolution of sensors are well under-
stood and are not discussed here. This section reviews the factors that control
the temporal resolution of sensors to be used for eddy correlation. In the
analysis of the design of chemical sensors to be used for eddy correlation it
is instructive to consider the different components of chemical sensor systems
separately to determine the influences that they have on the temporal re-
sponse to variations in the atmospheric concentration of a trace constituent.
Of course this analysis is an oversimplification because the total systems
operate in a more complex fashion, but it is a useful exercise.

Inlet System. The simplest inlet system is that of the open-path in
situ sensor. This system is the ideal; only subtle effects are expected. Thus,
flow distortion can produce air density changes that interfere with the mea-
surement of molecular density by optical absorption techniques, and size
fractionation of large aerosol particles can result because of airflow around
the body of the sensor. For many chemical sensors this open path cannot
be achieved, and atmospheric air must be ducted to the sensor. Even when
optical absorption techniques are used, the need to reduce the pressure
broadening of absorption lines can necessitate the atmospheric sample being
drawn into a reduced-pressure cell for analysis. For analysis techniques
involving chemiluminescence, flame photometry, electron capture, and
other techniques, it is often imperative to enclose the sensing volume, hence
the air must be ducted to the sensor. The distance that the sample must be
ducted depends on several factors. If the physical size of the chemical sensor
system is large or if it requires special environmental housing, then it cannot
be placed near the turbulence sensor or the flow distortion would be too
severe. However, too great a separation can impose line loss and other
penalties. Considerations of chemistry and turbulence can lead to a com-
promise balancing the disadvantages.

The most obvious result of ducting the atmospheric sample from the
vicinity of the sonic anemometer to the chemical sensor is the introduction
of a time delay. This time lag must be eliminated before the correlation
between chemical concentration and the vertical air motion variances is made
to yield the covariance. Several different approaches have been taken to
determine the length of the delay. One simple method involves spiking a
balloon with the compound involved, and then inflating and bursting it in
such a manner that the sonic anemometer path is interrupted at the same
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instant the sample is released at the chemical sensor intake. A fast solenoid
valve may be used to enable the rapid injection of the trace compound into
the sample intake. A more sophisticated approach utilizes the fact that the
chemical concentration and the temperature are correlated in the atmo-
sphere. By adjusting the time lag of the chemical sensor data stream, one
can determine the maximum possible correlation (or anticorrelation), and
the correct value can be obtained. A more serious difficulty arises if the
chemical compound interacts with the material of the ducting. Although an
appropriate calibration procedure, one that involves the entire inlet system,
will allow the effect on the mean concentration of the trace constituent to
be corrected for, the calibration may not compensate for the effect on the
fluctuation. For the effect of chemisorption of a compound on the wall of
the duct, for example, elevated concentrations would cause adsorption of
molecules that would be released when the concentration decreased. The
net effect of this smoothing would be to diminish the fluctuation and hence
the perceived flux.

Even without chemical interaction the effect of a velocity profile across
the section of the duct leads to a similar effect. The result, again, is an
attenuation of variance. Lenschow and Raupach (13) investigated this aspect
and presented their results in terms of the half-power frequency, fys, the
frequency at which the variance has been diminished by 50%. This half-
power frequency is given by the expression

fos = ngs X velocity/(radius X length)/? 3)

where ny; is a dimensionless frequency with a value of ny5 = 0.92/(Re X
Sc)'? for laminar flow and a value of nys = 0.066Re"'® for turbulent flow,
Re is the Reynolds number (Re = diameter X velocity X density/viscosity),
and Sc is the Schmidt number (Sc = molecular viscosity/molecular diffu-
sivity; Sc is approximately 0.5 for common gases).

The best single system to use to duct atmospheric air to chemical sensors
used cannot be defined for eddy correlation measurements because there
are many parameters capable of adjustment and other considerations of cost,
available electrical power, and so forth. However, the problem can be il-
lustrated by an analysis of a realistic example.

A fast chemical sensor that operates at a reduced pressure of 50 torr
(6700 Pa) and with a flow of 1 standard liter per minute must be maintained
in an instrument shelter. Considerations of flow distortion require that 10
m separate the sensor from its intake on the tower near the sonic anemom-
eter. Three ducting arrangements can be considered. The first would involve
drawing air along 10 m of 1/4-inch tubing (0.2 cm internal radius) and
controlling the flow and pressure at the sensor itself. The second option
would place the pressure-flow controller at the inlet and allow the inlet
intake to flow at the reduced pressure. The third course would be to use a
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high-flow manifold of 2-inch pipe with a flow of 10 cubic feet per minute
(2.5-cm internal radius and 4.7 liters per second) to bring the air to the
sensor, and then sampling would be done from the manifold. Table I gives
the relevant dimensions and calculated parameters. The results of using each
of the three options are shown schematically in Figure 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 10° 1.0 x 10° 1.0 x 10°
Radius (cm) 2.0 x 10! 2.0 x 10 2.5
Density (g/cm?) 1.2 x 10° 7.9 x 10° 1.2 x 10°
Ambient flow (cm™ s™) 1.7 x 10 2.6 x 102 4.7 x 10°
Time delay (s) 7.4 4.8 x 10! 4.2
Re 3.5 x 10 3.5 x 10% 7.8 X 10°
fos (5) 7.0 X 102 7.0 x 102 1.2 x 107
o5 (7)) 6.6 x 10 1.0 x 10! 5.5 x 107

‘DELAY TIME = 7.5 SECONDS

ﬂ _W . HALF POWER FREQUENCY = 0.66 HERTZ

HALF POWER TIME = 1.5 SECONDS

DELAY TIME = 0.48 SECONDS

m—ﬁ BALF POWER FREQUENCY = 10 HERTZ

HALF POWER TIME = 0.1 SECONDS

DELAY TIME = 4.2 SECONDS

HALF POWER FREQUENCY = 0.55 HERTZ
m W E HALF POWER TIME = 1.8 SECONDS

PUMP

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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Sensing Volume. The sensing volume of a sensor is the volume where
the air is actually monitored. The sensing volume is the reaction chamber
of a flame photometric detector or a chemiluminescence device, the field of
view of an open-path sensor, or the White cell of a reduced-pressure optical
system. The residence time of the sample within the sensing volume ulti-
mately limits the temporal resolution of most chemical sensors.

For an in situ sensor the residence time for the chemical constituent is
defined by the sensing path of the particular technique. In the best possible
case this path is the same as for the sonic anemometer, which measures air
motion, and hence there is a correspondence when the two factors, ¢ and
w, are correlated.

For most chemical or optical sensors the size and flow rate of the reactor
or optical cell defines the residence time. The time resolution cannot be
better than the residence time 1, although it can be worse.

7 = volume/ambient flow 4)

Thus, for a nitric oxide sensor dependent on ozone chemiluminescence, a
1.5-liter reaction chamber operating at 60 torr with a flow of 1.0 standard
liter per second has a residence time of approximately T = (1.5/1.0) X (60/
760) = 0.12 s.

Signal Processing. Although the temporal resolution of a sensor is
ultimately limited by the residence time of the sensing volume, resolution
can be further degraded by the necessity to integrate the signal for some
longer period in order to accumulate sufficient data for adequate statistics.
This scenario can best be illustrated by considering a sensor that involves a
statistically characterized output such as photon counting. For such a sensor
the smallest change in concentration that can be reliably detected is one
that generates a change of output greater than or equal to the statistical’
uncertainty associated with the total number of counts. This value may be
taken as the square root of the total number. Because the number of counts
depends on the integration time, the statistical uncertainty depends on some
specific time interval. For a sensor in which S is the chemical sensitivity of
a sensor, the count rate generated by some concentration of the specific
chemical species, and B is the background of a sensor, the count rate that
is independent of the chemical concentration, the chemical resolution of this
sensor, R,, is the smallest change in chemical concentration that can be seen
against the mean chemical concentration, ¢, when the measurement is per-
formed for time 7.

R, = (Bt + S7¢)V¥S7)! (5)
For the case when the background is negligible
R, = (Stc)V¥S7)* = (¢/S7)'2 (6)
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The detection limit of a sensor, D,, is a special case of chemical reso-
lution. This limit is the smallest increase of concentration that can be seen
against the background when the measurement is performed for time 7. Both
the chemical resolution and the detection limit are dependent upon mea-
surement time. The longer the integration period, the smaller the chemical
resolution and the detection limit. Thus

D-r = D(l s)(l.O/'r)”z (7)

where Dy,  is the 1-s integration detection limit. However, the detection
limit (and the chemical resolution) do not decrease indefinitely. A limit is
reached when nonstatistical variation, including drift and artifact response,
become dominant. Likewise 7 (and the temporal resolution) cannot be de-
creased indefinitely. A detector has a minimum response time that is as-
sociated with the clearance of the sample of air from the sensing volume.

Conclusion

More information is needed about the surface emission and deposition of
trace atmospheric species. These fluxes can often be best measured by the
eddy correlation technique with fast chemical sensors in conjunction with
micrometeorological instrumentation. As analytical techniques for trace spe-
cies progress, fast and sensitive sensors are becoming available for field
research. Consideration must be given to matching the chemical 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 impossibility of realistically simulating the interactions
between all of the relevant species in the laboratory. Surface measurements
are extremely useful in identifying important species and characterizing the
chemical processes in which they are involved. However, atmospheric com-
position and chemical reactivity are spatially varying quantities, and surface
measurements are not capable of providing data for the study of many im-
portant chemical phenomena. Furthermore, these features of the atmo-
sphere are frequently linked to static and dynamic meteorological phenom-
ena that occur over a vast range of scales and cannot be understood by
sampling 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. Furthermore, both surface- and sat-
ellite-based remote sensing methods have distinct limitations in resolving
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horizontal and vertical variations in concentrations on scales that may be
important to understanding various atmospheric chemical properties. For
these reasons a need for in situ sampling of atmospheric regimes inaccessible
to surface- or satellite-based instruments (by altitude, geographic, or tech-
nical constraints) will remain for the foreseeable future.

Platforms capable of conducting such measurements include tethered
balloons, free balloons such as those deployed for meteorological soundings
or for stratospheric measurements, and aircraft. Although each of these
platforms has been used in atmospheric chemical studies, only aircraft have
been used by a relatively broad community because payload and electrical
power limitations or cost (the latter an especially important consideration
for stratospheric measurements) limits the use of balloons in the study of
phenomena not readily accessible by other means. More importantly, how-
ever, balloons sample the atmosphere in fundamentally different ways than
aircraft. Tethered balloons, because they only have access to a narrow cyl-
inder above their mooring, essentially sample in a Eulerian framework. Free
balloons essentially sample in a Lagrangian framework. Although sampling
in such frameworks is important for the study of specific classes of problems,
such measurement strategies do not provide the information necessary to
understand many of the important chemical properties of the atmosphere.

As the atmospheric chemical community focuses more intently on issues
of global concern, a focus that requires the survey of the chemical compo-
sition of the remote atmosphere and the study of chemical processes occur-
ring well above the surface, a larger number of programs will use aircraft
either as the principal sampling platform or to augment measurements made
by other means. Because aircraft measurements impose different and fre-
quently more stringent sets of requirements on techniques used to measure
trace atmospheric species than surface measurements, there is a need to
review these requirements and to show how various measurement methods
have been designed or altered to meet the needs of aircraft use. This chapter
focuses on measurement of trace chemical species; this definition includes
trace gases as well as aerosol particles and cloud droplets. Measurements of
winds, atmospheric state parameters, solar radiation, and similar parameters
are not treated. Furthermore, this review is restricted to the use of aircraft
and instruments for tropospheric measurements. This chapter is divided into
two main sections: the first section emphasizes general issues involved in
sampling from aircraft; the second section surveys specific techniques that
have been used for aircraft measurement of species that have been identified
to be of common interest to a large segment of the chemical community.

General Considerations

Aircraft measurement of trace atmospheric species emphasizes several prob-
lems in the composite sampling—analytical process that are not routinely
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encountered to the same degree during measurements at a stationary surface
site. The first problem is distortion of sample composition during the sam-
pling process. For aerosol species this distortion is an especially significant
problem because sampling is accomplished at high relative velocity (50—200
m/s) and fractionation of the aerosol by size due to nonisokinetic sampling,
turbulence, and inertial losses at bends in the sampling lines can occur. For
trace gases special attention must be paid to design and implementation of
inlet and distribution systems to avoid adsorptive losses or contamination of
the sampling system. Second, there are often important engineering prob-
lems associated with the use of instruments in an aircraft that are not usually
encountered in surface sampling applications. Weight, size, and electrical
power consumption are frequently severe constraints on aircraft. Further-
more, instruments may be subjected to extreme variations in temperature
and humidity and to high levels of vibration. Thus, it is frequently not
possible to deploy conventional state-of-the-art analytical instruments on
aircraft without substantial modifications to minimize the influence of these
factors on instrument performance. Third, aircraft measurements are fre-
quently made over a wide range of altitudes, and instruments will be exposed
to a range of pressures more extreme than would ever be encountered during
operation at the surface (depending on whether the aircraft is pressurized
and how the sample inlet system is designed). Because instruments fre-
quently exhibit large changes in sensitivity with pressure, using a sensor on
an aircraft requires that the pressure response of the composite instrument—
sampling system be well understood. No instrument, whether commercial
or custom-made, can be deployed in an aircraft without a consideration of
the effects of this environment. This section explores these and related issues
and gives some guidelines on how these problems can be resolved.

Concentration Units. Any discussion of aircraft measurements must
begin with a review of various ways in which abundances of trace atmospheric
constituents are specified. Such nomenclature is frequently a point of some
confusion. In addition, 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. The latter concern is discussed in the
next section.

Several methods are commonly used to specify the abundance of sub-
stances in the atmosphere. For gaseous constituents common practice is to
specify abundances as mixing ratios, or equivalently as mole fractions of the
species in air. This quantity is simply the ratio of the partial pressure of a
substance to the total pressure. The advantage of this unit is that it is in-
dependent of pressure and temperature, and for an atmospheric component
that is well mixed, the mixing ratio will be constant as the pressure or
temperature changes. Common units for specifying mixing ratios are parts
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per million (ppmv), parts per billion (ppbv), and parts per trillion (pptrv),
meaning ratios of the partial pressure to the total pressure (or molar ratios)
of 1 in 10%, 1in 10°, and 1 in 10'% respectively. To distinguish from common
usage in specifying solution-phase concentrations, where ppb and so forth
indicate the mass mixing ratio, the suffix v is added to indicate mixing ratio
by volume.

Other common ways of expressing abundances, particularly of solid or
liquid particles, is to express them as concentrations in units of micrograms
per cubic meter or nanomoles per cubic meter. For purposes of consistency,
concentrations expressed in these units should be normalized to standard
conditions of temperature and pressure. Because there is some confusion as
to what constitutes standard conditions in atmospheric chemistry (273 K and
1.013 bar are commonly used in chemistry and physics and 293 K and 1.013
bar are used in engineering), it is important to define the standard conditions
that are assumed when reporting data. This explicit definition is frequently
not done. Concentrations expressed in these units can be easily converted
to mixing ratios by use of the ideal gas law:

MR (ppbv) = C (ug/m? X 2274 = 0.0224 C (nmol/m?) 1)

where MR is the mixing ratio, M is the molecular weight, C is the concen-
tration expressed in the specified units, and standard conditions are assumed
to be 273 K and 1.013 bar.

Altitude Response. Pressure response is an issue that needs to be
addressed for every instrument deployed on an aircraft. First, it must be
decided how chemical abundances are to be reported. If standard practice
is followed and they are reported as mixing ratios, then it must be determined
whether the instrument is fundamentally a mass- or a concentration-depen-
dent sensor, because this definition determines the first-order means by
which instrument response is converted to mixing ratios as a function of
pressure. In this context, a mass-sensitive detector is a device with an output
signal that is a function of the mass flow of analyte molecules; a concentration-
sensitive detector is one in which the response is proportional to the absolute
concentration, that is, molecules per cubic centimeter.

For sensors that are truly mass sensitive and for which the mass flow of
sample through the sensing element is held constant as a function of pressure
(for example, by use of electronic mass-flow controllers), instrument response
is proportional to the mixing ratio independent of the pressure. For con-
centration-sensitive detectors, such as simple spectrophotometric instru-
ments measuring absorbance or fluorescence, instrument response is a func-
tion of the absolute concentration, and the response will decrease for a
constant mixing ratio as the pressure decreases. For example, the response
of a pulsed fluorescence SO, instrument sampling air containing a fixed
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mixing ratio of SO, will be less at 850 mbar than at 1000 mbar because there
will be 15% fewer SO, molecules present in the active volume of the detector.
The correct mixing ratio can be obtained by multiplying the instrument
response by the ratio P,/P,, where P, is the pressure at which the calibration
was performed and P; is the pressure at which the measurement is made.
Similar first-order corrections are adequate for most instruments based on
concentration-sensitive detectors, such as the UV photometric O;, the gas
filter correlation (GFC) CO, and similar instruments. The response of con-
centration-sensitive detectors having sensing chambers that operate at con-
stant absolute pressure should not need to be adjusted for altitude if con-
centrations are reported as mixing ratios.

The need for more complicated considerations in conversion of instru-
ment response to mixing ratios usually arises when instruments that are
based on mass-sensitive detectors are used. Common reasons are either that
the mass flow is not held constant or that the process whereby the flow of
analyte molecules is converted to an electrical signal changes as the pressure
changes. These effects are illustrated by a discussion of the pressure response
of two instruments commonly used to measure atmospheric trace gases, both
based on detection schemes that are inherently mass sensitive.

The first example is the O;—ethylene chemiluminescent detector for
measurement of O;. Such detectors are inherently mass sensitive because
the photomultiplier current is a function of the flow of O; molecules through
the detector, provided other factors controlling response remain constant.
Thus, as long as the mass flow of sample is fixed, instrument response will
be proportional to the O; mixing ratio and independent of pressure. How-
ever, all of the commercially available O;—ethylene detectors use flow re-
strictors to control sample flow. If these restrictors operate under choked
flow conditions, the mass flow will decrease as the pressure decreases, and
the response of the instrument to a fixed mixing ratio of O; will decrease
with pressure. If the decrease in mass flow with pressure is linear, the O,
detector will exhibit characteristics of a concentration-sensitive detector (re-
sponse to fixed mixing ratio decreasing with pressure) even though it is
inherently a mass-sensitive detector, and mixing ratios can be calculated
from instrument response in the same way as with concentration-sensitive
detectors. (This is the case because the process generating the chemilumi-
nescent signal is not a strong function of pressure.) Behavior of a commercial
O; chemiluminescent detector using choked flow restrictors to control sam-
ple flow was evaluated (reference 1; see also references 2 and 3). Under
operating conditions of the instrument, response to a fixed O; mixing ratio
decreased with pressure in a manner that could be predicted from ideal gas
law considerations; that is, the change in response was virtually identical to
the change in response of a UV O, sensor in parallel measurements. If the
response had been assumed to be proportional to the mixing ratio (mass
sensitive), then O, concentrations would have been reported incorrectly. It
was also demonstrated that maintaining constant sample mass flow caused
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the O, 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 SO, and aerosol sulfur. In this detector, sulfur com-
pounds are determined by measuring the light emitted by excited-state S,
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 Hy,~O, 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 converting analyte flow to an electrical or optical
signal proportional to concentration. As demonstrated by the examples men-
tioned, it is difficult to predict, a priori, the pressure response of a composite
sampling system—detector. It is thus necessary to characterize instruments,
particularly mass-sensitive instruments based on chemiluminescent pro-
cesses, before using them in aircraft measurements to assure that the pres-
sure response is well understood.

Instrument Time Response. Instrument response time is always a
consideration in aircraft measurements because aircraft velocities can be
very high, upwards of 200 m/s. Because instruments have a finite response
time, spatial resolution is often an important consideration when samples
are being taken from an aircraft. About the slowest speed that can be main-
tained on a conventional aircraft with any realistic payload capability is 50
m/s. Thus, if an instrument has a 10-s response time, the spatial resolution
of the measurement is on the order of 0.5 km; for an aircraft sampling at
200 m/s, the spatial resolution is on the order of 2 km. Slow instrument
response distorts the signal in regions of strong spatial gradients, decreasing
peak heights and smoothing the signal. Reconstruction of the actual signal
is not trivial and will generally require extensive laboratory characterizations
of instrument response characteristics in order to provide an adequate dif-
ferential transform. A more complete discussion of this topic is given in
reference 5 and the references contained therein.

Whether response time is a significant issue in an aircraft sampling
program depends on the objective of the measurements. For sampling pro-
grams designed to characterize spatially compact regions of the atmosphere,
such as power plant plumes or single cumulus clouds, fast instrument re-
sponse time is of paramount importance because these features may only be
0.5 to several kilometers in extent. Features of interest in some cloud studies
may have scales of only a few meters. For measurement programs in which
the objective is characterization of remote regional air masses where con-
centrations are relatively homogeneous, instrument time response may not
be important.

For most measurement techniques a trade-off exists between time re-
sponse and sensitivity. Instruments can be made to respond more rapidly,
but then noise levels and detection limits increase. To fulfill certain mea-
surement objectives for which sensitivity is not a problem, it may be useful
to enhance the time response of the instrument and accept the decrease in
sensitivity. In any event, careful consideration must be made in the design
of any sampling program to ascertain what level of concentrations needs to
be measured and what time—space resolution is required. These issues will
determine the characteristics of the airborne platform and the instruments
that will be used and will dictate how they will be deployed.
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Sample Inlets. The design and construction of any system for aircraft
sampling involves implementing an inlet that will not alter the composition
of the sample air. For trace gases an inlet is required that will not change
the concentration of trace gases as they transit the inlet system; for aerosol
sampling an inlet is required that preserves the size distribution of the aerosol
particles during the sampling process. For trace gases, the type of inlet that
is required depends strongly on the characteristics of the gases that are being
sampled. For substances that are relatively inert, such as CH,, CO, NO,
and so forth, common materials such as glass, Teflon, and stainless steel will
suffice; for reactive gases or gases that have a tendency to adsorb on surfaces
(e.g., HNO,), the choice of materials for sample inlet lines is much more
critical. Surface adsorption on the tubing material is only part of the problem.
Clean surfaces, made of even the most inert material, quickly become coated
with a layer of moisture and fine particles. Short residence times and laminar
flow conditions minimize the influence of the wall and aid in preserving the
integrity of sample components.

Sampling aerosols from an aircraft is inherently a difficult process, and
no generally accepted method for sampling over the entire size range of
interest (0.01-10 pm) has been developed. The problem is difficult because
aircraft sample at a high velocity and the aerosol particles must be brought
to that velocity during the sampling process. Because of this requirement,
distortion of the size distribution (by size-selective sampling at the probe
tip or by evaporative losses of volatile components due to adiabatic heating)
and losses at the inlet or in subsequent turbulent deposition or inertial
impaction are of great concern.

The first requirement for sampling aerosols is to preserve their size
distribution. To accomplish this, sampling must be conducted isokinetically;
that is, the sampling rate must be such that the velocity of air relative to
the probe tip is the same just inside the probe as it is outside. If these
velocities are different, sampling is anisokinetic and will lead to a distortion
in the size distribution of the sampled aerosol. If air is sampled subisoki-
netically, large particles will be oversampled relative to smaller particles;
the smaller particles will follow the streamlines around the probe tip, while
the large particles will still penetrate the inlet. If sampling is superisokinetic,
smaller particles will be oversampled. This situation is illustrated in Figure
1. A second requirement is to move the aerosol particles from the probe tip
to the sample collection point or to the inlet of an instrument without losses
either by turbulent processes or inertial deposition at bends in the inlet
tubing. These losses can be minimized by keeping the inlet lines as straight
as possible and, where bends are required, by using a large radius of cur-
vature.

" A typical aircraft sampling probe consists of a conically shaped tip with
sharp leading edges (Figure 2). The probe is shaped in this way to minimize
distortion 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 subisokinetic, superisokinetic, 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 distribution will be preserved.

the system. The diameter of the probe increases behind the nozzle (usually
at an angle of about 7°) to decrease the linear flow rate, minimize losses at
bends in the tubing, and bring the sample into the interior of the aircraft.
The radius of curvature of required bends can be quite large, particularly if
coarse-mode aerosol particles are to be sampled. For example, Sheridan and
Zoller (6) used an inlet with a radius of curvature of ~75 cm to minimize
losses of large particles by inertial deposition.

An alternative probe design using a rounded profile on the leading edge
that followed criteria developed for aircraft engine intakes at low Mach
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< 7.125" >

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 L/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 applied to aerosol sampling from aircraft (7). This intake
is reported to avoid distortion of the pressure field at the nozzle tip and the
resulting problems associated with flow separation and turbulence. This
design has been reported to be much more efficient at collecting coarse
aerosol particles than isokinetic inlets with sharp leading edges, and pre-
sumably because of its shape the design is more forgiving of slight misa-
lignment with the local airflow.

The ability of currently used aircraft probes to accurately sample aerosols
has been questioned. Huebert et al. (8) conducted a comparative study of
several different types of aerosol probes, all mounted on the same aircraft.
The results suggested that substantial losses of particles occurred in all of
the inlet systems. Because of the limited nature of the study, however, the
causes of the aerosol losses could not be identified. The results of the Huebert
study prompted a workshop to reexamine the entire issue of aerosol sampling
from aircraft (9). An important conclusion of the workshop was that currently
there is insufficient knowledge to “adequately describe important charac-
teristics of airflow and particle trajectories at flight speeds” of aerosol sam-
pling probes used on aircraft.

A second conclusion was that coarse-mode particles are typically un-
dersampled by currently used aircraft probes and that although the sampling
efficiencies for accumulation-mode particles seem higher, there is insufficient
experimental data to assure that currently used sampling methods are ad-
equate. It was also suggested that inlet performance is highly sensitive to
both orientation with respect to the local airflow and to location on the
airframe and that aerosol sampling problems are more severe at higher
aircraft speeds.
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The workshop report suggested that use of shrouds around sharp-edged
inlets to align streamlines along the probe axis may be an effective means
of reducing turbulent losses of aerosols at the probe tip. Such inlet systems
have been used on conventional aircraft and helicopters (9, 10) but have not
been adequately tested at typical aircraft sampling speeds. Double diffuser
inlets in which the sample air velocity is decreased in two stages also seem
promising,.

Several types of inlets can be used to provide air for trace gas sampling.
In many instances a forward facing “ram air” inlet is used (so called because
the forward motion of the aircraft “rams” air into the tube). Ram air inlets
do not sample isokinetically and are not suitable for aerosols, but this situation
is generally not a problem for trace gases. Ram air inlets are usually vented
to the aircraft cabin to avoid overpressurization of the instruments and con-
sequent errors in instrument response. Venting also maintains high air ve-
locities through the sample lines, minimizing sample losses and improving
response speed. Vented inlet lines can only be used in unpressurized aircraft
because pressurization may cause the airflow to reverse or to be insufficient
to meet the needs of the instrumentation; the result would be sampling of
cabin air. Reverse flow inlets, in which the opening of the inlet faces away
from the airflow, are also common. Reverse flow inlets are frequently used
to avoid intake of cloud droplets and precipitation into the sampling line.
These lines cannot be vented because the venturi effect will cause sufficient
negative pressure in the line to extract cabin air. The negative pressure
generated by such lines can render certain instruments such as the sulfur
flame photometric detector inoperable, because the reduced pressure ex-
tinguishes the flame.

Other more sophisticated sampling lines have also been used. Heikes
et al. (11) used a constant pressure sampling line to eliminate the pressure-
dependent response of a flame photometric detector used for SO, measure-
ments. In this system the sampling line was connected to a high-capacity
pump that evacuated the sampling line to a pressure equivalent to the highest
altitude at which measurements were made. A feedback system consisting
of a pressure sensor and fast-acting valve maintained the pressure at the set
value as the altitude changed.

Regardless of which inlet system is chosen for trace gas sampling, min-
imization of wall losses during the sampling process is an important consid-
eration. As a general rule, losses can be minimized by keeping the inlet
volume flow as high as possible. A further consideration is constructing the
inlet of materials that do not have a high affinity for the species that is being
sampled. A common practice is to use various types of Teflon, either in the
form of a tube that is inserted into a metal shell, together forming the
sampling system, or by coating the Teflon directly on the tube. Whatever
material is chosen for the sampling line should be rigorously tested for
possible losses in the laboratory before installation on an aircraft.

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



Publication Date: June 1, 1993 | doi: 10.1021/ba-1993-0232.ch004

112 MEASUREMENT CHALLENGES IN ATMOSPHERIC CHEMISTRY

An additional issue that seems obvious but that is frequently overlooked
in installations is to ensure that the sampling line is not in a position to
sample the aircraft engine exhaust or heater fumes and is not directly behind
the propeller envelope. The sampling inlet should also be placed sufficiently
far from the fuselage so that it is in the free airstream and not within the
boundary layer of the aircraft.

Weight, Power, and Size Considerations. One of the axioms of
aircraft sampling is that if an instrument has sufficient sensitivity and time
response for the intended measurement, then it either weighs too much or
draws too much power to be used on the available aircraft. Such consider-
ations are important when designing an instrument for aircraft use or when
preparing a commercial instrument for use on aircraft. One of the typical
problems that is encountered in aircraft sampling is a limitation on the
amount of power available. This problem is especially significant on small
aircraft (where the power available may be as little as 3—-4 kV ¢ A) but is also
a consideration on large aircraft. Normally, aircraft electrical systems provide
28-V DC and 400-Hz AC power. Unfortunately, most laboratory instruments
operate on 110- or 220-V 60-Hz power. Thus, most aircraft set up for at-
mospheric research use 60-Hz 120-V AC inverters to meet the electrical
requirements of research equipment. Because some power loss is involved
in the inversion process, it is important when planning any aircraft instal-
lation to minimize the amount of 60-Hz power that is required. Because
many measurement techniques (such as filter pack sampling systems or
chemiluminescence detectors for oxides of nitrogen) use high-capacity pumps
requiring large amounts of power, one way of maximizing efficiency is to
drive these pumps with 28-V DC motors to avoid losses from the inversion
process. This is common practice in aircraft installations. Another source of
high power consumption is instrument heaters (such as those typically used
on gas chromatographs), and it is important when using these systems to
minimize the capacity of the heater that is required or to redesign the method
or instrument so that heaters are not needed.

The electrical power available to equipment is subject to interruptions.
These outages may be predictable, such as for takeoffs and landings in some
aircraft, or random because of circuit overloads or pilot discretion. Instru-
ment systems must often operate without lengthy warm-up periods, both at
the beginning of a flight and after in-flight power interruptions. Data 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 write all data to disk or tape
backup as they are recorded. The data processing program must be able to
recover data streams that terminate unexpectedly.

Weight and size of instruments are also important considerations. The
first (and most obvious) consideration is that the sampling system cannot
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exceed the payload of the available aircraft. For many aircraft, particularly
small twin-engine aircraft, the payload can be quite small (<250 kg), and
when designing a sampling system it is important to minimize weight wher-
ever possible. Even for large aircraft, weight is a consideration because there
is a trade-off between instrument payload and range. While this may not be
an important issue for local sampling of short duration, the payload—fuel
trade-off may be the limiting factor for long-range flights for sampling in
remote regions.

Equipment installations must meet the center of gravity (CG) require-
ments of the aircraft. Every aircraft has a range of CGs that can be tolerated,
thus an instrument, particularly a large one, cannot be installed at an ar-
bitrary position within the aircraft. As a first-order approximation, installation
of the heaviest equipment (e.g., large pumps) should be planned to be near
the normal CG of the aircraft. Center of gravity considerations can be quite
critical for small aircraft and somewhat less so for larger aircraft.

The influence of vibration on instrument operation must also be con-
sidered in aircraft installation. If problems arise, they can usually be solved
by using standard vibrational analysis techniques to select appropriate de-
vices (such as dashpots) to isolate instruments from the airframe. Vibrational
problems with instruments incorporating precisely aligned optical compo-
nents may require more complex solutions, including redesign or remounting
of some of the critical components in the instrument. Electrical noise, arising
from aircraft radio transmissions, is also a frequent problem. It is important
to identify this problem early in an installation so that sensitive instruments
can be mounted at a location where the potential for these interferences is
minimal (away from radios and antennas). It is also good practice to shield
all data transmission leads. Installation of instruments on aircraft may also
require modification to strengthen the equipment to the point where it can
withstand the load requirements imposed by applicable Federal Aviation
Administration regulations.

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

Techniques used in aircraft sampling can be divided into categories: those
providing concentration information on a continuous basis and those pro-
viding such information on a sporadic basis. The latter techniques can be
further divided into techniques wherein the sample is collected by some
means and is returned to the laboratory for subsequent analysis and tech-
niques wherein the sample is collected and analyzed on the aircraft.

It is important to measure continuously as many species as possible to
achieve the maximum possible time—space resolution. However, the com-
plexity of instrumentation required for measurement of certain classes of
compounds may be such that aircraft installation is not feasible. Alternatively,
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the analytical procedure may be so time consuming that it is not worthwhile
to install the equipment on the aircraft. In these cases it will be necessary
to collect samples for subsequent analysis in the laboratory. There are two
fundamental problems with batch sampling techniques: time-space reso-
lution is limited and batch sampling requires that the composition of sample
not change between the time of collection and the time of analysis. Analysis
of collected samples in a laboratory setting, however, allows application of
a broad array of techniques that would be impossible to operate in an aircraft
environment.

In selecting instruments for installation on an aircraft it should be noted
that commercially available instrumentation should not be used for aircraft
sampling until the operation of the instrument is understood in that envi-
ronment. An equally important consideration is that many commercial in-
struments have been designed for the purposes of determining whether
pollutant concentrations exceed environmental standards. Because these
concentrations are frequently quite high, such instruments may not be able
to quantify abundances of species at the low levels significant for an under-
standing of atmospheric processes, particularly those occurring in the remote
or upper troposphere. For these reasons, significant effort has been devoted
by atmospheric chemists over the last several decades to developing tech-
niques that can measure low concentrations, and to a lesser extent to adapting
these techniques for aircraft use.

The following section is a review of instruments and techniques that
have been used and/or specifically developed for aircraft measurement of
trace species. To limit the scope, focus is restricted to species that we have
identified to be of interest to a large segment of the atmospheric chemical
community. The objective is to give the reader a starting point from which
to either choose or develop an instrument or technique for aircraft sampling.
This section is divided into two parts: the first covers techniques that are
used for batch sampling or analysis of atmospheric constituents; the second
is a review of continuous analysis methods.

Systems for Batch Sampling. Filter Packs. One of the most re-
liable and adaptable methods for measuring concentrations of atmospheric
trace gases and aerosols is the filter pack sampling system. Indeed, collection
by filter is one of the few methods available for obtaining comprehensive
information on aerosol composition. In filter methods, sample air is passed
through a sequence of filter elements, each of which is designed to collect
a different species. The various collection elements are designed and posi-
tioned in the filter pack assembly so that each element selectively collects
the desired components at high efficiency and passes components to be
collected on downstream filters with equally high efficiency. The exposed
filters are analyzed in the laboratory to determine the mass of the collected
substances. Atmospheric concentrations are then computed from the mass
of material collected on the filter and the sample air volume.
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A number of sequential multistage filter pack sampling systems have
been used in aircraft. Because many of these systems are similar, it is useful
to provide a general description pointing out different approaches for mea-
surement of various species. The first stage in all filter pack systems is a
particle filter for collecting aerosol. Several types of materials are used; the
most common are made of treated quartz (12) or Teflon (6, 13, 14). Size-
segregated sampling of the aerosol has been accomplished by use of two
filters of different pore size arranged sequentially. John et al. (15) described
a system in which coarse (>1.0 wm) and fine (<1.0 wm) fractions are collected
with an 8-pm (pore size) Nuclepore filter, followed by a 2-um (pore size)
Zefluor Teflon filter. This system has been used in several aircraft sampling
programs (e.g., references 7 and 16). Subsequent to exposure, the filters
are returned to the laboratory for analysis of the collected materials. Usually,
aerosol filters are extracted with water and the extract is analyzed for various
soluble materials, commonly strong acid, Na*, NH,*, Ca**, Mg?*, NO;",
SO,*, or CI". Representative examples of the various extraction and ana-
lytical procedures have been published (13, 17).

Frequently, the second element in a sequential system is used to collect
gaseous HNO;. Both NaCl-impregnated filters (18) and nylon filters (13, 19)
have been used for this purpose. Both of these filters have been shown to
exhibit high collection efficiency (>90%) for nitric acid. Nylon filters have
an advantage in that they generally require no pretreatment or impregnation
before use, in contrast to the NaCl cellulose filters, which require both.
However, nylon filters can exhibit high and variable blanks that may com-
promise their use in sampling regimes where low HNO; concentrations are
expected. The third element in a sequential filter system may be a base-
treated cellulose filter for collection  of SO, or an impregnated filter for
collection of gaseous NH;. SO, filters are usually pre-washed cellulose filters
impregnated with an aqueous solution of K,CO, with glycerol added as a
humectant. Daum and Leahy (17) and Anlauf et al. (I13) give preparation
procedures that call for an impregnating solution containing 250 g of K,CO,
and 100 mL of glycerol per liter. It has been reported that use of a less
concentrated solution leads to lower detection limits for SO, when ion chro-
matography is used as the method for analyzing the filter extract (20). Filters
for collecting gaseous ammonia have been fabricated from either cellulose
filters impregnated with an aqueous solution of citric acid and glycerol (21)
or with oxalic acid in ethanol (22).

The detection limit for measuring a species by filter collection and sub-
sequent analysis is determined either by the uncertainty in the filter blank,
that is, the variability in the amount of a species in an unexposed filter, or
by the limit of detection imposed by the analytical method. Most frequently,
the limit of detection is determined by blank variability, thus care in prep-
aration and handling of filters is important when using such systems for
aircraft sampling, particularly if sampling is conducted in remote areas where
concentrations are low. In this regard, it is crucial to establish the blank
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level or residual material (and its variability) of unexposed filters. The blank
level may be established by carrying extra filters on each sampling mission
and exposing them to all of the deployment procedures with the exception
of actual air sampling. It has been our practice to carry at least one such
filter on every flight.

The time—space resolution that may be achieved with filter sampling
techniques is dependent on the collection rate, limit of detection, and am-
bient concentrations. In aircraft applications, filters are typically operated
at high flows (100-500 L/min) to maximize the mass accumulation rate. At
these flow rates, sampling times on the order of 20 to 30 min are generally
sufficient for measurement of substances in the urban troposphere. For
sampling in the upper troposphere or in areas remote from pollutant sources,
collection times of several hours may be necessary to obtain measurable
quantities of material.

One of the important concerns in the application of filter methodology
to aircraft sampling is generation of artifacts, particularly as they pertain to
measurement of aerosol nitrate, nitric acid, and ammonia. These species are
in dynamic equilibrium, and under conditions where HNO; and NH; con-
centrations are sufficiently high to form the solid NH,NO;, the possibility
of evaporation of this material followed by collection of artifact HNO; and
NH; should be considered (for a recent discussion of these artifacts, see the
articles in reference 23). Similarly, artifact gaseous HCl may be formed by
interaction of HNO; or H,SO, with NaCl particles previously collected on
an aerosol filter. Such artifacts can be minimized in the first instance by
restricting collection of samples to a single air mass so that the collected
sample is not exposed to air that has significantly different concentrations of
HNO, or NH;. In the second instance, artifact formation can be minimized
by keeping filter loading as small as possible, consistent with the limit of
detection requirements.

Cloud Water and Precipitation Collectors. Several methods have been
developed for collecting cloud water samples (24-26). Probably the device
most commonly used in warm clouds is the slotted rod collector developed
by the Atmospheric Science Research Center at the State University of New
York (SUNY) at Albany. Commonly known as the ASRC collector (25), this
collector consists of an array of rods constructed from Delrin (a form of
nylon). Each rod is hollow and has a slot located at its forward stagnation
line. The rod radius determines the collection efficiency as a function of
particle size, the rods are sized to collect cloud droplets but not submicro-
meter aerosol particles, and the 50% cutoff is calculated to be at about
3 pm.

The original design of the collector was refined several times to enhance
collection efficiency and to more firmly establish the operational character-
istics of the collector. Major modifications have included lengthening the
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collector rods to give a larger collection area, sheathing the rods in steel to
prevent bending and the consequent dropping of collection efficiency at
higher airspeeds, and constructing the rods of Teflon rather than Delrin to
reduce the possibility of losses of sample constituents (particularly nitrate)
during the collection process (27). Further modifications include mounting
the rods in a single row, not the staggered multirow configuration of the
original collector, to prevent interaction of the aerodynamic flow around the
rods (28). With this modified collector, collection efficiencies upwards of
80% have been measured on the basis of the collection area of the rods, the
cloud liquid water content, and the mass of collected water.

Mounting of the cloud water collectors on the aircraft is a critical issue
because flow-field effects can easily distort the size distribution of drops. If
at all possible, the collector should be mounted on a pylon so that the
collector is in the free airstream. Substantially greater efficiencies can be
achieved if the collector is mounted with a forward inclination of about 12°
to 15° relative to a perpendicular from the aircraft longitudinal centerline.
This kind of mounting accounts for the nose-up attitude at which most aircraft
fly under cruise conditions and also provides a component of the airstream
to drive impacted cloud droplets down the rod into the collection vessel,
minimizing losses due to blow-off (28).

Supercooled cloud droplets can be collected as ice through the riming
process. Isaac and Daum (29) report the use of several different types of
collectors. Collection of warm precipitation from aircraft has generally been
accomplished with a SUNY collector consisting of a single large-diameter
(~8 cm) slotted rod (~2-cm slot width) (V. Mohnen, private communication).
This collector has never been subjected to realistic laboratory or field testing,
so neither actual size distributions collected nor collection efficiency has
been determined. Collection of snow from aircraft has been attempted, but
with limited success. The most promising approach is the use of a cyclone
wherein the air is required to follow a circular path and the snow particles
are centrifuged out of the air in which they are suspended. The snow particles
settle to the bottom of the cyclone and can be drawn off into a collection
bottle for analysis. Several different types of cyclones have been used to
collect snow from aircraft (29).

Gas Samples for Subsequent Laboratory Analysis. Collection of air
samples for later analysis in the laboratory is a common technique used for
aircraft sampling. Whole air sampling for stable compounds (CO, CO,, ha-
locarbons, and low-molecular-weight hydrocarbons) is usually accomplished
by filling a container to a pressure of about 2 atm (203 kPa) with a metal
bellows pump. Alternatively, containers may be evacuated in the laboratory
to a low pressure and filled during flight by simply opening a valve at the
appropriate time. Containers are typically constructed of stainless steel that
has been electropolished or treated in some way to reduce surface activity
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(30-34). Samples have also been collected in glass flasks (35) and in bags
fabricated from inert materials (36, 37). An alternative whole air sampling
method involves cryogenic collection by submerging flasks in liquid nitrogen
while pressurizing the container with sample air (38).

An important concern in applying any of these techniques is losses from
wall reactions or other processes either during pumping or in the container
during the time between sampling and analysis. Apparently, stability is not
altogether predictable. Oliver et al. (33) reported sample composition to be
unaffected by storage in steel containers for up to 30 days in the presence
of water, CO,, NO,, and O,. Similarly, Ehhalt et al. (32) reported no mea-
surable loss of light hydrocarbons over periods of months. However, other
studies have indicated the possibility of substantial losses (30). Materials that
have been collected by cryosampling techniques may experience losses dur-
ing the analysis when the collected sample is heated. The basic problems
of collecting gaseous samples for laboratory analysis have been outlined
elsewhere (39).

Other Batch Sampling Techniques. Solid adsorbents, such as Tenax or
Poropak-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 simplified.
Thermal desorption of these traps can produce artifacts arising from deg-
radation of the sample or the trap. The presence of O can further reduce
sample integrity (43).

Samples of OCS and CS, have been collected by passing air through
coils of Teflon tubing submerged in liquid argon (44). Collecting the sample
in this way concentrated the species of interest. However, blockage of the
coil by ice formed by condensation of ambient water vapor limited the
sampled air volume to ~600 mL. The coils were kept refrigerated by the
cryogen prior to analysis. Gold wool has been used to trap dimethyl sulfoxide
after SO, is first removed (45). The sample is later thermally desorbed and
analyzed by gas chromatography with flame photometric detection.

Chromatographic Techniques. These techniques have long been ap-
plied to the problems of separation and analysis of trace atmospheric species.
For stable species, batch samples are usually collected as described in the
preceding section and transported to the laboratory for subsequent analysis.
However, some compounds are not sufficiently stable to survive transport
intact. In situ chromatographic analyses have been used for these samples.
Usually, chromatography is used on aircraft in a batch mode: samples are
collected, preconcentrated, and separated on a column, and the individual
species are detected as they elute; the process is then repeated for the next
sample. Thus, as with other batch techniques, time resolution is limited.
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Packed column technology has been used in airborne gas chromato-
graphs for the separation and quantitation of sulfur species (46, 47) and
peroxyacetic nitric anhydride (48). The combination of sample preconcen-
tration and sensitive detectors has yielded detection limits that are superior
to corresponding continuous sensors. For SO,, a detection limit of 25 pptrv
was claimed, and for peroxyacetic nitric anhydride the detection limit was
roughly 60 pptrv for an ~50-cm® air sample. Analysis times for samples were
on the order of 10 min.

Several engineering factors have discouraged more frequent utilization
of gas chromatographs aboard aircraft. Laboratory research instruments are
large, heavy, and have power requirements that exceed the capabilities of
most aircraft. However, smaller, high-quality gas chromatographs are now
commercially available and can be easily modified to reduce power con-
sumption.

Some altitude effects on the operation of chromatographic instruments
are anticipated. To achieve reproducible retention times for identifying com-
pounds, mobile-phase flows need to be controlled so that they are indepen-
dent of ambient pressure. Detectors may also respond to changes in pressure.
For example, the electron capture detector is a concentration-sensitive sen-
sor and exhibits diminished signal as the pressure decreases. Other 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 controlled.

Although the modification of existing gas chromatographs for flight is
not trivial, no fundamental problems prevent the use of this separation
technique on aircraft. The presence of a chromatographic system aboard the
Viking mission to Mars confirms that chromatographic instruments can op-
erate within stringent weight, power, and size limitations in an inhospitable
environment (49). As the atmospheric community expands its interest to
include a larger number of species, chromatographic techniques should be-
come more widely used on aircraft. Analysis times can, in principle, be
decreased to 1 or 2 min (50), a time response that is comparable to some of
the slower continuous sensors. Furthermore, implementation of capillary
columns, such as those used in laboratory analyses of air samples (31), will
greatly enhance the scope of measurements that can be made during an
aircraft sampling program.

Continuous Measurement Methods for Trace Gases and Aero-
sols. Ozone. Three basic types of ozone instruments have been used in
aircraft: the ultraviolet photometric method and two chemiluminescent tech-
niques measuring, respectively, light emitted from the reaction of O; with
ethylene and light emitted from the reaction of O, with NO. Ultraviolet
absorption photometry is one of the preferred methods for measuring O,
from aircraft because of the stability and reliability of commercially available
instruments. The method is specific for O; provided there are no immediate
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sources of aromatic hydrocarbons (51). However, because of the small ab-
sorption coefficient of O, at the 254-nm measurement wavelength, com-
mercially available detectors have time responses between 30 and 60 s, and
fine features of the O, distribution cannot be resolved.

The O,—ethylene chemiluminescent instrument measures the lumines-
cent signal at 435 nm resulting from the reaction of a large excess of ethylene
with O;. The chemiluminescent reaction is second order, and, to achieve a
response that is rapid and linear with changes in the O; mixing ratio, the
ethylene concentration is maintained at a high value, typically by adjusting
the pressure across a flow restrictor. Sample flow is controlled by a flow
restrictor downstream of the reaction chamber. Because the detector is
inherently a mass-sensitive detector, commercially available detectors can
be modified to respond to the O, mixing ratio independent of altitude by
use of mass-flow controllers (see also the preceding discussion in Altitude
Response). Such modifications are described by Gregory et al. (3). Ethylene
chemiluminescent detectors exhibit response times that are considerably
less (typically, 1/e response times of less than 3 s; 1/e response time is the
time required for a 63% response to a step change in concentration) than
those of UV photometric instruments, and they are thus more broadly ap-
plicable to aircraft measurements.

The final O, measurement technique discussed here is based on the O;—
NO chemiluminescent reaction. Essentially, this instrument is an NO-O,
chemiluminescent detector for determination of NO operated in reverse.
That is, a high concentration of NO is used to measure O; as opposed to a
high concentration of O, being used to measure NO. Because of the kinetics
of the ozone—NO reaction, this detector responds faster than the ethylene-
based detector, and 1/e response times less than 0.1 s have been reported.
Design and operating characteristics of an instrument capable of providing
eddy correlation measurements of O, flux from an aircraft are given by
Pearson and Stedman (52). A revised version of this instrument that uses
considerably less power and thus places fewer constraints on its use in aircraft
was reported (53). The instrument uses a smaller reaction chamber than the
Pearson—Stedman instrument, requires less power, and generates less heat.
The detection limit of this instrument is reported to be 1-2 ppbv, and it
has a 1/e response time of 0.45 s and a precision of about 2% or 2 ppbv.
This instrument has been used for airborne O, flux measurements in the
Amazon (54).

Sulfur Dioxide. Both flame photometric and pulsed fluorescence meth-
ods have been applied to the continuous measurement of SO, from aircraft.
In the flame photometric detector (FPD), sulfur compounds are reduced in
a hydrogen-rich flame to the S, dimer. The emission resulting from the
transition of the thermally excited dimer to its ground state at 394 nm is
measured by using a narrow band-pass filter and a photomultiplier tube.
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The response of the instrument is roughly proportional to the square of the
sulfur concentration. Two major problems are associated with the use of
commercially available flame photometric detectors on aircraft. First, major
changes in background current and more modest changes in detector sen-
sitivity occur as the inlet pressure changes. Second, commercial detectors
exhibit detection limits (greater than 1 ppbv, depending on make and model)
that are too high to allow the measurement of ambient concentrations away
from SO, source regions.

These problems have been largely eliminated by modifying commercial
detectors with the addition of mass-flow controllers to maintain constant
flows of sample air and hydrogen as the altitude changes and by using SF-
doped hydrogen to enhance sensitivity (4, 55, 56). Controlling the mass flow
holds the burner H,-to-O, ratio at a value independent of altitude and fixes
the sulfur mass flow for a given atmospheric sulfur mixing ratio, greatly
stabilizing instrument response. The use of H, doped with 60-ppbv SFg
decreases the limit of detection. Because the atmospheric signal is measured
on top of a 60-ppbv background, the response is linear up to ~15-ppbv
concentrations of atmospheric SO,, even though the FPD is inherently non-
linear. The limit of detection for aircraft measurements with this modified
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 FPD responds to both aerosol and gaseous sulfur species,
it has also been possible to modify these instruments to continuously measure
aerosol sulfur by selectively removing gaseous sulfur compounds with a
lead(1I) oxide—glycerol coated denuder (55). Use of such an instrument for
airborne measurements of aerosol sulfur in and around broken clouds has
been reported (57). In principle, speciation between aerosol sulfate, disul-
fate, and sulfuric acid by selective thermal decomposition (58, 59) can also
be achieved. Flame photometric detectors have also been used as selective
detectors for gas chromatography. Thornton and Bandy (60) reported the
use of a chromatographic system with a flame photometric detector for air-
borne measurement of SO, and OCS with a detection limit of 25 pptrv.

The pulsed fluorescence method operates by optically stimulating SO,
molecules with a UV source (190-230 nm) and measuring the resulting
fluorescence. The excitation source is pulsed to achieve high excitation in-
tensity and to encode the concentration information in the form of a chopped
signal. By chopping the signal, dark current drift of the photomultiplier tube
is eliminated. A scrubber is used to remove hydrocarbon interferences that
fluoresce at similar wavelengths. A commercially available version of this
detector (Thermo Environmental 43S, Hopkington, Massachusetts) has a
detection limit better than 0.3 ppbv and a time constant of roughly 2 min.
This system has several advantages over the FPD for aircraft use: there are
no consumable gases as with the FPD, the detector is simple to operate, it
exhibits nominal zero shift with altitude, and the output is easily converted
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to mixing ratios. For these reasons, the pulsed fluorescence detector has
largely supplanted the flame photometric detector for aircraft measurement
of SO, in the relatively polluted lower troposphere. The relatively slow
response of commercial instruments is not optimal for aircraft sampling but
can be improved at the expense of sensitivity. The instrument does not,
however, have sufficient sensitivity for measurements in remote regions or
in the upper troposphere.

A third measurement technique for SO, that may have future application
in aircraft measurements was described (61). In this method gaseous SO, is
removed from the airstream with a diffusion scrubber containing 1 mM H,0,.
The scrubber eluant is analyzed in flight for SO,*" by ion chromatography.
Because H;0, quantitatively converts SO, to sulfate in the scrubber, the
SO,% concentration is proportional to the gaseous SO, concentration for a
given set of sampling conditions. SO, was measured at concentration levels
of 20 pptrv with 6-min time resolution. The diffusion scrubber method was
compared with the pulsed fluorescence and filter techniques in airborne
tests (20). All three techniques operated with no difficulty in both pressurized
and unpressurized aircraft and were shown to give equivalent response to
ambient SO, mixing ratios, although there was significant scatter below 200

pptrv.

Oxides of Nitrogen. Two highly sensitive techniques for determining
odd-nitrogen compounds have been developed that are based on chemilu-
minescence reactions with either NO or NO,. The first group of detectors
measures the chemiluminescence resulting from the reaction of NO with
O;. Three classes of instruments based on this reaction can be considered
for aircraft use. The first class is commercial instruments that typically have
detection limits on the order of 1-10 ppbv. These instruments are not
particularly suitable for aircraft-based monitoring of ambient air outside of
urban areas because of their limited sensitivity. Relatively minor modifica-
tions were described that can improve the sensitivity of these instruments
by ten- to a hundredfold, thus they are suitable for monitoring continental
air (62-64). This intermediate class of instruments is capable of detection
limits on the order of 0.1 ppbv. A third class of instruments has been de-
veloped for measuring concentrations in the low parts per trillion range.
These instruments typically use high-intensity ozone sources, large vacuum
pumps for high sample throughput, cryogenically cooled photomultiplier
tubes to reduce background noise, and photon counting electronics to im-
prove measurement statistics. These detectors are custom-made (for ex-
ample, see reference 65) and have been extensively compared in flight to
sensors based on other techniques (48, 66, 67).

Various approaches have been described to convert other nitrogen spe-
cies to NO before detection by the ozone chemiluminescence reaction. The
most common converter is hot molybdenum, which converts all of the higher
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oxides of nitrogen, including NO,, HNO,, peroxyacetic nitric anhydride,
N;O;5, NO;, and many organic nitrogen species, to NO (collectively these
species are referred to as NO,). Heated gold catalysts (68) have also been
used for determinations of NO,. The conversion efficiency of these hot con-
verters is usually close to 1 but must be periodically checked. Selective
photolytic conversion of NO, to NO by irradiation with UV light has been
used to measure NO, (the sum of NO, and NO). NO, is then determined
by the difference (69). The conversion efficiency of NO, to NO is less than
one and must be measured by performing a gas-phase titration of standard
NO mixtures with O;. NO chemiluminescence detectors generally do not
use expendables but require large pumps to achieve high sample throughput.
This requirement imposes considerable weight and power restrictions on an
aircraft.

NO; has also been selectively determined based on its chemiluminescent
reaction with luminol (LMA-3, Scintrex/Unisearch, Concord, Ontario). In-
coming air impinges on a wick containing a proprietary luminol solution.
Emitted light is then detected by a photomultiplier tube. The instrument
is mechanically simple, lightweight, and compact, and it consumes little
power so it is practical for use in aircraft. The luminol reaction is specific
for NOy; however, NO can be determined by oxidizing it to NO,. Drawbacks
associated with the luminol chemiluminescent detector include nonlinear
response below a few parts per billion, a minor interference from ozone,
and partial response from peroxyacetic nitric anhydride. These problems
can be significant when low concentrations (<3 ppbv) are measured. How-
ever, correction factors can be applied to account for their effect. Evaluation
of the use of this instrument for aircraft sampling, including modifications
to eliminate pressure dependence, was reported (70). A commercial instru-
ment (LPA-4, Scintrex/Unisearch, Concord, Ontario) is also available to
determine peroxyacetic nitric anhydride by catalytic conversion to NO, and
detection by means of luminol chemiluminescence. In general, though, the
low concentrations and wide assortment of individual organic odd-nitrogen
species require sample preconcentration and subsequent analysis by gas
chromatography. Some of these approaches are discussed in the previous
section Chromatographic Techniques.

Tunable diode laser absorption spectroscopy (TDLAS) has been used to
measure oxides of nitrogen during flight (71). By tuning the laser to specific
infrared absorption bands, the technique can selectively measure each com-
pound. Detection limits are higher (25-100 pptrv for a 3-min response time)
than the best chemiluminescent methods, and the instrumentation 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-
scribed for detection of NO-NO,~NO, (72). NO is detected directly on the
basis of its fluorescent properties. NO, is first converted to NO by photo-
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fragmentation at 353 nm with a XeF excimer laser. Detection limits approach
the low parts per trillion level for 2-min integration times. This technique
is still in the developmental stage but holds promise for future aircraft mea-
surements.

Carbon Monoxide. Methods for determining carbon monoxide include
detection by conversion to mercury vapor, gas filter correlation spectrom-
etry, TDLAS, and grab sampling followed by gas chromatograph (GC) anal-
ysis. The quantitative liberation of mercury vapor from mercury oxide by
CO has been used to measure CO (73). The mercury vapor concentration
is then measured by flameless atomic absorption spectrometry. A detection
limit of 0.1 ppbv was reported for a 30-s response time. Accuracy was re-
ported to be £3% at tropospheric mixing ratios. A commercial instrument
providing similar performance is available.

GFC spectrometry is based on measurement of the absorption of broad-
band infrared radiation by carbon monoxide. Specificity for CO is achieved
by alternating the infrared beam between wavelengths that are absorbed
and transmitted by CO. In practice, this process is done by chopping the
light with a gas filter containing CO. When the filter is in place, all of the
absorption bands are saturated and the beam cannot be further attenuated
by CO in the sample cell. This signal serves as a reference. Absorption of
the unfiltered light by CO in the cell is measured relative to the reference
beam to determine the CO concentration. A multipass White cell increases
sensitivity. Detectors based on this technology are commercially available
but lack sufficient sensitivity for aircraft measurements. Modifications of a
commercial GFC detector to improve its sensitivity were described (74).
This instrument was used in several aircraft sampling programs (75, 76).

TDLAS measures the absorption of monochromatic light by CO in a
multipass flow cell (77). The time response is controlled by the flow of air
through the cell. In theory, the instrument is fast enough for application to
aircraft measurement of CO flux by eddy correlation. A reported precision
of ~1 ppbv or ~1% is superior to other techniques. The instrument is not
commercially available.

Grab samples obtained during flight can be subsequently analyzed by
GC. Because CO is stable in passivated containers, this approach is straight-
forward. Discrete sampling limits the resolution of rapid changes in con-
centration. The TDLAS and two different GC trapping methods have been
evaluated during an airborne intercomparison (78).

Gaseous Hydrogen Peroxide. Methods for determination of gas-phase
hydrogen peroxide have been reviewed (79-81). Hydrogen peroxide is de-
termined by either scrubbing air with an aqueous solution and measuring
the resultant liquid-phase peroxide or by measuring the peroxide directly
with a spectroscopic technique. The method that has been most commonly
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used for aircraft sampling is the POHPAA (p-hydroxyphenylacetic acid) tech-
nique developed by Lazrus and co-workers (82, 83). In the POHPAA tech-
nique, peroxides are removed from the air with a scrubber coil and subse-
quently undergo the horseradish peroxidase catalyzed reaction with
POHPAA to form a fluorescent dimer species. The fluorescent intensity of
the dimer is measured and is directly proportional the peroxide concentration
in the air. Because the method is sensitive to all peroxides, a second channel
is used in which H,0, is selectively destroyed by catalase; H,0, is computed
from the difference. The accuracy and precision with which H,0, can be
determined with this technique is critically dependent on the catalase ac-
tivity. Thus, the catalase activity must be periodically monitored and ad-
justed to assure that it is at an appropriate level to minimize errors in the
determination of H,0,. The method is reported by various aircraft users
(reference 84 and references therein) to have a detection limit of less than
0.1 ppbv and a time delay of ~3 min, although the time response is con-
siderably faster, ~1 min. A nonenzymatic method has been developed that
avoids the catalase activity problem in distinguishing H,O, from total per-
oxide (85).

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

Particle Measurement Systems (PMS; Boulder, Colorado) has developed
a series of probes for aircraft measurement of atmospheric particles. Several
of these probes are discussed here. The airborne Active Scattering Aerosol
Spectrometer Probe (ASASP-100X) measures the number concentration and
size distribution of particles in the (approximate) size range 0.12 to 3.12 pm
by measuring the light scattered when the particles pass through the active
cavity of a laser. In this probe, particles are forced into a conical deceleration
chamber by the motion of the aircraft. A pump pulls about 1 cm®/s of this
air into the detection region through a narrow nozzle that aerodynamically
focuses the particle stream to a diameter (150 wm) that is small with respect
to the diameter of the laser beam. During transit of the laser beam, particles
scatter radiant energy, which is sensed by a photodetector. The output of
the photodetector is a series of pulses (one for each particle) with sizes
proportional to the scattering intensity. A pulse height analyzer groups the
pulses into counts by size; the ASASP uses a pulse height analyzer with 15
channels. Because scattering intensity is proportional to particle size, the
count in each channel represents the number of particles within a specified
size range. A newer version of this probe, the Passive Cavity Aerosol Spec-
trometer Probe (PCASP-100X) has been introduced. It utilizes the same
sampling techniques as the ASASP, 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 calibration with monodisperse latex spheres or nearly mono-
disperse NaCl particles. Calibration uncertainties have been studied and
discussed (86-91). These studies show that the smallest particles that can
be sensed by the ASASP probe are somewhat larger than the 0.12 pm stated
by the manufacturer. Similarly, it is reported that detection of particles larger
than about 2 pm is unreliable because of attenuation of the laser power.

Distortion of the particle size during the sampling process is a concern
in the use of this probe on an aircraft. Compressional heating due to de-
celeration of the particles may distort the size distribution, because evap-
oration of water from aerosol particles reduces their diameters. Likewise,
particle sizes can be reduced by use of a heater, incorporated into some
models of this probe, to prevent icing when supercooled clouds are being
flown through. One study (88) indicated that the probe heater removes most
of the water from aerosol particles sampled at relative humidities of 95%.
Thus, size distributions of aerosol particles measured with the probe heater
on correspond to that of the dehydrated aerosol. These results were con-
firmed by a later study (90) in which size distributions of aerosols measured
with a nonintrusive probe were compared to size distributions measured
with a de-iced PCASP probe. Measurement of the aerosol size distribution
with the probe heater on may be an advantage in certain studies.

The PMS Forward Scattering Cloud Droplet Spectrometer Probe
(FSSP-100) determines particle size by measurement of the scattering in-
tensity over a prescribed range of angles during particle interaction with a
focused laser beam. In a way similar to the operation of the ASASP probe,
scattered light pulses are measured by a photosensor and sized with a pulse
height analyzer; the height of the pulses is proportional to the particle size.
The FSSP can measure particles with diameters between 0.5 and 47 pwm in
four selectable size ranges. Each range divides particles into 15 equally
spaced size classes. The response of the FSSP is a function of particle shape,
refractive index, and absorption as well as size. Furthermore, the response
function is multivalued because scattered intensity is not a smooth function
of the particle diameter. This situation can lead to errors in determination
of the size distribution of both aerosol particles and cloud droplets (86, 91).
Extensive information regarding calibration and operation of this probe has
been published (91-97).

A newer version of the FSSP-100, the FSSP-300, is currently available.
The probe is similar to the FSSP-100 except that the electronics are faster
and it uses a different laser and slit arrangement. The major difference is
that it is configured to measure particles in the size range ~0.3 to 20 pm
in 31 separate size channels (compared to the FSSP-100’s 15 size channels).
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The additional channels in the lower portion of the size spectrum overlap
the sizes measured by the ASASP and the PCASP probes and have allowed
intercomparisons between aerosol size distributions measured by these two
probes (90). Dye et al. have evaluated the capabilities of this probe for
measuring the number density and size distribution of atmospheric aerosols
(98).

The integrating nephelometer (99, 100) measures the extinction coef-
ficient, b, due to light scattering from gases and aerosols. A sample cell
is illuminated with a diffuse source, and the scattered light is measured in
both the forward- and backscattered directions with a photodetector. The
geometry of the system physically integrates the intensity of scattered light
and provides a close approximation to the scattering component of extinction.
Correction for Rayleigh scattering by gases is done by filtering particles from
the incoming airstream. Calibrations are performed by measuring the ex-
tinction of pure gases such as carbon dioxide and dichlorodifluoromethane
(Freon).

The integrating nephelometer has been used on aircraft for several pur-
poses. The most common uses are to measure visual range in atmospheric
haze studies or to locate atmospheric boundaries such as temperature in-
versions by noting discontinuities in b,,. However, submicrometer aerosol
mass can also be estimated from b,,, measurements because the ratio of light
scattering coefficient to aerosol particle volume is approximately indepen-
dent of the size distribution of the aerosol for particle radii comparable to
the wavelength of light used (101-103). It has also been noted that b, can
serve as a surrogate measurement of sulfate in areas where sulfate and
associated species constitute a fairly uniform fraction by volume of the sub-
micrometer aerosol (reference 56 and references cited therein). In these
applications, the relationship between b, and the mass of an aerosol con-
stituent holds only to the extent that the amount of water associated with
the aerosol particle is constant. Thus, it is common practice to use a preheater
in the b, instrument to bring particles to a reference relative humidity.
The application of b, for airborne study of the distribution of sulfate in
broken clouds has been described (56).

Condensation nuclei counters (CNCs) measure the concentration of par-
ticles in the size range 0.001 to 0.1 pm. They operate by exposing a sample
of ambient air to a high supersaturation by humidifying the incoming air
and then abruptly reducing the pressure to cause adiabatic cooling. 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 light scattering (104). Because all droplets
are, in theory, approximately the same size at a given time following the
expansion, the scattered light intensity is directly proportional to the con-
centration of condensation nuclei.
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Adaptation of a CNC for aircraft use is straightforward. Unlike larger
particles, condensation nuclei are small enough that they are not easily
deposited to walls by inertial processes, so the physical shape of the inlet is
not a significant issue. However, metal rather than plastic tubing should be
used for sampling lines to avoid electrostatic precipitation of particles (105).
Particle concentrations ranging from ~1 to 300,000 cm™ can be measured
with a CNC; however, to assure reliable measurements, calibrations should
be performed over the range of particle concentrations expected (106). CNC
counting efficiency decreases rapidly for particles smaller than 0.01 pwm (107).

Cloud Liquid Water Content. Three different methods have been used
to measure cloud liquid water content from aircraft. The most commonly
used instrument is the Johnson—-Williams detector (Cloud Technology Inc.,
Palo Alto, California). This device uses an electrically heated resistance wire
mounted perpendicular to the airstream to sense the water content. As cloud
droplets strike the wire, they evaporate, cooling the wire and causing an
imbalance in a bridge circuit, of which the wire is one arm. The magnitude
of the imbalance is a function of the cloud liquid water content. Another
wire, mounted parallel to the airstream so that it is not subject to water
drop impingement, serves to compensate for variations in airspeed, altitude,
and air temperature. Although the operating principal of the Johnson—Wil-
liams detector is simple, the device requires calibration to yield accurate
results (108). The device begins to underestimate the mass of droplets with
diameters larger than 30 pm. A carefully calibrated probe has a response
time of less than 0.1 s, a detection limit of about 0.03 g/m?®, and an accuracy
of about 20%.

The operating principle of the CSIRO (Australian Commonwealth Sci-
entific and Industrial Research Organization) King probe (Particle Measuring
Systems Inc., Boulder, Colorado) is similar in concept to that of the Johnson—
Williams probe. The King probe measures the amount of power necessary
to maintain a heated wire at a constant temperature, whereas the Johnson—
Williams probe measures the change in resistance due to cooling of the wire
by water evaporation. The probe consists of a heated coil of wire that is
maintained at a constant temperature. The amount of excess power required
to maintain the wire at this temperature when it is impacted by water
droplets is measured and is proportional to the cloud liquid water content.
The nominal response time of the instrument is 0.05 s, and it has an accuracy
of 20%. This instrument uses less power than a Johnson—Williams probe,
an important consideration in aircraft applications.

A third commonly used method for determining cloud liquid water
content is integration of the droplet size spectrum as measured by a PMS
FSSP probe. Estimates of cloud liquid water content using this technique
are subject to large errors due to uncertainties in determining the number
concentrations of droplets in 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 0zone—NO, NO:, OH, HO,, 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-

5

istry has been an important motivation for the measurements of stratospheric
trace gases for the last 20 years. Although the stratosphere is remote, the
changes induced in the ozone layer by these changing reactive trace gases
and the resultant increase in ultraviolet radiation are of concern for all living
things on the surface of the earth. Thus, much stratospheric research has
been focused on ozone depletion. Those reactive trace gases that have direct
impact on ozone—NO, NO,, OH, HO,, ClO, Cl, BrO, Br, and O—are of
particular interest. The photochemical systems are highly interactive, how-
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ever, and many components not directly related to ozone loss are nonetheless
important for understanding what that loss is now and might be in the future.

The strategy for research in the stratosphere has been to develop com-
puter simulations to predict trends in photochemistry and ozone change.
Incorporated in these simulations are laboratory data on chemical kinetics
and photolytic processes and a theoretical understanding of atmospheric
motions. An important aspect of this approach is knowing if the computer
models represent the conditions of the stratosphere accurately enough that
their predictions are valid. These models are made credible by comparisons
with stratospheric observations.

Measurements either from the ground or from satellites have been a
major contribution to this effort, and satellite instruments such as LIMS
(Limb Infrared Monitor of the Stratosphere) on the Nimbus 7 satellite (1)
in 1979 and ATMOS (Atmospheric Trace Molecular Spectroscopy instru-
ment), a Fourier transform infrared spectrometer aboard Spacelab 3 (2) in
1987, have produced valuable data sets that still challenge our models. But
these remote techniques are not always adequate for resolving photochem-
istry on the small scale, particularly in the lower stratosphere. In some cases,
the altitude resolution provided by remote techniques has been insufficient
to provide unambiguous concentrations of trace gas species at specific alti-
tudes. Insufficient altitude resolution is a handicap particularly for those
trace species with large gradients in either altitude or latitude. Often only
the most abundant species can be measured. Many of the reactive trace
gases, the key species in most chemical transformations, have small abun-
dances that are difficult to detect accurately from remote platforms.

In situ measurements of stratospheric reactive trace gas abundances
provide an opportunity to test the fundamental photochemical mechanisms
(3). The advantage of such measurements is that they are local, so the si-
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.
The disadvantage of in situ measurements is that they do not capture the
global or perhaps even seasonal view of photochemical transformations be-
cause they are seldom done frequently enough or in enough places to provide
that information. Another disadvantage of in situ measurements is that they
must be made from platforms in the stratosphere, and these remote obser-
vational outposts have their liabilities.

One of the success stories of in situ measurements in the stratosphere
is the confirmation that the rapid loss of ozone over Antarctica each October
is indeed caused by photochemistry related to the release of chlorofluoro-
carbons at the surface of the earth. Ground-based measurements of the
primary chlorine culprit, ClO, and O, have given a similar picture (4), but
not with the fine detail possible from the in situ techniques, as shown in
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Figure 1. This graph shows the rapid variation of ClO and Oj; as the edge
of the chemically perturbed region in the Antarctic polar vortex is penetrated
by the National Aeronautics and Space Administration (NASA) ER-2 high-
altitude aircraft over the Palmer Peninsula of Antarctica on September 16,
1987 (5). It is one of a series of 12 snapshots, or individual flights, during
the Airborne Antarctic Ozone Experiment (AAOE) that show the develop-
ment of an anticorrelation between ClO and O, that began as a correlation
in mid-August. When these two measurements are combined with all the
others from the ER-2 aircraft, the total data set provides a provocative
picture of how such chemistry occurs and what it is capable of doing to
ozone.
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Figure 1. Simultaneous measurements of ClO and O; over Antarctica on Sep-

tember 16, 1987, during the AAOE mission. The boundary of the chemically

perturbed region at 69°S is clearly shown by the rapid increase in the ClIO

mixing ratio and the rapid decrease in the O, mixing ratio. There is an anti-
correlation between CIlO and O; near the boundary.

The measurements in the midlatitude stratosphere during the last four
years have been equally successful because more related species are being
measured simultaneously, and these data sets are placing serious constraints
on photochemical models (2). This situation is dramatically different from
that in the mid-1970s through the mid-1980s, when confirmation that certain
trace gas species were present in the stratosphere in approximately the
correct abundances was still an issue (6). Analyses of more recent measure-
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ments indicate that the current understanding is not complete, however.
But efforts to measure the major components of all the trace gas families,
especially during diurnal or seasonal variations, are solidifying the under-
standing of stratospheric photochemistry at the midlatitudes.

The challenges that face the scientist studying the stratosphere are the
same as those that face scientists in other fields. First is the challenge of
knowing what needs to be measured to better understand the natural system
being studied. In the stratosphere, this understanding includes not only the
trace gas abundances and their spatial and temporal variations, but also the
transport of those species on both short and long time scales. Distributions
of and correlations among long-lived trace gases have provided the best clues
for how stratospheric transport works. Second is the challenge of how to
make these measurements. This skill includes knowing not only how to
measure the abundances of individual trace gas species, but how to combine
several instruments or measurements together and how to deploy those
instruments throughout an experiment.

The goal of this chapter is to instill an understanding of in situ mea-
surements of stratospheric reactive trace gases and of how the challenges of
knowing what measurements to make and how to make them are being met.
Because most of the other chapters in this book concern measurements in
the troposphere, a brief overview of the characteristics of the stratosphere—
its physical state and its trace gas composition and photochemistry—is first
presented. This discussion contains a general statement of the current un-
derstanding of stratospheric photochemistry and the areas where the lack of
knowledge is critical. Some general guidelines are presented of what the
challenges in stratospheric measurements are, and examples of these chal-
lenges are given from instruments that have been flown either on helium-
filled balloons or on high-altitude aircraft.

The Stratospheric Environment and Trace Gas Distribution

The stratosphere, beginning at roughly 10 km above the earth and extending
up to 50 km, contains 10% of the air in the atmosphere and 90% of the
ozone. It and the mesosphere are the regions where much of the solar
ultraviolet light deposits its energy as heat; this situation results in a positive
temperature gradient that maintains vertical dynamic stability. The strato-

sphere thus evolves in relative isolation from the troposphere, where tur-

bulent mixing occurs, and only a slow exchange occurs between the two
regions. Although the processes of exchange between the troposphere and
stratosphere are not completely understood, it is known that air and a few
trace constituents that are not collected and precipitated out of clouds enter
the stratosphere predominantly in the tropics, can be chemically trans-
formed, and exit a few years later in middle to high latitudes. The admission
of only a relatively few trace gases into the stratosphere, the exposure of
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gases to the ultraviolet light that is screened from the troposphere by ozone
and to the resultant photochemistry, the mixing, and the poleward transport
produce a trace gas composition that is significantly different from that in
the troposphere.

The temperatures in the stratosphere range from a low of 200 K at 14
km to 250 K at 50 km for typical midlatitude conditions (7). In the polar
regions, particularly over the South Pole, temperatures can fall to as low as
185 K over the entire height of the stratosphere (8). The average temperature
profile for middle latitudes has higher temperatures than those observed at
70°S during the Airborne Antarctic Ozone Expedition in August 1987 or at
75°N during the Airborne Arctic Stratospheric Experiment in January 1989
(Figure 2). For comparable altitudes and seasons, the Arctic is slightly
warmer than the Antarctic (9). In general, the coldest regions are the lower
equatorial stratosphere just above the tropopause and the wintertime lower
polar stratosphere, and these regions exhibit temperatures at or below
200 K.

The air pressure in the stratosphere ranges from 100 mbar near 15 km
to 0.1 mbar near 50 km, falling off exponentially with altitude as shown in
Figure 2 (9). As in the troposphere, altitude and pressure are used as vertical
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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 (8) 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 in the lower stratosphere, where heating
and cooling rates are small. Potential temperature is the temperature that
an air parcel would have if it were adiabatically compressed to 1 atm (101
kPa). Air parcels tend to follow isentropic trajectories (constant potential
temperature), so the goal of measurements is often to follow constant-po-
tential trajectory surfaces to map out the meridional and zonal components
of a trace gas constituent field. This approach implies that both pressure and
temperature will vary along the path. Such trajectories are meaningful for
about a week, after which diabatic effects become important and mixing of
air parcels from ‘different trajectories creates a new air parcel with a new
average trajectory.

The vertical distributions of some trace gases for some regions of the
stratosphere would be expected to be smooth and slowly varying. For other
trace gases in other regions, extreme vertical stratification and high temporal
variability would be more likely. An example of this latter case is the Antarctic

Trace Gas Volume Mixing Ratios
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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 H;O. The thick vertical bar indicates

the range of H;O 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 in trace gas abundances are established.
As the polar air mixes with midlatitude air, highly variable three-dimensional
structures in the trace gas distributions evolve (10, 11).

The trace gases in this highly variable physical environment can be
grouped into chemical families. The four most prominent in photochemistry
are those of oxygen, nitrogen (other than N,), hydrogen, and chlorine and
bromine (Figure 3). Gases emitted in the troposphere that migrate to the
stratosphere are the primary sources for these chemical families. The main
source gases for nitrogen are N,O and to a lesser extent NO and NO,; for
hydrogen H,O or CH,; and for the halogens CH,Cl, chlorofluorocarbons,
halons, and CH;Br. These stable gases are broken down in the stratosphere
by either sunlight or chemical products of sunlight and become the reactive
species that interact with each other but also destroy ozone. Figure 3 shows
the long-lived source gases as solid bars, and the range of the resulting
reactive gases—including everything from free radicals to acids—is given
by the shaded bars.

How trace gases are distributed with altitude can be illustrated for
midlatitude conditions. The abundances of trace gases in the stratosphere
as a function of altitude are given in Figure 4 in terms of volume mixing
ratio and in Figure 5 in terms of concentration. The concept of mixing ratio
is important in the consideration of the transport of the trace gases because

50
F CIONO, | NOs
g 40 K~
°
o
=
< 30t
cl
20

10" 10" 10" 10" 100 10% 107 10° 10°
Volume Mixing Ratios
Figure 4. Calculated dltitude 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.

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



Publication Date: June 1, 1993 | doi: 10.1021/ba-1993-0232.ch005

140 MEASUREMENT CHALLENGES IN ATMOSPHERIC CHEMISTRY

50 1 1]
< NG
CIONG; < ~ ~ .
g “ BONG S ]
P
3
< 30 -
20 L A L 14
102 104 108 108 10" 102 10

Concentrations (molecules cm‘3)

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 30°N.

mixing ratios are preserved as the air parcels descend and contract or ascend
and expand. On the other hand, many measurement techniques use ab-
sorption or fluorescence, which are dependent upon the concentration of
the trace constituent. The mixing ratios of many free radicals increase sub-
stantially with height, but their concentrations are somewhat more constant
with altitude. Near the equator, the source region for most trace gases, the
abundances of the tropospheric source gases are larger that those at mid-
latitude for comparable vertical coordinates. Near the polar regions, just the
opposite is true. Although this is a one-dimensional view of trace gas dis-
tributions, the three-dimensional view is actually required for careful com-
parison of model results and observations.

Ozone Photochemistry at Midlatitudes

The thrust of much of stratospheric research has been to understand the
production and loss of stratospheric ozone. The chemical trail in this process
has been marked in Figure 6 as the top four arrows. The production of ozone
is almost exclusively by this mechanism:

O, + ultraviolet sunlight — 20 @
0+0,+M—>0; + M @
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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 number of mechanisms that result in
O; + sunlight — O + O, 3)
0 + 0;—> 20, )

These four reactions constitute the Chapman mechanism for establishing the
abundance of ozone in the stratosphere. However, the abundance of ozone
is dictated also by other loss mechanisms that mimic reaction 4.

The involvement of reactive nitrogen, reactive hydrogen, and reactive
chlorine in catalytic cycles that destroy ozone has been known for about 20
years. These cycles have the form

0; + X—> X0 + O, 5)
O0+X0—X + 0O, (6)

where X = NO, OH, Cl, or Br. In each couplet of reactions, one is much
slower than the other and dictates the speed of the net reaction. For all of
these species, the rate-limiting step is reaction 6. Catalytic cycles of reactive
hydrogen are also possible; in the lower stratosphere both OH and HO,
react with O;, and in the upper stratosphere both OH and HO, react with
O. The importance of NO, OH, and Cl catalytic cycles for destroying ozone
is given in Figure 7, along with the pure oxygen production and losses. The
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Figure 7. Calculated ozone production and loss rates for two different con-
ditions from the AER two-dimensional model. Production and loss rates above
20 km are diurnally averaged loss rates for the spring 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 chlorine and hydrogen are equally important higher
in the stratosphere near 40 km, and hydrogen is more important lower in
the stratosphere near the tropopause.

The change in the ozone abundance at any place or time can be written
as

80,/9t = Production — Loss — V-do, (7
or
80,/8t = 2],[0,] — 2k,[0][05] — 2ky[NO,][O] 8)
- 2k3[HO,][O] - 2k,[ClO][O]

— (other smaller terms) — V-,
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where | is the photolysis rate of O,, the brackets indicate concentration, and
bo, is the flux of ozone through the volume and represents the transport of
ozone (12). For a given location in the stratosphere, the abundance of ozone
can be said to be either under photochemical control or dynamical control
depending on whether the chemical terms or the flux term in equation 8 is
larger. In this view, much of the stratosphere above 30 km is under pho-
tochemical control, and much below 30 km or in the wintertime polar region
is under dynamical control (6). However, this view is not entirely valid for
the real stratosphere, and it predates the understanding of the rapid chemical
loss in the springtime Antarctic stratosphere.

In addition to the reactive nitrogen species, NO, and NO, the odd-
hydrogen species, HO, and OH, and the inorganic chlorine species, Cl1O
and Cl, there are the other family members identified in Figure 6. For the
sake of clarity and brevity the photochemical scheme given in Figure 6
illustrates the subset of reactions that to a large extent determines the effects
of these compounds on ozone. The identity of the reactive partners (or
sunlight) involved in each reaction and reactions of lesser importance are
given in numerous other publications (references 6 or 12, for example).

The additional species shown within each ellipse are, in each case,
reservoir species, so-called because they effectively store the active radical
species in molecular forms that do not catalytically destroy ozone. The pres-
ence of reservoir species dramatically affects the distribution of active radical
species in a given family and thus the effectiveness with which they can
destroy ozone. The molecules within the overlapped boundary areas,
CIONO,, HNO,, HOCI, and HC], identify crucial reservoir species that
interlink the families. In this picture, the interlinking reservoir species serve
notice that, although the division of stratospheric photochemistry into the
NO,, Cl,, and HO, species is a very useful construct for understanding
stratospheric photochemistry, in reality the photochemistry must be under-
stood as a complete system. Another example of important interfamily re-
actions not explicit in Figure 6 is the reactions of C1O and HO, with NO to
form Cl and OH, respectively.

An example of the complexity implied by the interlinking of the chemical
families in Figure 6 is the effect of increasing Cl, in the lower stratosphere,
below 30 km (13, 14). Presently in this region the NO,, Cl,, and HO, species
account for ~70, 20, and 10% of ozone loss, respectively, as seen in Figure
7. If Cl, were to increase significantly, then the natural buffering effect of
NO,; on Cl, by CIONO, formation would be depleted as NO, is more or less
completely titrated to CIONQO,. Then the excess Cl. could destroy signifi-
cantly more ozone than the NO, system it replaces. In addition, the loss of
HO, through the formation of HNO, would decrease with the NO, decrease,
thus raising the OH concentration and liberating more Cl, from the HCI
reservoir because of the reaction of HCl with OH that forms Cl. This type
of nonlinear atmospheric response to increases in one of the photochemical
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families makes it imperative that the current understanding of stratospheric
photochemistry be tested.

The High-Latitude Lower Stratosphere in Winter and Spring

Although many measurements of trace species have been made in the middle
altitudes over the last 20 years, relatively few measurements were made in
the polar regions until about 1986, particularly in the coldest times of the
year in winter and spring. As a result, although researchers thought they
had a good understanding of the photochemistry at middle latitudes (15, 16),
little was known about the polar regions. It is really no surprise that no one
recognized the possible consequences of the formation of polar stratospheric
clouds, which had been observed by satellites since 1980 (17), and that the
first report that rapid ozone loss was occurring came in 1985 from Farman
et al. at the British Antarctic Survey (I8). This loss, apparent in the early
1980s, began in September and became greatest in October. In 1986, 35%
of the total column of 0zone was chemically destroyed over an area the size
of Antarctica. In 1987, the loss for October was 50% of the 1979 column
amount (19). Although the ozone loss in 1988 was substantially less, the
losses in 1989, 1990, and 1991 have been equal to that in 1987 (20, 21).
Essentially all of the ozone between the altitudes of 13 and 23 km is removed
in an air mass that remains located roughly over the Antarctic continent (22)
in a volume of air inside the circumpolar vortex that is called the “chemically
perturbed region”.

When the ozone hole was announced in 1985, several theories sprang
up immediately to explain the loss. Only the theory that chlorine from
chlorofluorocarbons—alone (23) and in combination with bromine (24) and
to a lesser extent HO, (25)—was responsible has survived the process of
scientific investigation. What is required for ozone between the altitudes of
13 and 22 km and south of ~65°S latitude to be destroyed at the observed
rate of 2% per day appears in retrospect to be a chemical conspiracy. First,
the polar stratospheric clouds (PSCs) form at temperatures below 195 K,
which is 4 to 7 K above the frost point of water vapor (26, 27). Reactive
nitrogen and water cocondense on background sulfuric acid aerosols, pre-
sumably as nitric acid trihydrate (HNO, * 3H,0), although other forms also
appear likely. Reactive nitrogen, called NO, (NO, = NO + NO, + NO,
+ N,O; + HONO + HNO,; + HO,NO, + CIONO, + other reactive
nitrogens) is thus removed from the gas phase and converted into HNO,.

* This reactive nitrogen may then be actually removed from the air parcel
when the particles containing it grow large enough, at least several micro-
meters in diameter, to gravitationally settle out in less than a day (26). The
mechanisms for this particle growth are not completely understood, but one
possibility is that water vapor condenses on the nitric acid—water core as
the temperature decreases below the frost point. These particles then be-
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come large and heavy enough that they can fall to lower altitudes, perhaps
out of the stratosphere. From measurements of NO,, NO, and column abun-
dances of HNO; and NO,, it is known that much of the total NO, is actually
removed from the stratosphere by the sedimentation of large particles con-
taining the reactive nitrogen. Over Antarctica, the stratospheric air is both
denitrified and dehydrated, and these observations support the mechanism
of sedimentation presented (for examples of these measurements, see many
papers in reference 28). However, a number of other possible mechanisms
can accomplish the same effect (29). Although most of the reactive nitrogen
is removed, some remains, presumably in the form of HNO;, which is
photolyzed only slowly back into NO, in the weak ultraviolet sunlight of the
springtime polar region.

At the same time, the PSCs are excellent sites for the conversion of
chlorine compounds from the relatively inactive reservoir forms of HCl and
CIONO,, which make up 99% of the chlorine budget in the lower strato-
sphere, to photolytically labile species such as Cl,, HOCI, and CIONO
(30-32):

CIONO, + HCl — Cl, (gas) + HNO; (solid) 9
CIONO, + H,0 —> HOCI (gas) + HNOj (solid) (10)
N,O5; + HCl — CIONO (gas) + HNO; (solid) (11)

In the weak sunlight of polar spring, these gas-phase chlorine species release
their chlorine atoms, which attack ozone almost exclusively. The catalytic
cycle that requires a reaction between ClO and O is not very effective,
because few oxygen atoms exist in these cold, relatively dark regions. In-
stead, ClO reacts with another ClO molecule, forming Cl,0,, which can
then be easily photolyzed by the weak visible sunlight that penetrates the
atmosphere.

ClO + CIO + M—> Cl,0, + M (12)
CL,0, + sunlight — Cl + CIOO (13)
CloOO+ M—Cl+ 0, + M (14)

Cl + O,—> CIO + O, (15)

A second catalytic cycle involves the ClO and BrO radicals, which react;
some form Cl and Br atoms, which can then react with ozone to form ClO
and BrO again.

ClO + BrO — Br + CIOO (16a)
ClO + BrO — Br + OCIO (16b)
ClO + BrO — BrCl + O, (16¢)
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CloOO+ M— Cl + O, + M (7
BrCl + sunlight — Br + Cl (18)
Cl + O;—> CIO + O, (19)

Br + O;— BrO + O, (20)

Approximately one-half of the total reaction of ClO and BrO results in the
destruction of ozone. Other mechanisms exist, such as a catalytic cycles that
are rate-limited by the reaction between ClO and O and between ClO and
HO, (25), but the contribution from these reactions is small in the polar
regions.

A large number of observations, both remote and in situ, confirm this
qualitative picture of the loss of ozone over Antarctica. The in situ data have
come from instruments carried on small balloons and the NASA ER-2 high-
altitude aircraft. Small-balloon measurements are of particle distributions
and sizes, ozone, and water vapor (23, 33). ER-2 measurements, listed in
Table I, are of particle size and composition; atmospheric parameters such
as temperature, pressure, lapse rate, and winds; and trace gas abundances
of O3, N,O, NO, or NO, CIO and BrO, and stable gases, including CH,,
chlorofluorocarbons, halons, and others (34—45).

Data from the ER-2 were collected during the AAOE that was based
in Punta Arenas, Chile, in August and September 1987 (46). Twelve flights
were made from Punta Arenas (54°S) to the base of the Palmer Peninsula,
Antarctica (72°S), and back during the six-week-long mission. Flight paths
were restricted to a narrow range of longitudes, and altitudes were chosen
so that the potential temperature remained constant during each leg of the
flight. Potential temperature surfaces between 420 and 470 K were flown.
Measurements over a large range of potential temperatures were taken when
the pilot executed a dive to 340 K before recovering to a higher potential
temperature surface and flying north. Such a program allowed sampling of
air parcels from 470 to 340 K inside the chemically perturbed region and
also permitted the observation of strong gradients in trace gas abundances
on a given potential temperature surface. Another goal of the mission was
to sample as deeply into the chemically perturbed region as possible, and
measurements as deep as 15° latitude inside the vortex were achieved on
some flights. These measurements give a picture of the extent and evolution
of the ozone loss over Antarctica.

The presence of large amounts of reactive chlorine, 500 times the con-
centration at midlatitudes, and the absence of reactive nitrogen, 5 times less
than that at midlatitudes, is but one result of these measurements. Another
result is the evolving anticorrelation between ClO and O;, of which one
snapshot is given in Figure 1 (5). To establish quantitatively that the observed
abundances of ClO and BrO can result in the observed decline in ozone is
somewhat more difficult. With the assumption that the abundances of ClO
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Table 1. In Situ Measurements on the ER-2 Aircraft

Measuring Device Method Ref.
MMS (pressure, temperature, temperature and pressure sensors; 34
and wind vector) inertial navigation system
Microwave temperature profiler  passive microwave radiometry of O, 35
thermal emission
Aerosol and cloud spectrometer:  laser scattering: 36
0.1- to 3.0-um particles inside a cavity
0.3- to 20.0-pm particles in the free air stream
Condensation nuclei counter growth in alcohol-saturated chamber; 37
optical particle counting
Particle chemistry impactor particle impaction; postflight X-ray 38
analysis
Multifilter sampler (total nitrate, filter collection; postflight aqueous 39
sulfate, and acidic chloride extraction and ion chromatography

and fluoride)
Whole-air sampler (CO,, CH,, pressurized canisters; postflight analysis 40
N;O, CO, CFCs, and halons) with gas chromatography

Airborne tunable laser infrared absorption by tunable diode 41
absorption spectrometer laser spectroscopy
(ATLAS) (N,O)

Lya hygrometer (H;O vapor) photodissociation by hydrogen (Lya) 42

emission at 121.6 nm; detection of
OH (A%* — X*II) emission
Dual-beam UV absorption ozone UV absorption at 254 nm; comparison of 43

photometer signals from scrubbed and
unscrubbed airstreams
NO and NO, detector NO: chemiluminescence reaction of 4

NO + O; and NO;’ detection
NO,: catalytic conversion to NO and
chemiluminescence NO detection
ClO-BrO detector chemical conversion with reagent NO to 45
Cl or Br; resonance fluorescence
detection of atoms

and BrO are zonally uniform and that air parcels are neither heated nor
cooled very rapidly during the six weeks of observations, then calculations
of ozone loss, from the observed ClO and BrO amounts and the mechanisms
given, can be compared to the observed ozone loss. The calculated ozone
loss rates are shown in Figure 7 in comparison with the midlatitude ozone
loss rates, and the time evolution of ozone loss during August and September
for three potential temperature surfaces is given in Figure 8 (47). Within
the combined uncertainties of the measurements and calculations, the cal-
culated loss matches the observed loss. Improving this comparison will re-
quire a complete understanding of the air parcel trajectories and the vari-
ability of the trace gas abundances along those trajectories (48), but the large
involvement of halogen photochemistry has been verified.

The studies over Antarctica have shown that the motions of the strat-
ospheric air parcels must be well known and that tracers of some sort must
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Figure 8. Comparison between the observed and calculated ozone loss over

Antarctica during the four-week period of the AAOE mission in 1987 (5). The

units on the y-axis are 10 molecules cm. Calculations were based on the

observed abundances of ClO and BrO and reactions 12 through 15 alone (ClIO

+ 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. One tracer that proved to be very useful
was N,O, which has its source in the troposphere and is chemically destroyed
in the stratosphere with a time constant longer than the time constants for
dynamical transport. The interpretation of the values of this tracer is not
well established, but in the polar, lower stratosphere, the tracer’s gradients
mimic those of potential vorticity, a dynamical tracer that provides a con-
venient marker of motion of stratospheric air (49, 50). The abundance of
N;O also provides a surrogate for NO,, as empirically determined by re-
gressing one data set against another for a large number of flights (51). This
surrogate is called “NO,*”. The simultaneous measurement of N,O and NO,
provides the strongest evidence that reactive nitrogen is actually removed
from air parcels inside the Antarctic and Arctic polar vortices, because the
measured abundances of NO, fall significantly below that expected from the
near-linear relationship with N,O that has been frequently observed (52).
The analysis of such relationships is crucial for the understanding of the
coupling between trace gas transport and photochemistry throughout the
stratosphere.

If ozone is being lost in the Antarctic stratosphere in the austral spring,
then why hasn’t rapid ozone loss also been detected in the Arctic stratosphere
in the Northern Hemisphere spring? The differences apparently are in the
meteorology (reference 53 and references therein). The Arctic stratosphere
in winter less frequently gets cold enough for the formation of polar strat-
ospheric clouds, and it is cold enough over a smaller area than the Antarctic
stratosphere. Further, the Arctic polar vortex that somewhat isolates the
polar air from midlatitude air rich in NO, usually breaks apart in February,
a month before the spring equinox, unlike the polar vortex over Antarctica
that breaks apart in late October, a month after spring equinox. The less
extensive PSC formation and the shorter lifetime of the Arctic polar vortex
have thus far prevented the large-scale loss of ozone over the Arctic that is
observed over Antarctica.

Nonetheless, the Arctic stratosphere was found to have as much ClO
and Cl,0, as was found in the Antarctic stratosphere, and the reactive ni-
trogen compounds were found to be converted from NO, forms to HNO;,
and some of that was removed (54). These measurements were made during
the Airborne Arctic Stratospheric Experiment (AASE), based in Stavanger,
Norway, in January and February 1989 (55). The ER-2 aircraft was carrying
the same instruments that it carried for the AAOE mission, as listed in Table
1. A comparison of the average data for the two polar regions that are directly
relevant to ozone loss are presented in Figure 9. The ClO mixing ratios are
not distributed over quite the altitude range in the Arctic as over Antarctica,
although the ClO profile for the Arctic is only from one flight, that of Feb-
ruary 10, because the profiles from all other flights occurred when the solar
zenith angle was greater than 90° and reactive chlorine was mostly in the
form of Cl,0,. The abundances of BrO for both of the chemically perturbed
regions were the same.
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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 NO* mixing ratio for the Arctic and is only slightly different (~1 part
per billion by volume (ppbv) less NO* 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 1o confidence level. (Repro-
duced with permission from reference 54. Copyright 1991 American Associ-
ation for the Advancement of Science.)

The NO, values were significantly different, however, and much more
NO, was removed in the Southern Hemisphere compared to the Northern
Hemisphere. The curve of NO, marks the profile of NO, predicted by mea-
surements of the N,O. However, in patches and later in the mission, as
much as 35% of the NO, was observed to be removed even in the Arctic.
The NO abundance, not shown in Figure 9, was measured to be below the
detection limit of the instrument in both chemically perturbed regions.

The possibility for ozone depletion in the Arctic polar stratosphere de-
pends only on the abundances of reactive chlorine and bromine, the tem-
perature (Cl,0, rapidly decomposes back into 2ClO at higher temperatures),
and the presence of sunlight. However, ClO, Cl,0,, and BrO must remain
a large fraction of the total available chlorine and bromine for several weeks
in the spring in order for the loss to be readily detectable by satellite-borne
instruments. This requirement means that NO, must remain small, because
any NO, will rapidly react with CIO to form CIONO,. Thus, although the
sequestering of NO, into HNO, or its possible removal by sedimentation
does not dictate the rate of ozone loss, it does establish the length of time
that ozone will be destroyed by halogen reactions. The Arctic polar vortex
has on occasion been stable and cold enough for PSC formation well into
March. If such a year were to occur with the current abundances of chlorine
and bromine in the stratosphere, substantial ozone depletion in the Arctic
polar vortex would be possible.
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Heterogeneous chemistry occurs not only on polar stratospheric clouds
but also on the global sulfate aerosols. The primary heterogeneous reaction
is NJOs + H,0 — 2HNO; (56, 57), although the reaction CIONO, + H,O
— HOCI + HNO,; may also play a role. Model calculations that include
these heterogeneous reactions better simulate the observations of ClO (58)
and many of the nitrogen compounds, including NO (59), NO,, and HNO;
(56), than models containing only gas-phase chemistry. However, the agree-
ment of the latitudinal and seasonal variation of these reactive trace gases
is not always well simulated by models. Thus, although the evidence is
strong that N,O; is converted to HNO; 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

Although researchers now have a working knowledge of the stratosphere,
they do not have all the answers. The challenge is to go beyond a working
knowledge to a predictive knowledge that can track the changing states of
the stratosphere and accurately portray what will happen when any other
changes in either the stratospheric environment or trace gas abundances
occur. A predictive knowledge requires not only the ability to match com-
puter model output to average values of observations of a number of species,
but also to correctly match the observations when the environmental con-
ditions of the stratosphere change.

There is already one excellent example of our failure to make such a
predictive leap—the Antarctic ozone hole. The reason for the failure to
anticipate the rapid loss of ozone in the lower stratosphere was a failure to
appreciate the potential role of the subtle photochemistry, in particular, the
heterogeneous chemistry. Nor did researchers have a full appreciation for
the consequences of the air parcels inside the polar vortices being relatively
isolated from midlatitude air. Some of these same issues are important in
the Arctic region in wintertime, but researchers lack the predictive capability
to determine how ozone will ultimately be affected.

The capability to predict what will happen to ozone in the future rests
firmly on the ability to model recent ozone changes. These ozone changes
have been carefully studied in a number of recent reports, although perhaps
the most significant is the Ozone Trends Panel Report (15, 53, 56). This
study of ground-based Dobson ozone-monitoring stations for the past two
decades revealed an ~1% per decade summertime decrease in ozone in the
Northern Hemisphere between 30 and 55°N that is roughly consistent with
the predictions of computer model simulations. Further, losses of ozone in
the upper stratosphere above 30 km due to increases in stratospheric chlorine
are also roughly consistent with model results. However, computer models
fail to explain the wintertime losses of ozone in the Northern Hemisphere
by a factor of 3 and fail to explain the decrease in ozone at lower altitudes,
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as detected by the SAGE (Stratospheric Aerosol and Gas Experiment) I and
II satellite instruments. Of course, assessment models without heteroge-
neous chemistry also fail to predict the massive losses in the Southern Hemi-
sphere associated with the Antarctic ozone hole. All of these ozone losses
must be explained.

Throughout the global stratosphere, many of the photochemical mech-
anisms remain untested. Although certain reactions are clearly occurring,
they may not be the only reactions. A simple example is a test for the balance
between the production and the destruction of ozone, as represented by
equation 8. No experiment has yet been performed during which the abun-
dances of all the rate-limiting components for ozone loss and ozone produc-
tion, NO,, HO,, CIO, BrO, and O, have been measured.

However, even if such measurements were possible, would the uncer-
tainty of the result be small enough to establish that production does indeed
balance observed loss of ozone? The calculation of ozone loss in the Antarctic
ozone hole was shown to have an uncertainty of 35 to 50%. The uncertainty
for analyzing whether production balances loss in the midlatitude strato-
sphere is similarly 35 to 50%. About half of the uncertainty is in the mea-
surements of stratospheric abundances, which are typically 5 to 35%, and
half is in the kinetic rate constants, which are typically 10 to 20% for the
rate constants near room temperature but are even larger for rate constants
with temperature dependencies that must be extrapolated for stratospheric
conditions below the range of laboratory measurements. In addition to un-
certainties in the photochemical rate constants, there are those associated
with possible missing chemistry, such as excited-state chemistry, and the
effects of transport processes that operate on the same time scales as the
photochemistry. Thus, simultaneous measurements, even with relatively
large uncertainties, can be useful tests of our basic understanding but perhaps
not of the details of photochemical processes. _

An alternative strategy is to make a large number of in situ measurements
and examine how the balance between production and loss changes for
different conditions. Particularly important are variations with altitude, be-
cause the relative importance of the various chemical families to ozone loss
changes between 20 and 45 km. Seasonal and latitudinal effects are important
for testing both the production and the transport of ozone. At present, the
main source of data for these variations comes from satellite instruments,
although in situ instruments have been used for several altitudinal studies,
primarily by balloon-borne instruments, and some limited seasonal and lat-
itudinal studies.

The in situ measurement of several related trace gas species in the
stratosphere has for a long time proven to be difficult. Part of the problem
stems from the fact that it is difficult to get a larger number of instruments
to work well together on the same platform at the same time. This problem
has been largely conquered in the 1980s, and a number of multiple instru-
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ment programs using either aircraft or balloons as instrument platforms have
been successfully completed. The remaining problem is that even more
simultaneous measurements need to be made to resolve many issues. Mea-
surements that were combined with the simplest photochemical relation-
ships have had to be used to establish the validity of other photochemical
relationships that are more complex.

An example of the promise and problems of combining observations and
photochemical mechanisms to derive other trace gas abundances is provided
by simultaneous in situ measurements of NO, ClO, and O, in the lower
stratosphere over California in October 1988 during sunrise (60). These
measurements were made by instruments mounted on the NASA ER-2
aircraft, which was flown in a tight 2°-latitude square at a constant altitude
near 20 km. From these measurements and a knowledge of the solar zenith
angle, the air density, and the air parcel trajectories, the abundances of a
number of related species can be derived. From the measurements of NO
(£25%), ClO (£30%), and O, (£5%) during sunrise, the abundances of NO,
(£60%), CIONO, (£70%), N,O; (£75%), NO, (x50%), and OH (£150%)
can be derived, where the numbers in parentheses are the uncertainties
calculated by propagation of errors for the methods of determination shown
in Table II. Much of the uncertainty in these calculations again stems from
the uncertainties in the laboratory photochemical constants. A comparison
of these derived abundances with other measurements in a sense validates
the photochemistry assumed, and all the derived abundances are similar to
direct measurements primarily from the ATMOS instrument. However, the
uncertainties are large. Direct measurements are clearly better when pos-
sible—they have lower uncertainty and they test the photochemical mech-
anisms.

An example of using simultaneous measurements to check midlatitude
stratospheric photochemical mechanisms is the use of the balloon-borne
measurements of OH, HO,, O,, and H,O to examine HO, photochemistry
(61, 62). This data set is a daytime, snapshot set of high vertical resolution
(~100 m) measurements extending from 23 to 36 km. Over this altitude
interval the data have been used to check production and loss balance of
HO, (OH and HQ,), to check the ratio HO, to OH, and to infer the abundance
of H,0,. These results have provided the best check to date of HO, pho-
tochemical theory with stratospheric measurements. For example, the com-
parison of measurement and theory for the ratio of HO, to OH is shown in
Figure 10. There is excellent agreement above ~30 km but a marked di-
vergence below this altitude by a factor of 2 in the 25-km region. However,
the shaded region enclosing the calculated curve and indicating primarily
uncertainty due to error in laboratory rate constant measurements overlaps
the error in the measured ratio. An interpretation of this result is that present
HO, photochemical theory adequately explains the stratosphere, and a more
discriminating check of HO, chemistry will require additional low-temper-
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Altitude (km)

HO, / OH

Figure 10. Calculated (solid) and measured (*) ratio of [HO; ] to [OH] (62).

The shaded area represents the 1a estimate of the uncertainty in the calculated

ratio. Error bars for the measured ratio are 1o. (Reproduced with permission
from reference 62. Copyright 1990.)

ature, laboratory kinetics studies of some notable reactions controlling HO,
chemistry.

These examples illustrate that an increasing number of trace gases must
be measured simultaneously if even limited subsets of stratospheric pho-
tochemistry and transport are to be understood. The combined uncertainties
will also become less of a constraint as simultaneous measurements of trace
gas abundances can be compared to values derived from other observed
abundances and simple photochemical relationships. As important is the
improved measurement of photochemical parameters from laboratory studies
as well as the search and study of other mechanisms that may be occurring
in the stratosphere. Concerted effort in all of these categories is required
to avert future failure in predicting shifts in stratospheric photochemistry,
like the Antarctic ozone hole.

Platforms 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 in 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 ozone—NO,, NO, OH, HO,, ClO, Cl,
BrO, and O—are discussed. No measurements of Br have been made. Two
research platforms that have been used for in situ stratospheric measure-
ments are the helium-filled research balloon and the NASA ER-2 high-
altitude aircraft. Each has strengths and weaknesses that are discussed.
Abundances of NO,, NO, ClO, and BrO have been measured from both
balloons and aircraft; OH, HO,, Cl, and O have been measured only from
balloons. Some of the techniques and some of the resultant measurements
are discussed in detail.

Balloon-Borne Measurements. To illustrate the versatility possible
with balloon-borne platforms, the in situ techniques that have recently made
important contributions to our understanding of stratospheric reactive trace
gases are highlighted. Each technique is based on a fundamentally different
physical principle, providing measurements with unique and characteristic
spatial and temporal scales. But first the advantages and disadvantages of-
fered (and suffered) in balloon-borne experimentation are reviewed. Some
unique facets of balloon behavior that are relevant to a specific experiment
are discussed with that experiment.

Most stratospheric research ballooning in the United States is supported
directly by NASA through the National Scientific Balloon Facility (NSBF),
which has its headquarters and main launching site in Palestine, Texas (32°N).
Another launch site at Ft. Sumner, New Mexico, (34°N) is being used with
increasing frequency, and NSBF has supported launches out of other remote
locations such as Antarctica and Greenland.

The foremost advantage of balloon-borne deployment is that it provides
a relatively inexpensive vehicle that accesses an exceedingly large altitude
interval of the atmosphere. That interval extends from ground level up to
40 km, but most experimenters use balloons to operate exclusively in the
stratosphere. There is considerable flexibility in controlling the amount of
time spent at a given flight level, or rates of ascent and descent, by controlled
release of ballast, typically iron or glass shot or helium. The duration of a
flight may extend from a few hours to several days. Balloons provide very
gentle, vibration-free flights. The balloons are expendable because they are
made of very fragile materials and are normally rendered unusable by flight
termination procedures. The lift capacity of a large balloon, 30 to 40 million
cubic feet (800,000 to 1.1 million m3) in volume, can exceed 2000 kg; thus
balloons can fly relatively large experimental gondolas supporting instru-
mentation designed to detect several different species. The scientific objec-
tive of simultaneous measurements of photochemically linked species may
be met, albeit at the cost of some gondola complexity.

An experiment operating remotely (modern-era balloon-borne experi-
ments never carry passengers) in the temperature and pressure environment
of the stratosphere presents several engineering challenges that must be
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met. Remote operation means that the balloon instrument is by design more
autonomous than a typical DC-8-borne instrument, for example. All ex-
perimental power sources and heating or cooling subsystems must be on
board. Most experiments require real-time control from the ground, that is,
telemetry links to and from the experiment.

Ballooning is of course not without disadvantages that are sometimes
considerable. There is relatively little control on the trajectory a balloon will
follow after it is launched. What little control there is comes from controlling
altitude or ascent rates to take advantage of different wind directions and
speeds at different altitudes. For this reason balloon launches are always
preceded by several weather balloon sondes to forecast flight paths. These
forecasts are important scientifically when they involve issues such as the
trade-off between telemetry range and flight time, for example. For NSBF
personnel, who continuously track altitude and position of each balloon flight
and control all balloon command procedures from launch to landing, accurate
forecasting is critically important. There are some safety issues involved that,
depending on the payload weight and mission complexity, impose restric-
tions on areas over which a flight is allowed to take place. Thus flight op-
portunities can be constrained by overhead meteorology and the presence
of densely populated areas under flight trajectories. In general, balloon
overflight restrictions have now limited the opportunity to fly large gondolas
out of Palestine to the summer months when the winds at altitude are blow-
ing west, leading to the increasing use of the Ft. Sumner location. In ad-
dition, the local meteorological conditions at the launch site and at the
projected landing site can cause unavoidable delays in carrying out a flight.
Large balloon launches require relatively calm winds during the inflation
and launch procedure.

Ballooning has always presented risk with respect to balloon perfor-
mance. In the mid-1980s there was an abnormal number of balloon failures
due to subtle changes in the manufacturing process used in polyethylene
film production. That problem has since been corrected, but there still
remains the risk of mechanical or related electrical failure, which, while low,
still occurs with some frequency. In the worst case a free fall can occur that
results in total destruction of an instrument. A normal recovery takes places
by instrument deployment on a parachute followed by tracking and recovery
by NSBF personnel. The consequences of landing can be benign or some-
thing considerably less so, depending on the presence of obstacles and some-
times the wind at the landing site. Most experiments are sufficiently complex
and sensitive that it is not a simple matter to go through alaunch and recovery
operation without incurring significant refurbishment time before the next
launch attempt. This situation is clearly a disadvantage of ballooning: con-
siderable effort goes into preparing and flying a balloon-borne experiment
in which the balloon is expendable, and the amount of data recovered can
seem small in comparison to the effort.
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Measurements of NO and NO, by Chemiluminescence. Most
balloon-borne in situ measurements of NO and NO, published to date have
been made with the chemiluminescence technique (6, 63, 64). Reagent ozone
is added to the ambient flow in a reaction chamber, and the chemilumi-
nescence observed from the reaction NO + O, — NO,* + O, is detected
by a photomultiplier tube that views the volume. The amount of light ob-
served is proportional to the amount of NO in the ambient air. NO, is
detected by exposing the ambient air going into the detection cell to a strong
light source; this exposure photolyzes NO, to NO, which can then be de-
tected.

This technique has both advantages and disadvantages for balloon-borne
measurements. It is sensitive, able to detect less than 50 parts per trillion
by volume (pptrv) of either NO or NO, (6), and its characteristics are well
understood. Further, one type of instrument with different inlets can be
used to detect both NO and NO,. On the other hand, any other trace species
that chemiluminesce in the reaction chamber are detected as well as NO
and lead to artifact signals that must be measured and subtracted from the
total signal. The problem of an artifact signal is exacerbated for the NO,
detection because of the photochemistry of nitrogen-containing species that
occurs in the photolysis cell. In the troposphere, where the instrument can
be kept at a relatively constant temperature and pressure, the artifact signals
can be tracked over time and can be well characterized. For a balloon flight
that lasts a matter of hours and spans wide ranges in temperature and pres-
sure, stabilizing the instrument and its artifacts is a considerable experi-
mental challenge.

An example of the use of this technique is the measurement of NO and
NO, made near 50°N latitude by Ridley and co-workers. Summertime mea-
surements of NO, NO,, O;, temperature, and the photolysis rate of NO,
showed that NO and NO, were in photochemical steady state (65). However,
the abundances of NO, (NO + NO,) were observed to be ten times smaller
in winter than in summer at altitudes between 20 and 28 km (63). At altitudes
above 28 km, the abundances of NO, were similar in both winter and sum-
mer. Considering the trajectories of air at different altitudes, they were able
to determine that N,O5; must be the wintertime reservoir species, as was
predicted in a number of previous studies.

Ridley and co-workers dismissed the possibility of heterogeneous con-
version of N,O; to HNO, proposed by Evans et al. (66) because the estimated
time constant, about 18 days, was too slow. Current estimates of the aerosol
surface areas in the lower stratosphere (56) give a conversion time constant
of about two days, which is comparable to the time constant for the con-
version of NO, to N,Os. Their observations of NO may have been affected
by heterogeneous chemistry, and simultaneous measurements of HNO; and
aerosol properties would have allowed them 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. An instrument was
developed by Webster and co-workers at the Jet Propulsion Laboratory that
uses single-mode, tunable diode lasers (TDL) to detect IR-active molecules
by absorption (67-69). Typically four different lasers are used, each spanning
a small range within the 1000- to 3000-cm™ interval. The following species
have been detected: NO, NO,, N,O, O,, CH,, CO,, H,0, HNO,, and HCL
Upper limits, that is, no detectable signals, have been reported for HOCI
and H,0,. This method benefits from being able to detect a large number
of species besides NO and NO, with a single instrument.

In a balloon-borne configuration this technique might be labeled a semi-
remote one because a long absorption path length is attained by lowering
a tethered retroreflector below the gondola by up to 500 m, which yields a
1-km path length. In practice a retroreflector distance of 200 to 300 m is
used to optimize the observed signal, trading off less fractional absorption
for more returned laser power. A somewhat sophisticated aiming and track-
ing system using a He—Ne laser is used to find and track the retroreflector.

The basic simplicity of absorption is an advantage for this system. After
an absorption feature is identified, the absorber density can be calculated
with knowledge of the integrated absorption line strength, line broadening
parameters, and the path length. The spectroscopic information is usually
known or can be further investigated in laboratory studies when required.
The atmosphere is optically thin for all of the detected species. Temperature
and pressure are measured directly. Only one TDL may be used at a time,
but the time required to change lasers is about a minute, so essentially
simultaneous measurements of all of the above species can be made. The
laser optical path and absorption detection hardware are identical for each
laser.

The single-mode output from a TDL, 1 X 10 to 5 x 107* cm™, is
considerably less than the Doppler- or pressure-broadened widths of the
absorbers, yielding high-resolution absorption spectra. The TDL is tuned
with a 2-kHz dither, allowing phase-sensitive detection techniques to mea-
sure small changes in the returning laser power. Absorbances as low as
107 are detectable. Because the detected species are mostly stable mole-
cules, in-flight line identification can be verified by passing a beam-split
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 NH, for O,.

Balloons offer several different scenarios for mission planning. Slow-
descent flights are possible for generating altitude-dependent measure-
ments. However, for observing rapidly varying species such as NO, around
sunrise and sunset it is obviously important to remain at one altitude, because
the kinetics of this process is dependent on density and temperature. Thus
the typical balloon flight remains for extended periods of time at a single
altitude to record short- and long-term changes in NO, species. Some flights
have provided data from two different altitudes.
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Perhaps the greatest challenge with this instrument is the design and
fabrication of a system that can lower a retroreflector and reflect a 0.5-mW
laser beam off of it and back to the detection optics. A balloon-borne platform
is a particularly benign vehicle from which to operate. Of all of the detected
species, only the H,O measurement can significantly be affected by the
presence of the gondola. In fact, water contamination was noted on one flight
when a heater was turned on to warm up a translation stage on the gondola.
The presence of the perturbation was obvious because of the large absorption
signal, equivalent to 16 ppm, a factor of 3 greater than that expected. The
correlation of the signal with heater activation provides a sound demonstra-
tion of an instrumental influence. Another diagnostic, if required, could have
included checking the absorbance dependence on path length by varying
the retroreflector position, because water outgassing from the gondola must
be strongly localized in the vicinity of the gondola. It is highly unlikely that
any of the other detected species could be affected by the gondola, tether,
or retroreflector.

Balloon lift capacity has allowed flying a gondola that can support the
BLISS instrument with other instrumentation for detecting Jno, and O,
density. Perhaps the most important contribution of this instrument thus
far has been its comprehensive check of NO, chemistry. In particular, rapid
conversion of NO to NO, at sunset and slow conversion of NO, to N,O5 at
night is detailed by the diurnal measurements of NO, illustrated in Figure
11 (70). The NO, diurnal dependence, the ratio of NO, to NO, and the
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Figure 11. Comparison of [NO; ] against time from BLISS September 1988

flight measurements at 30 km with model predictions of the NO; 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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mixing ratios of NO, NO,, and HNO, confirm that the NO, photochemistry
indicated in Figure 8 is essentially correct. New measurements of some
precursor species, CH,, H,O, and N,O, have served as valuable independent
checks of previous measurements by other methods.

OH Detection by Laser-Induced Fluorescence. The OH (and
HO,) instrument is deployed on a large gondola that has flown with instru-
mentation for O; and H,O detection (61, 62, 71). The gondola has been
configured to include NO and ClO, but a flight including that complement
has not been carried out. High-resolution, altitude-dependent measure-
ments are made as the balloon descends by controlled release of helium
through a large valve mounted at the apex of the balloon. Descent is initiated
by cutting open ducts at the side of the balloon to release a large amount
of He rapidly.

OH is detected with the laser-induced fluorescence technique. OH is
optically excited in the A-X(1,0) band via the Q,1 line at 282 nm with a
pulsed Cu vapor laser-pumped dye laser with a 17-kHz repetition rate. The
primary signal is composed of fluorescence of OH in the A-X(0,0) band at
309 nm, observed with a filtered photomultiplier tube. Detection takes place

‘in the core of a flowing sample of ambient air as it passes through a cylindrical

detection chamber that has a 12.5-cm diameter at it narrowest point. The
OH fluorescence is distinguished from the background signal by successively
step tuning the laser on and off resonance with the OH absorption line.
Sources of background signal are solar scattering off the atmosphere below
the instrument; Rayleigh, Raman, and chamber-scattered laser light; and
non-OH fluorescence. HO, is detected by conversion to OH by the addition
of NO to the sample in a sequence that is synchronized with the laser tuning
cycle.

The reactive nature of the OH radical presents a significant experimental
challenge. Foremost, the detection method must be nonintrusive, demon-
strating by auxiliary diagnostic measurements that the atmospheric sample
is not perturbed by the presence of the instrument. OH is detected within
20 ms after it enters the shrouded detection chamber, a time scale much
shorter than its stratospheric lifetime of ~20 to 10 s over the 36- to 25-km
interval. It is assumed that OH will not survive collisions with surfaces or
with contaminants that outgas from the detection volume walls, the gondola,
or the balloon. Avoiding contamination from the gondola and balloon re-
quires that measurements be taken when the gondola is descending at ve-
locities of 3 to 5 m/s. More rapid descent velocities are detrimental only in
the sense that they would decrease the altitude resolution of the measure-
ments. A typical altitude profile extends from 37 to 23 km. In practice, 37
km represents an upper limit that a balloon of 30 million cubic feet can reach
with a 1600-kg payload. The lower limit is decided by operational factors on
the day of the flight, such as an appropriate landing site that avoids possibly
hazardous locations.
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The balloon descent period takes place in a relatively short amount of

time, ~50 min to descend 15 km. In order to achieve a result with good

altitude resolution the instrument must have high absolute OH sensitivity
in concert with low total background signal. In the August 25, 1989, flight,
observed signal-to-noise ratios achieved in 20-s integration periods at 35 km
were 135 and 80, for OH + HO, detection (with NO addition) and OH
detection (no NO addition), respectively, and at 23 km the ratios were 11
and 5. The absolute OH detection sensitivity of the flight instrument is
calibrated prior to flight by inserting the core of the detection module into
a laboratory flow tube apparatus. Known OH densities are produced by
titrating NO, with excess H atoms with standard laboratory chemical kinetics
investigation techniques.

The most serious possible problem with this measurement technique is
the possible loss of OH prior to detection. The primary diagnostic indicator
for the presence of contamination is the temperature of the sample air flow
after passage through the detection volume. If boundary-layer air has in-
truded into the detection volume, the sample air temperature will rise above
ambient because the walls of the detection module are always warmer than
the ambient air temperature. For example, at float altitude the temperature
difference is ~15 °C.

While at float the instrument is brought to a fully operational state before
the critical part of the flight, the descent, is initiated. The float period
provides an opportunity to observe instrument behavior under decidedly
nonideal conditions because it is highly likely that the sampled air will be
perturbed either by the presence of the gondola in the local environment
or by poorly developed flow in the pod itself. Absence of a concerted gondola
descent velocity leads to more easily perturbed flow in the detection module
by influences such as relative wind shear at the pod entry point. Also, the
fan used as a flow impeller at the exit of the detection module operates less
efficiently at 6 mbar (37 km) than it does at greater pressures. The orientation
of the gondola with respect to the sun may also be important in the absence
of vertical motion if the sample has a long residence time in the shadow of
the gondola. Moreover, at float the balloon undergoes a slight oscillatory
motion of ~100-m amplitude in an ~3-min period. This motion can affect
the purity of the sampled air if the gondola has just passed through the
column of air it is sampling,

In any case, at float dramatic instances of contaminated sampling on a
short time scale associated with poor flow in the pod are observed, and
variability on perhaps a longer scale due to varying influence of the gondola
on the air sample is observed. An example is shown in Figure 12, a plot of
unaveraged detector count-rate data and the air flow temperature versus
time. The signal shows a high correlation with the observed temperature
trace. The intrusion of warm air causes variability in the ratio of HO, to OH,
variability in total HO,, 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 25, 1989, 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.

Evolving boundary-layer separations or excessive growth that intrudes into
the core of the flow are observed on the axis at the deepest distance into
the detection module first as flow disturbances grow into the flow stream
lines. The background increase is thought to be due to organic compounds
in the paint used to blacken the interior of the detection pod. The background
signal is an excellent marker of boundary-layer air intrusion into the detection
volume.

In contrast, data recorded during the descent are shown in Figure 13.
The pod flow temperature matches the ambient air temperature, and the
background fluorescence is stable. There are no instances of poorly devel-
oped flow affecting either the detection volume in the temperature or the
background fluorescence data. The gondola is descending at a sufficient
velocity that neither the gondola nor the balloon can affect the sample. The
derived HO, mixing ratio from this flight is shown in Figure 14.

Measurements of O, Cl, ClO, and BrO by Resonance Fluores-
cence. The resonance fluorescence technique that is used for the detection
of OH has also been used for the detection of O (72), Cl (73), CIO (74-76),
and BrO (76). Detection 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.

balloon to minimize the effects of contamination and wall loss, just as for
OH. But the light sources were small, low-pressure helium lamps containing
trace amounts of the atom of interest. To separate the signal due to the
radical from the background scattering, a reagent chemical is added to the
flow to either convert ClO and BrO to their respective atoms or to remove
Cl by chemical reaction.

Aircraft measurements of ClO and BrO are discussed in some detail in
the next section. Because the aircraft and balloon-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 in the stratosphere follows.

Determining the abundance of Cl atoms is difficult because of the small
abundance of this species (Figure 5), which is predicted to be between 10*
and 10° atoms/cm?® between 20 and 40 km, respectively. With the sensitivity
achieved for the detection of chlorine on balloon-borne instruments, about
10° atoms/cm® could be detected in a minute above an altitude of 35 km.
However, the background signal increases rapidly below 35 km because of
the increase in Rayleigh scattering by air, and the signal-to-noise ratio is no
longer sufficient for the measurement. On the other hand, most recent
balloon descents have been initiated either by opening a valve in the top of
the balloon or by cutting ducts. These procedures usually require a few
kilometers to achieve the desired descent rates. Thus, even for a balloon
starting at an altitude of 40 km, a good flow would not be established in the
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Figure 14. Summary of HO; mixing ratio measurements versus altitude at a

54° solar zenith angle (61). References to other measurements can be found

in reference 71. The dashed line is a model calculation. (Reproduced with
permission from reference 61. Copyright 1990.)

measurement flow tube until below an altitude of ~37 km, where Cl is
difficult to detect. As a result, the only successful atomic chlorine measure-
ments have been from balloon payloads that descended through the strat-
osphere on a parachute.

The abundances of oxygen atoms are orders of magnitude larger than
the abundances of chlorine atoms in the stratosphere (Figure 5). Because
the detection sensitivity and the background signals are comparable for O
and Cl, the abundances of O can be detected to below 30 km, where the
combination of smaller signals from smaller O abundances and larger back-
ground signals from the increasing Rayleigh scattering again reduces the
signal-to-noise ratio. The main difficulty with measurements of O is the rapid
conversion into ozone in the absence of solar UV light. Even at 35 km, the
time required for conversion is substantially less than a second. Thus, any
shadowing of the sampled air mass by the instrument, the gondola, or the
balloon, even for a second, will distort the measurement. This constraint
has forced the development of O detection systems that were open to the
stratosphere, although the background signal in these systems is larger than
that for closed system. As a result, just as for Cl, abundances of O atoms
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have only been detected in situ by balloon-borne instruments that were
dropped on parachutes through the stratosphere.

The measurements of Cl and O atoms agree with model calculations to
within about a factor of 2 (6, 77). This agreement is reasonable in light of
the uncertainty of the measurements and the lack of simultaneous mea-
surements of other trace gases and meteorological parameters. Although
these measurements suggest that researchers have a general understanding
of the photochemical balance that affects these trace reactive species, a more
critical evaluation of this fast photochemistry awaits new, more sensitive
measurements.

In conclusion, these balloon-borne techniques use very different detec-
tion strategies to produce measurements that, when taken together, span a
wide range in spatial and temporal resolution for reactive trace gases. Prog-
ress in scientific instrument design is pushing forward scientific goals from
simply checking model agreement with observed average abundances to
actually constraining photochemical models by making simultaneous or diur-
nal measurements of several different species. However, future progress
with expanded simultaneous measurement data sets and perhaps also in-
strument intercomparisons will be limited by the logistical difficulty in
mounting large balloon campaigns.

It is difficult to envision that balloon-borne techniques will be able to
satisfy the demand for more complex and frequent measurements. Therefore
it is critical for maximizing the scientific return of balloon-borne flights to
include simultaneous measurements of the “right” mix of species and pho-
tolysis rates. In the absence of frequent balloon-borne measurements it is
nonetheless very gratifying to have achieved the coalescence of results by
independent techniques as a zero-order substitute for intercomparisons. A
possible direction for future stratospheric research with a new platform,
remotely piloted aircraft, that alleviates some disadvantages of balloon-borne
platforms is discussed in the last section of this chapter.

Measurements from the NASA ER-2 Aircraft. Measuring trace
gas abundances from high-altitude aircraft is fundamentally different from
measuring trace gases from balloons. The vertical range of measurements is
restricted to below 18 to 21 km, the ceiling for the aircraft, but the horizontal
range is ~4000 km. Thus, while the high-altitude aircraft has limited use
for studying the evolution of the global stratosphere, it is invaluable for
studies of the lower stratosphere and issues such as stratosphere-troposphere
exchange, the Antarctic ozone hole, and the potential for ozone loss in the
Arctic. Another strength of the high-altitude aircraft is that it can carry and
power a large number of trace gas sensors. The NASA ER-2 aircraft (78)
has been the most widely used high-altitude aircraft for measurements of
trace gases in the last six years. Its characteristics are representative of other
subsonic, stratospheric aircraft, and so a discussion of ER—-2 measurements
provides a good basis for stratospheric aircraft measurements in general.
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One of the strengths of the ER-2 is that the flight trajectory is controlled
by the pilot on board. The pilot is able to perform tasks related to instrument
operation, such as the timing of certain measurements with respect to some
position or event in the stratosphere. The pilot is also able to restart instru-
ments that have suffered momentary failure. However, the disadvantages
of having a pilot on board are as significant as the advantages. First, for pilot
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 would become questionable. Second, pilot fatigue limits
the duration and thus horizontal extent of the flight to ~8 hours or less.
Third, at unfamiliar airfields both takeoff and landing must occur during
daylight. And fourth, all instruments need to be engineered with the safety
of the pilot as highest priority. These restrictions, while subject to negoti-
ations should the situation demand it, are really a matter of common sense.

The reliability of the high-altitude aircraft is very high, with few potential
flight days lost to aircraft malfunction, and unlike balloon-borne instruments,
aircraft-borne instruments may be used repeatedly without needing 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 in crosswind or 30 knots along the runway during either
takeoff or landing. For instance, during the Airborne Arctic Stratospheric
Experiment in Stavanger, Norway, 13 potential flights out of 34 planned
flights were canceled shortly before takeoff by strong surface winds at the
scheduled time for takeoff or predicted strong surface winds at the scheduled
time for landing. Only three were canceled by aircraft problems. For mis-
sions to both the Arctic and the Antarctic, strong surface winds were invar-
iably coupled to close proximity of the polar vortices; these conditions pre-
vented flights that could have penetrated deep into the chemically perturbed
regions from taking off.

The speed of the ER-2 aircraft is approximately constant at 0.7 Mach,
and this speed presents some difficulties for measurements. First, fast sen-
sors are required to measure subkilometer-scale variations of trace gas abun-
dances. A speed of 0.7 Mach translates into 200 m/s, so data rates exceeding
1 Hz are required. This requirement is difficult to meet in the detection of
some trace radical species, such as ClO, BrO, and even NO under some
conditions. Another consequence of this aircraft speed is that sampling of a
particular air parcel for several hours is difficult, because the aircraft does
not remain in one place very long. As a result, diurnal studies of trace gases
must be attempted by either having the pilot fly in a tight box pattern or
in the direction of the prevailing wind to minimize spatial gradients in
measured abundances.

Second, if the air sample captured by the instrument inlet is slowed
appreciably from the 200-m/s air speed, then the temperature of the gas
will rise ~20 °C and the pressure will be increased as much as 50% by ram
force. For measurements of volatile particles, such a temperature rise may
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evaporate some unknown fraction of the particles and cause an undercount-
ing. Another difficulty occurs when particles contain the trace gas of interest.
An example is the detection of NO, in the presence of polar stratospheric
clouds. If the inlet is not isokinetic, then as most of the airstream passes
around the inlet, the heavier particles will have too much momentum to
deviate their course and will enter the inlet. If then the particles evaporate,
as the polar stratospheric clouds do, then the measured abundance of NO,
will be increased enormously. These large spikes mask the gas-phase com-
ponent of reactive nitrogen, but they also provide information about the
solid-phase component (44). Careful modeling and calibration of the inlet is
required to determine both the size range of the particles accepted and the
mixing ratio of the NO, in the PSCs.

A final challenge that must be solved is the instrument operation and
data collection. Although the pilot can perform some operations, the primary
responsibility is flying the aircraft. Thus, instruments that operate autono-
mously, with the pilot only turning them on and off, have the highest prob-
ability of successful data collection. Most instruments are computer-oper-
ated; the sequencing of operations and calibrations are performed
automatically. One problem with this approach, in which the program for
sequencing is dictated before flight, is that calibrations and diagnostic tests
can mask interesting events in the data. Another problem is that the data
are collected on board with either tapes or hard disk memories and are not
known until the aircraft returns. Recent efforts to change this mode of op-
eration are being implemented so that commands can be sent to the instru-
ment and data can be received from it by a scientist on the ground (S.
Wegener, private communication). This change will make some aspects of
choosing a flight plan more responsive to the data being collected.

The measurements of trace species—both gases and particles—and of
atmospheric parameters that were measured during the Airborne Antarctic
Ozone Expedition and the Airborne Arctic Stratospheric Experiment are
given in Table 1. These techniques have quite different requirements that
are dictated by the detection technique and the way an air sample is handled.

Of all the trace gases, particularly the reactive trace gases, some of the
most difficult to measure are the trace free radicals. At present, NO, CIO,
and BrO have been measured from the NASA ER-2 high-altitude aircraft.
The challenges of measuring NO (44, 79) from the ER-2 are similar to those
of measuring from balloons, as discussed earlier in this chapter and in Chap-
ter 9. Those discussions are not repeated here, but some examples of NO
measurements are given. Instead, the measurement of ClO and BrO from
the aircraft platform is discussed.

Measurements of ClO and BrO by Resonance Fluorescence.
The ClO-BrO instrument was designed to test the theory that chlorine and
bromine were the cause of the rapid loss of ozone over Antarctica. Its ped-
igree includes several versions of balloon-borne halogen radical measuring
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instruments that have been discussed in a number of publications (74-76).
However, measurements from an instrument that is mounted in a pod under
the wing of an aircraft traveling at 200 m/s are substantially different from
measurements from balloons that are descending at a much lower speed. A
brief description of instrument operation is given here. More complete de-
scriptions are presented elsewhere (45, 80-82).

ClO and BrO abundances are detected simultaneously and continuously
as the airstream passes through the instrument. They are not detected di-
rectly but are chemically converted to Cl and Br atoms by reaction with
reagent nitric oxide gas that is added to the airstream inside the instrument.
The Cl and Br atoms are then detected directly with resonance fluorescence
in the 2Dy, — *P,, transitions in the vacuum ultraviolet region of the spec-
trum. In resonance fluorescence, the emissions from the light sources are
resonantly scattered off of the Cl and Br atoms in the airstream and are
detected by a photomultiplier tube set at right angles to both the light source
and the flow tube. The chemical conversion reactions

ClO + NO— Cl + NO, 21)
BrO + NO —> Br + NO, , (22)

are fast, with bimolecular rate constants of ~3 X 107! cm® molecule™ s
(76), so NO concentrations of 10'* molecules/cm?® will convert all the halogen
oxides to halogen atoms in less than 10 ms. The signals from resonance
fluorescence are distinguished from background signals, consisting of Ray-
leigh scattering and scattering from the instrument optics and surfaces, by
periodically adding NO to the flow. The difference in signal between when
NO is added and when it is not present is proportional to the ClO or BrO
abundance.

The resonance fluorescence technique is the same as that used to detect
OH by the balloon-borne in situ instrument. The only difference is that the
resonant radiation is obtained from a low-pressure helium light source, ex-
cited by 25 W of radio frequency power, that contains a trace amount of
chlorine or bromine. The chlorine light source, when filtered through mo-
lecular oxygen, has one emission line for chlorine at 118.9 nm and an impurity
line from hydrogen at 121.6 nm. The hydrogen line is ~5% of the chlorine
line for the light sources used. The bromine light source has several lines
with wavelengths between 115.0 and 320.0 nm that illuminate the detection
volume.

The chemical conversion is not without some difficulty because the
reagent NO also reacts with the product Cl to form CINO. In the lower
stratosphere, this termolecular reaction is about 10% as fast as the forward
reaction. In addition to this removal of Cl is the reaction

Cl + 0,— ClO + O, (23)

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



Publication Date: June 1, 1993 | doi: 10.1021/ba-1993-0232.ch005

170 MEASUREMENT CHALLENGES IN ATMOSPHERIC CHEMISTRY

which shifts some of the converted chlorine back into ClO. As a result, three
different flow rates of NO are added to the airstream in the 32-s NO-on—
NO-off cycle to find the maximum conversion. An additional constraint for
detecting free radicals is to prevent exposure to wall surfaces, on which they
are destroyed with nearly every collision.

The minimum detectable ClO and BrO abundances are dependent on
the detection sensitivity, the background signals, and the chemical conver-
sion efficiency. All of these factors are affected by the air density and thus
the flight altitude. The sensitivity is affected by the small but measurable
absorption of the resonant emissions by molecular oxygen, which has a higher
density at lower altitudes, and by increased quenching of the 2D;,, excited
state by collisions with nitrogen molecules at the higher densities of the
lower altitudes. The Rayleigh scattering, which contributes more than half
of the total background signal, also increases with increasing density. This
Rayleigh scattering is used to help track the instrument sensitivity in flight.

The instrument sensitivity is calibrated in the laboratory by making a
known amount of Cl or Br atoms and recording the signal and all relevant
parameters. Rayleigh scattering from known amounts of air, in the laboratory
and in flight, is used to maintain the calibration of the instrument to Cl
atoms. This technique is discussed in some detail in references 80 and 82.
The portion of the background signal due to Rayleigh scattering is deter-
mined when the pilot performs a vertical dive with the aircraft. Because the
change in calibration during each seven-hour flight is usually less than 10%,
one dive during the flight provides the in situ calibration of the instrument.

The third factor that is important in determining the detection limit 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 uniform mixing of NO is very difficult. At the same time, collisions
of the sample airstream with wall surfaces in slower inlet systems may cause
a chemical loss of ClO and BrO, because they are both reactive with wall
surfaces. The solution to this problem was suggested by Soderman (83).
Soderman’s novel design consists of two nested ducts in which the air speed
is decreased from 200 m/s to 60 m/s in a 14-cm-diameter outer duct that
protrudes 60 cm in front of the left wing pod and is reduced to ~20 m/s
inside a smaller 5-cm-square duct in which the measurements are made.
The entrance to the smaller measurement duct is 60 cm downstream of the
entrance to the outer duct, and the NO injector tubes, the two ClO detection
axes, and the one BrO axis are 25 cm, 37.5 cm, 55 cm, and 72.5 cm down-
stream of the entrance of the measurement duct. Ninety percent of the air
that enters the outer duct bypasses the measurement duct through additional
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 wing pod that houses the
instrument.
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The measurement duct samples a laminar airstream traveling at 20 to
30 m/s that has not come into contact with any wall surfaces. The temperature
of the airstream is increased ~20 °C by adiabatic compression, and the
pressure is higher because of dynamic pressure, but the trace chemical
content of reactive chlorine is intact. As a test of the system, and to prevent
it from getting too cold, the temperatures of the wall surfaces were main-
tained near 0 °C. Arrays of eight 0.010-inch (0.025-cm) diameter bead therm-
istors in both the outer and the measurement ducts (10 cm downstream
of the BrO detection axis) are then used to distinguish between warmer air
that has been in the boundary layer of the walls and air that is ambient. At
the same time, the velocity of the air in the measurement duct can be varied
from 0 to 40 m/s for additional flow and chemical kinetic diagnostics. Tem-
perature, pressure, and potential temperature for a typical flight are shown
in Figure 15. The potential temperature in the core of the flow does not
change as the air stream passes through the instrument. Air from the bound-
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, 1989. The
lowest solid line in each panel is the ambient temperature, pressure, and
potential temperature as measured by the MMS 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. However, at a velocity of 20 m/s, the boundary layer of the measure-
ment duct is beginning to converge in the detection volume of the BrO axis,
as evident by the slightly higher temperatures of thermistors 2 and 3, located
away from the center of the flow (thermistor 1) by 1.0 and 1.5 c¢m, respec-
tively. Thus the measured air flow is well behaved despite the differences
between wind and aircraft direction.

This solution to a difficult sampling problem is not perfect, unfortunately.
When the instrument is sampling air in the lower stratosphere, near the
tropopause, the mixing of reagent NO into the flow is not complete, and
intermingled regimes of underconversion and removal are established. This
effect has been carefully documented in the laboratory, during one flight
over Antarctica in 1987, and more recently in test flights. As a result, the
conversion efficiency drops from values near 0.9 at altitudes of 20 km to 0.4
at altitudes near 13 km, although this drop in conversion efficiency can be
corrected by injecting the reagent NO into the flow tube at higher velocities.

The change in the typical calibration with a change in density (and thus
altitude) is given in Figure 16 for both ClO and BrO. The dominant effect
for ClO is the chemical conversion efficiency, which can be greatly improved.
The signal-to-noise ratios for CIO and BrO can be determined from the 1-s
averaged data shown in Figure 17a, which were taken from the flight of
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Figure 16. Variation of the calibration for ClO and BrO with air density from

aflight during the AASE mission on February 10, 1989. The calibration number

when multiplied by the CIO 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 CIlO mixing ratio for a portion
of a flight on January 6, 1989, during the AASE mission. The rise 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, in the Arctic polar vortex. At 20 km, CIO levels of 4 pptrv
can be detected with a signal-to-noise ratio of 2 in a 32-s NO on-off cycle.
BrO abundances of 2 pptrv can be detected with a signal-to-noise ratio of 2
in 40 min. For both ClO and BrO the added NO reagent absorbs a small
fraction of the resonant emissions and thus reduces the Rayleigh and cham-
ber-scattered signals slightly. The effect is that an offset of 0.5 +0.3 pptrv
and 1.5 %= 0.8 pptrv must be added to the calculated ClO and BrO abun-
dances. The uncertainty in the sensitivity for C1O, when this effect is in-
cluded, is £25% at the 20 confidence level and for BrO is =35% at the 20
confidence level. The conversion of the detector signal to C1O mixing ratios
is shown in Figure 17b.

Examples of the quality of the data provided by the ER-2 ClO-BrO
instrument are provided in Figures 1 and 9, but numerous other examples
also exist, for example, data from the flight outside the Arctic polar vortex
from January 25, 1989. Shown in Figure 18 are the solar zenith angle and
measurements of potential temperature (9), NO (79), O, (84), ClO, and BrO.
As the solar zenith angles decrease, more ClO and NO are photolytically
released from their nighttime reservoirs, presumably CIONO, and NO,,
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Figure 18. Data taken by instruments on the ER-2 during 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 CIO-BrO instrument. PT 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. The abundance of ozone is measured with both high precision
and accuracy, as can be seen in Figure 18. The statistical variability of the
NO measurement is small, but an offset of ~10 pptrv exists in the data. The
statistical variability of the ClO data is larger than that of the NO data, but
the offset is much smaller, roughly 0.5 pptrv. In contrast to these three
measurements that provide some spatial and temporal resolution are the
measurements of BrO. These are sufficient to determine roughly what the
abundance of BrO is, but they are not useful for testing photochemical
mechanisms. Thus, fast-response detection of radicals is a requirement for
understanding photochemical mechanisms in the stratosphere.

A last example of how these ClO data can be used to derive information
about the abundances of other trace gases comes from data taken during the
AASE mission. ClO abundances were measured, but the total amount of
chlorine that is converted from HCI and CIONO, resides as ClO and Cl,0,
inside the Arctic polar vortex. The total amount of chlorine that is in the
form of ClO and Cl,0, can be estimated from the observed ClO abundance
and temperature under certain circumstances (54). First, the air parcel being
measured must have been in darkness for the preceding 12 h so that thermal
equilibrium has time to be established. Second, the temperature of the air
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parcel must not vary significantly in those previous 12 h. If these conditions
are met, then

[CLO,] = [CIOP A exp(B/T) (24)

where the measured values of A and B are 3.0 X 10¥ cm™ molecule™ and
8450 = 850 K, respectively (57). The total amount of reactive chlorine is
equal to [ClO] + 2[CL,0, ]. When this calculation is done for flights that
had dives in darkness, the results from four of those flights—January 6, 20,
and 30 and February 8—emerge, as shown in Figure 19. The total amount
of inorganic chlorine is shown as a solid line (L. E. Heidt, unpublished data).
Chlorine in the form of ClO and Cl,0, is thus calculated to be a large fraction
of the amount of available chlorine for all flights that occurred after mid-
January. The uncertainty in the calculations is a factor of 2; the greatest
contribution to the uncertainty is the uncertainty in the temperature de-
pendence of the equilibrium constant. This result shows that the hetero-
geneous processes are efficient at converting chlorine from relatively dor-
mant reservoir forms to reactive forms even in the Arctic, where the PSC
activity is much less prevalent than in the Antarctic. This example also
illustrates that measurements of one species and of the stratospheric con-
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Figure 19. Calculated total reactive chlorine (CIO + 2CL0;) plotted against

potential temperature for four Arctic flights (54). Clua 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 1o 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 with laboratory data to derive a result that is startling
despite the large uncertainty.

Future Measurement Strategies. The photochemistry of the strat-
osphere is evolving as the atmosphere changes, and this evolution will con-
tinue as long as the source strengths for trace gases continue to evolve.
Climate changes due to greenhouse warming will affect the stratosphere.
According to current predictions, as the troposphere warms, the stratosphere
will cool. Thus, the most destructive steps for ozone catalysis will slow slightly
because of the positive temperature dependence of the rate constants. But
on the other hand, the incidence of polar stratospheric clouds may increase
because of larger volumes of air being exposed to lower temperatures. The
net effect on stratospheric ozone can only be discerned if the effects on ozone
transport are also taken into account.

Details in the abundances of trace gases need some work in several
photochemical families. In the reactive nitrogen family, the connection be-
tween the low values of NO, in the wintertime high latitudes and hetero-
geneous chemistry of the sulfate aerosol layer needs to be quantitatively
explored. Also, data from satellites indicate that nitric acid abundances are
larger than predicted in the wintertime near the polar regions (85). This
alteration of NO, abundances has been explained as a result of formation of
N,O; (86) but may in part be the result of heterogeneous processes occurring
on the background sulfate aerosol layer. A further question is the effect of
increased aerosol surface area, such as occurred after the eruption of Mt.
Pinatubo in the Philippines in June 1991. The effects throughout the strat-
osphere need to be known, not just near 20 km where the ER-2 can fly.

The understanding of the odd-hydrogen family has improved dramati-
cally with the simultaneous in situ OH, HO,, O,, and H,O measurements.
However, because these measurements have been made infrequently only
at middle latitudes, they cannot be construed as providing anything more
than a first-order check of HO, photochemistry. Additional simultaneous in
situ measurements are needed to check their reproducibility and thus dem-
onstrate whether they are representative of summer midlatitude conditions.
Continued incremental improvements, to include simultaneous measure-
ments of other species, for example NO, O, and HNO,, will be required to
check more thoroughly HO, photochemistry. An in situ H,0, measurement
would be helpful to verify the photochemistry of this important HO, reservoir
species, and this measurement requires new instrument development. The
need to carry out simultaneous HO,-related measurements during other
seasons and at other latitudes will follow to test that the theory is sufficiently
robust to correctly model the response of HO, in a variety of different, local
photochemical environments.

For the halogens, perhaps the most pressing concern is how the sub-
stitution of hydrohalocarbons for the fully halogenated chlorofluorocarbons
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(CFCs) and halons over the next decade, as mandated by the Montreal
Protocol for the Protection of the Ozone Layer, will affect the chlorine burden
of the stratosphere. Hydrochlorofluorocarbons (HCFCs) can be used as sub-
stitutes for the CFCs for a few decades without having a substantial impact
on the chlorine burden of the stratosphere because they are primarily de-
stroyed in the troposphere by reactions with OH before they are able to
deliver the chlorine to the stratosphere. The elimination of CFCs and the
temporary use of HCFCs into the early part of the next century must be
carefully orchestrated to minimize the peak chlorine loading and promote
the most rapid reduction of the chlorine burden of the stratosphere (56, 87).
Another issue is the effects that perturbations to the reactive nitrogen abun-
dances will have on the abundances of reactive chlorine. A better under-
standing and clarification of the direct heterogeneous conversions of chlorine
species on both PSCs and sulfate aerosols are also needed.

However, using OH in the troposphere as a filter for HCFCs has its
dangers because calculations of the OH distribution have not been directly
tested and knowledge of stratospheric tropospheric exchange is incomplete.
Clearly a careful monitoring program for these trace gases is essential, and
in situ measurements can be a large part of this program.

A number of issues remain to be resolved for a full understanding of
the polar, lower stratosphere as well. Much of the information about these
regions has been derived from instruments flown either on balloons or on
the NASA ER-2 high-altitude aircraft. Yet even with the 13 instruments on
the aircraft, a complete picture of the photochemical mechanisms that were
occurring could not be derived, nor could it be rigorously proved that het-
erogeneous reactions were responsible for the observed conversions of both
the reactive chlorine and reactive nitrogen species. The measurements re-
quired for a better understanding of both the photochemical mechanisms
and the conditions they require to occur include those of CIONO,, NO,,
HCI, HNO,, OH, HO,, aerosol chemical composition, and BrO with better
signal-to-noise ratios. Instruments are being developed for all of these mea-
surements.

The understanding of four aspects of the lower stratosphere must be
improved. The first is the processes of heterogeneous conversion. Does it
occur in three hours or in three days? Which type of aerosols or particles
are most favorable for conversion and what are the conditions required for
their formation? How do the particles form, and what are their compositions
and structures? What are the most important mechanisms for denitrification?
These issues can be settled only by a combination of laboratory and strat-
ospheric measurements.

A second issue is the transport of trace gases in the stratosphere. How
do the polar vortices form? How readily are air parcels exchanged between
the vortex and midlatitudes and between altitudes at different latitudes and
seasons? What are the diabatic heating and cooling rates at different times
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of the year? When the polar vortex breaks up, how fast is the polar air mixed
with the midlatitude air? Is mixing inhibited between the tropics and the
middle latitudes? The transport of air between the troposphere and strato-
sphere needs to be understood. What are the important mechanisms in
which locations and seasons? Which air from which altitudes and latitudes
is transported?

A third issue is the estimates of ozone loss associated with the polar
vortex. Will the Antarctic ozone hole expand and will the Arctic ozone hole
begin? Can the loss of ozone be better quantified, and what are the zonal
asymmetries in the ClO and BrO fields? How much additional ozone is lost
when the polar vortex breaks up?

The fourth issue is the observed, unexplained decadal wintertime de-
cline in ozone as reported by the Ozone Trends Panel and the loss of ozone
in the lower stratosphere. Does the loss result from the perturbed photo-
chemistry initiated by PSCs inside the polar vortex? Or is it a result of
photochemistry associated with the ubiquitous sulfate aerosol layer? Are
observed seasonal and latitudinal trends in reactive trace species consistent
with the observed seasonal and latitudinal declines in ozone?

Another potential impact is that of high-speed civil transport aircraft
that will be designed to fly supersonically in the stratosphere (88). One of
the important exhaust products, but by no means the only one, is NO,. For
present engines, the amount of NO, produced per kilogram of fuel consumed
is roughly 40-60 g. Even if the levels of NO, from these aircraft engines
can be reduced a factor of 8 to 10, the globally averaged ozone depletion
would be 2% to 3% for a 500-aircraft fleet flying at 20 km. As pointed out
by Johnston and co-workers (88), this amount of ozone depletion is com-
parable to that predicted for the indefinite use of CFCs at 1985 production
levels. Direct increases in ozone loss due to increases in NO, is one issue.
Of course, the high levels of NO, emitted can react with the nonmethane
hydrocarbon cycles in the stratosphere to actually produce ozone through
photochemical smog mechanisms. This production is greater at lower alti-
tudes, so that a turnover point, where the production of ozone just matches
the loss of ozone, will occur, probably near 15 km.

The heterogeneous reactions of N,O5 on sulfate aerosols to form HNO,
reduce the effects of NO, from the jet exhaust on the ozone abundances by
shifting reactive nitrogen from NO, to HNO,. It is tempting to suggest
without further consideration that aircraft flying at these altitudes will cause
little damage to the stratospheric ozone layer. However, water vapor and
the total reactive nitrogen, NO,, from the exhaust may increase the frequency
and distribution of polar stratospheric clouds and thus lead to rapid ozone
loss.

These issues that have direct bearing on stratospheric ozone, and thus
on life on this planet, will not go away. The chlorine burden of the strato-
sphere will remain sufficient to produce the Antarctic ozone hole for the
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next 75 years and will increase by 20% over the next two decades no matter
what action is taken to ban chlorofluorocarbons. If the system is further
perturbed, by climate changes or other pollutants, more unknown effects
may appear. Clearly the current information with the current measurement
capability is not enough.

The introduction of a number of new measurement techniques and new
instruments is required. Instruments on satellites such as the Upper At-
mosphere Research Satellite (UARS) and the Earth Observing System (EOS)
will provide excellent global coverage and fair altitude resolution of much
of the stratosphere, although not perhaps below 20 to 25 km. Ground-based
measurements, and in particular the Network for the Detection of Strato-
spheric Change (89), with five or six heavily instrumented sites, will give
good temporal coverage and trends with good to fair altitude resolution for
a number of key species such as O;, ClO, N,O, and HO, above 30 km.
Stratospheric column abundances for O,, NO,, HCl, CH,, HNO,, and
CIONO, will also be measured. The globally dispersed sites will permit
quasi-global coverage that can be linked with satellite and tropospheric air-
craft remote measurements. However, in situ measurements of reactive trace
gases are still an important measurement component for gaining an under-
standing of the photochemical processes and the small-scale variability and
interactions.

Large helium-filled research balloons are too difficult to launch and too
inflexible in their capabilities. The current fleet of high-altitude aircraft has
too low an altitude ceiling and too many necessary constraints for ensuring
the safety of the pilots to attack many of the current problems. A technique
is required that merges the favorable qualities of each of these two proven
techniques. One possibility is the increased use of small balloons carrying
small payloads. Measurements of ozone, water vapor, and particles have
been successfully made on such platforms for a number of years (see, for
example, reference 90). However, the payloads that are deployed may be
considered to be expendable, depending on the launch location. In general,
instruments using novel technologies for detection of species other than
those already measured will be too expensive to be used only once.

A possibility for complementing scientific balloons is the use of remotely
piloted vehicles (RPVs), that can carry a number of instruments for simul-
taneous measurements (91). These aircraft almost by design must carry
smaller and lighter instruments than those currently being deployed. Among
them are the Boeing Condor, the Ames Research Center High-Altitude
Aircraft Research Program (HAARP), and the suite of aircraft including Per-
seus and Theseus from Aurora Flight Sciences. The concept is to use light-
weight materials, large wing spans, and flight at low Reynolds numbers to
achieve high-altitude performance up to 30 km. Such aircraft are powered
by internal combustion engines that turn large propellers to achieve speeds
that approach 0.4 Mach (100 m/s). A major constraint of such aircraft is that
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the payload capability is lower, in some cases substantially, than the current
high-altitude aircraft, the ER-2 (1170 kg). However, the need to reduce the

“weight and size of instruments is consistent with the miniaturization in

electronics and light sources and will pay rich dividends in the future.

The result will be platforms that can cover large areas, perhaps stay aloft
for more than a day, and bring instruments back to earth without the need
for extensive refurbishment before reflight. Different RPVs have different
capabilities. For instance, the Boeing Condor is capable of transglobal flight,
but only at altitudes up to 21.4 km. The HAARP, Perseus, and Theseus
aircraft are being designed for shorter horizontal distances, 1,000 to 10,000
km, but with altitude ceilings approaching 30 km. Some or all of these aircraft
will eventually play a role in the definition of stratospheric photochemistry
in the near future.

Summary

The last five years have been a particularly exciting time in the history of
stratospheric measurements and research. Measurement techniques were
optimized to perform truly constraining simultaneous measurements of the
photochemistry. Enough measurements have been made to validate the basic
(gas-phase) tenets of stratospheric photochemistry, to solidly link chloro-
fluorocarbons to the destruction of ozone in the Antarctic ozone hole, and
to signal a warning for the Arctic stratosphere as well. The Montreal Protocol
now defines a pathway for the reduction of the use and production of chlo-
rofluorocarbons and halons that will cause the chlorine burden of the strat-
osphere to begin dropping within the next 20 years. Despite political suc-
cesses in getting international agreement on the pathway to reduction of
chlorine, now is not the time to slow the response to the challenges of
stratospheric photochemistry. Enough remains unknown that it cannot be
predicted how changes in climate and pollutants will effect stratospheric
ozone and how stratospheric ozone will affect climate and life. Researchers
must continue to rise to the challenges, both scientific and technological, to
gain a fuller, predictive 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 derived from
diverse sources. Soot from diesel engines, fly ash from coal combustion, and
sulfates, nitrates, and organic compounds produced by atmospheric reactions
of gaseous pollutants all contribute to the aerosol. Particle size and com-
position depend upon the conditions of aerosol formation and growth and
determine the effects of atmospheric aerosols on human health, ecosystems,
materials degradation, and visibility. Much of the research on environmental
aerosols has focused on fine particles ranging from a few micrometers in
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diameter to the submicrometer size range. Submicrometer particles can
penetrate deep into the respiratory tract when inhaled and they deposit
where clearance is slow and can be assimilated by the body. Observations
made in the early 1970s that submicrometer particles are frequently enriched
with toxic species have increased concerns about the consequences of such
particles on human health. The optically absorbing component of the at-
mospheric aerosol, primarily black carbon soots formed in combustion, is
also concentrated in the submicrometer size range, as are the products of
atmospheric reactions of gaseous pollutants. Thus, both particle size and
composition are important parameters insofar as the environmental conse-
quences of the atmospheric aerosol are concerned.

The many studies of the atmospheric aerosol over the past two decades
have advanced the ability to probe and predict many features of the atmo-
spheric aerosol; particle size distributions, light scattering and absorption
efficiencies, and, to a lesser extent, the distribution of chemical composition
with respect to particle size are much better understood than they were 20
years ago. Ambient studies have revealed the multimodal nature of the
atmospheric aerosol along with estimates of typical atmospheric lifetimes of
the various modes. Mechanically generated particles contribute most of the
mass of particles larger than 1 pm in diameter, particles with diameters
smaller than 0.1 wm result from homogeneous nucleation, and the accu-
mulation mode in the 0.1- to 1-um size range arises from reactions of gaseous
pollutants to form secondary aerosols by condensation on nucleation-mode
particles.

Many of the particles in the nucleation mode are emitted to the at-
mosphere from high-temperature processes, primarily combustion. Such
particles can also be produced by homogeneous nucleation of the products
of atmospheric photochemical reactions, as was demonstrated by McMurry
and Friedlander (1) in smog chamber experiments. They explored the com-
petition between homogeneous nucleation and heterogeneous condensation
theoretically and elucidated the demarcation between the two modes of gas-
to-particle conversion. Rigorous experimental validation of their predictions
in smog chambers or in 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 time and size resolution of

~ the available aerosol instrumentation. Smaller scale experiments have filled

this gap insofar as homogeneous nucleation and binary nucleation of carefully
prepared vapors at controlled supersaturation in the presence of foreign
particles are concerned (2), and recent instrumental developments have
advanced the ability to probe reacting systems.

Atmospheric aerosols are frequently assumed to be internal mixtures in
which all particles of the same size are assumed to have the same compo-
sition. This interpretation is a natural outgrowth of the methods used to
measure the distribution of chemical composition in aerosol systems and is
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consistent with the level of detail possible in the most advanced theoretical
descriptions of aerosol evolution by solution of the multicomponent general
dynamic equation. Such uniformity is approached after long times, because
coagulation mixes particles derived from different sources, but this unifor-
mity does not accurately represent the aerosol either initially or if new
material is inserted into the aerosol system. Greater detail has been obtained
through analysis of individual particles, primarily in the supermicrometer
size range, as is discussed in this chapter.

The size and time resolution of current instruments are, at best, marginal
for the measurement of environmental aerosols. Figure 1 illustrates the time
scales on which important changes take place for different aerosols of en-
vironmental concern. New particle formation by homogeneous nucleation
usually takes place in a brief burst, ranging from milliseconds or shorter
times in combustion systems to minutes for the slower reactions and lower
vapor concentrations of the atmosphere. Combustion aerosols form and are
emitted within a matter of seconds. Smog evolves over hours, although in
extreme episodes the aerosol can survive for days. Particles grow from the
nanometer size range to near-micrometer sizes relatively rapidly, but the
larger particles persist for longer times. On the other hand, deposition of
particles much larger than 1 wm is rapid, so their atmospheric lifetimes
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Figure 1. Size and time scales of interest for environmental aerosols.
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diminish with increasing size. Thus, for an understanding of environmental
aerosols a broad range of particle sizes must be measured on time scales
that generally increase with particle size.

This chapter shows the needs for further developments in instrumen-
tation for following the evolution of the composition and size distribution of
atmospheric aerosols. Because no instrument currently exists that approxi-
mates this ideal, the needs are illustrated by experimental observations made
with admittedly inadequate instruments rather than by specific instrumental
approaches. The examples are chosen from the vast literature on atmospheric
aerosols and are not meant to be comprehensive but rather to illustrate
approaches that have yielded new insights and to point to possible directions
for future work. The chemical dynamics that result from gas- and particle-
phase reactions in the atmosphere are the special concern of this chapter.
The smog chamber is the preferred platform for the study of secondary
aerosol dynamics because it reproduces the essential features of the atmo-
sphere with a captive parcel of air. It also represents a particular challenge
because a well-defined onset of reaction leads to abrupt transitions, as is
shown in the chapter. For these reasons, smog chamber experiments are
used to illustrate the present state of the art and the challenges to be met
in future work. Examples illustrating the need for improved particle size,
time, and composition resolution are drawn from smog chamber experiments
performed in my laboratory and elsewhere and from atmospheric observa-
tions. Many of the efforts to probe the composition inhomogeneity of the
atmospheric aerosol have focused on elucidating the contributions of partic-
ular sources to visibility degradation, cloud condensation nuclei, and the
like, so some examples from that literature are used as well. The methods
currently used for aerosol measurements are briefly reviewed. For a more
detailed survey of the available instruments, the reader is referred to the
excellent review of aerosol instrumentation by Pui and Liu (3).

Current Aerosol Instruments

Particle Number Concentration and Size Distribution. The de-
velopment of aerosol science to its present state has been directly tied to
the available instrumentation. The introduction of the Aitken condensation
nuclei counter in the late 1800s marks the beginning of aerosol science by
the ability to measure number concentrations (4). Theoretical descriptions
of the change in the number concentration by coagulation quickly followed.
Particle size distribution measurements became possible when the cascade
impactor was developed, and its development allowed the validation of pre-
dictions that could not previously be tested. The cascade impactor was orig-
inally introduced by May (5, 6), and a wide variety of impactors have since
been used. Operated at atmospheric pressure and with jets fabricated by
conventional machining, most impactors can only classify particles larger
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than a few tenths of a micrometer in diameter. The introduction of the low-
pressure cascade impactor extended the accessible size range to about 50
nm (7), but later examination revealed that condensation and evaporation
within the high-velocity and low-pressure regions of the impactor could cause
significant biases (8). An alternative approach to the classification of sub-
micrometer-sized particles was developed by Marple et al., namely, the use
of very small jets in an impactor (9). With this micro-orifice impactor, the
problems associated with high-velocity jets and low-pressure operation are
avoided and particle size resolution is extended to about 50 nm. Impactor
measurements are usually made by analysis of the material collected on the
impactor stages some time after collection. Several methods have, however,
been applied to on-line measurement of aerosol mass distributions through
the use of inertial classification. Vibrating mass sensors measure the mass
of deposited particles by the changes in the acoustic response of a transducer.
In the quartz crystal microbalance, the natural vibration frequency of the
crystal shifts with deposited mass (3). With a sensitivity of about 5 ng, the
quartz crystal microbalance is useful for measuring particles at concentrations
of 50 pg/m?® to 5 mg/m®,

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 small nozzle. Because of their
inertia, particles of different aerodynamic sizes are accelerated to different
velocities, and the smallest particles reach the highest speeds. The particle
velocity is measured at the outlet of the nozzle. From the measurements of
velocities of individual particles, particle size distributions can be deter-
mined. The instrument provides excellent size resolution for particles larger
than about 0.8 wm in diameter, although sampling difficulties limit its use-
fulness above 10 wm.

The single-particle optical counter, introduced during the 1950s, allowed
real-time size distribution measurements of particles larger than several
hundredths of a micrometer in diameter. In this instrument, light scattered
from individual particles as they are conveyed through a small view volume
is used to infer the particle size. Light scattered from each particle is focused
onto a photodetector, generating a voltage pulse with an amplitude related
to particle size. Some of the many different configurations used in these
instruments are described in detail by Pui and Liu (3). The sizing range of
optical counters and sizers has been extended below 0.1 wm through the
use of laser light sources; the minimum detection limit is achieved by passing
the particles through the resonant cavity of the laser to take advantage of
the high intensities there. The amount of light scattered from a particle is
a strong function of particle size because of resonant coupling of the elec-
tromagnetic radiation with particles in the so-called Mie scattering size
range. For small particles the scattered intensity is a single-valued function
of particle size, but for particles in the Mie regime, particles of different
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sizes can produce the same scattered intensity. This situation limits the
resolution of optical particle sizing above about 1.8 wm; the precise size
range depends on the optical design of the particular instrument.

The electrical mobility analyzer developed by Whitby and co-workers
at the University of Minnesota in the 1960s (11) was a practical implemen-
tation of concepts that had seen limited use since they were first introduced
in the laboratory in the 1920s, and it made possible for the first time rapid
measurements of the particle size distribution in the 10 nm to 1 pwm size
range. Data generated with that instrument revealed new structure in the
atmospheric aerosol size distribution and catalyzed numerous theoretical
and experimental investigations into the origins of that structure. A variant
of the mobility analyzer, the differential mobility classifier (12, 13), and the
Berglund-Liu vibrating orifice aerosol generator (14), both developed at
Minnesota, provided precision calibration aerosols that greatly improved the
accuracy of aerosol size distribution measurements. These sources of cali-
bration aerosols do not satisfy the entire need, however, because the dif-
ferential mobility analyzer (DMA) is well suited to the generation of mono-
disperse particles at sizes below 0.1-pm diameter and the vibrating orifice
aerosol generator is useful in routine operation only at particle sizes greater
than 1 to 2 pm.

Higher resolution in particle size distribution measurements is possible
with the DMA. However, this instrument has seen little use for environ-
mental analysis because of the long times required to acquire a complete
particle size distribution, on the order of tens of minutes to 1 h or more
depending on the size resolution sought. Like the earlier electrical aerosol
analyzer (EAA), the DMA classifies charged particles by migration in an
electric field between concentric cylinders. In the EAA, the current carried
by all particles that are not deposited on the cylinders is measured. In
contrast to this camulative measurement of all particles with mobilities below
a threshold value, a small flow extracted through holes in the central cylinder
of the DMA carries particles with mobilities in a narrow range out of the
instrument for analysis, either with an electrometer as in the EAA or with
a condensation nuclei counter. Thus, by making measurements at a sequence
of field strengths, a differential mobility distribution can be determined
directly. Under typical operating conditions, the range of mobilities extracted
at any time amounts to about 10% of the mean value.

Determination of the particle size distribution from mobility distribution
measurements requires knowledge of the charging and transmission effi-
ciencies of the instrument as a function of particle size. The commercially
available EAA utilized a unipolar diffusion charger that generated singly
charged particles below about 50 nm in diameter. Larger particles could
have one, two, or more charges; hence, a single mobility interval contained
particles of a number of sizes. In conventional use the DMA incorporates a
bipolar diffusion charger that shifts the range of multiple charging to larger
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sizes, greater than about 100 nm. Still, multiple charging creates data analysis
problems for accumulation-mode aerosols. To determine the particle size
distribution, the data must be inverted by solving a set of Fredholm integral
equations for a best estimate of the actual particle size distribution. Various
techniques have been developed, notably methods based on the Twomey
algorithm (15) and on regularization methods (I16).

A recent development has transformed the differential mobility analyzer
into a powerful instrument for the analysis of atmospheric aerosols (17). The
long times required to measure a particle size distribution are primarily due
to the long flow times in the analyzer column. Between voltage steps, all
particles in the column must be flushed out of it before a measurement can
be made. The critical feature of the mobility analysis of the particle size
distribution is that each measurement corresponds to particles of a given
mobility. The particles need not be classified at constant field strength, but
each measurement must sense only a limited range of mobilities. If the field
strength is changed continuously but monotonically, the particles migrate
in the analyzer column along characteristic trajectories such that the particles
arriving at the detector at a particular time correspond to a narrow range of
mobilities. Wang and Flagan (17) developed a modified mobility analyzer
called the scanning electrical mobility spectrometer (SEMS) that operates
in this way. In the initial implementation, this type of migration was accom-
plished by computer control of the commercially available TSI Model 3070
Differential Mobility Analyzer with a TSI Model 3760 Clean Room Con-
densation Nuclei Counter as a detector. Through the use of an exponential
ramp on the field strength, 100-point particle size distributions have been
acquired in as little as 30 s.

Examining the time and size resolution of the current suite of particle
measurement techniques reveals that most of the techniques for analysis of
extracted aerosol samples are relatively slow (Figure 2). The EAA can com-
plete a size distribution measurement in 5 to 10 min, but the DMA can
require 1 h or more, depending on the counting time and the number of
channels sampled. The difference in size resolution that can be achieved is
indicated by the shading of the plot. The EAA is designed to determine
concentrations in four size intervals per decade of particle diameter. The
DMA can measure 10 or more intervals per decade, although each size
measurement increases the sampling time. At a size resolution comparable
to that of the EAA, the DMA can achieve comparable time resolution.

Although the SEMS represents a marked advance in the state of the art
for measurement of aerosol size distribution, an important gap remains in
current measurement technology, namely, the ability to make rapid, high-
resolution measurements of the accumulation-mode aerosols on-line. The
limitation of the DMA or SEMS for measurement of particles larger than
0.2 pm in diameter is the multiple charging that allows particles of two or
more different sizes to contribute a given mobility fraction. Regardless of
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Figure 2. Size and time scales covered by current aerosol instruments.

the upper bound on mobility that is probed, multiply charged particles of
sizes larger than the maximum nominal (singly charged) size will contribute
to the measurement. Because these particles cannot be detected directly
with resolution comparable to that of the DMA or SEMS, they introduce
uncertainty into the inferred size distributions that is particularly worrisome
if the mass or volume concentrations at the upper end of the measurement
range are of interest.

Recent work at the University of Minnesota has provided two options
for extending the upper bound of DMA operation: (1) operation of an im-
pactor at the inlet of the DMA to prevent the entrance of particles larger
than the nominal size being 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 with the bipolar charger (19). Ideally, in
the first approach the size cut of the impactor would be tuned for each
mobility measurement to eliminate the entrance of particles that would be
multiply charged and that would thus contribute to the output aerosol from
entering the DMA. Thus, the impactor is well suited to conventional op-
eration of the DMA but is incompatible with the SEMS.

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



Publication Date: June 1, 1993 | doi: 10.1021/ba-1993-0232.ch006

6. FLAGAN Probing the Chemical Dynamics of Aerosols 193

In the use of the low-efficiency unipolar charger, the time available for
charging (or more precisely the product of that time and the gas ion con-
centration) is limited, so the probability of particles of the target size ac-
quiring multiple charges is low. This measurement is predicated upon be-
ginning the charging with an aerosol consisting only of neutral particles. All
charged particles in the aerosol to be analyzed must, therefore, first be
removed with an electrostatic precipitator. Assuming that the initial charge
distribution is the Boltzmann equilibrium distribution, all but about 13% of
particles of 1-um size would be removed upstream of the charger. The
fraction of the initial aerosol available for measurement will decrease further
with increasing particle size. Thus, the counting efficiency is low for large
particles that are present at relatively low number concentrations, limiting
the method to the submicrometer size range. These two modifications to
the use of the DMA do fill one important need in aerosol measurements—
the generation of monodisperse aerosols in the accumulation size range—
but they do not fully meet the needs for measurement of the accumulation-
mode aerosol.

Chemical Composition. Aerosol composition measurements have
most frequently been made with little or no size resolution, most often by
analysis of filter samples of the aggregate aerosol. Sample fractionation into
coarse and fine fractions is achieved with a variety of dichotomous samplers.
These instruments spread the collected sample over a relatively large area
on a filter that can be analyzed directly or after extraction: Time resolution
is determined by the sample flow rate and the detection limits of the ana-
lytical techniques, but sampling times less than 1 h are rarely used even
when the analytical techniques would permit them. These longer times are
the result of experiment design rather than feasibility. Measurements of the
distribution of chemical composition with respect to particle size have, until
recently, been limited to particles larger than a few tenths of a micrometer
in diameter and relatively low time resolution. One of the primary tools for
composition—size distribution measurements is the cascade impactor.

The fact that fine atmospheric particles are enriched in a number of
toxic trace species has been known since the early 1970s. Natusch and
Wallace (20, 21) observed that the fine particles emitted by a variety of high-
temperature combustion sources follow similar trends of enrichment with
decreasing particle size as observed in the atmosphere, and they hypothe-
sized that volatilization and condensation of the trace species was responsible
for much of the enrichment. Subsequent studies of a number of high-tem-
perature sources and fundamental studies of fine-particle formation in high-
temperature systems have substantiated their conclusions. The principal
instruments used in those studies were cascade impactors, which 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, including PIXE
(particle-induced X-ray emission), X-ray fluorescence, gas chromatography—
mass spectrometry, thin layer chromatography, and many others. Sample
times for these measurements have been determined from the detection
limits of the analytical methods; the averaging intervals for ambient mea-
surement ranged from 1 to 24 h or more. Size resolution has been limited
to two to four size fractions per decade of particle diameter.

Less-specific chemical information has been derived from measurements
that couple a probe for one aspect of aerosol composition with more tradi-
tional aerosol instruments. Roberts and Friedlander (22) electrically heated
stainless steel strips on which aerosol samples had been collected and used
a cascade impactor as a rapid analysis method for total elemental sulfur.
Only 15 min was required to collect enough material for measurement of
the distribution of sulfur with respect to particle size in. the atmospheric
aerosol. The optically absorbing portion of the aerosol has been probed by
using the integrating plate method to analyze impactor samples. Further
developments along this line can be expected as microanalytical techniques
are coupled to cascade impactors. An example of this is the use of a Fourier
transform infrared (FTIR) microscope system to analyze individual impactor
spots obtained with a single-jet low-pressure cascade impactor (23). By con-
centrating the sample onto a small region of a zinc selenide disk, the time
required to obtain sufficient material for FTIR analysis in atmospheric and
smog chamber experiments was reduced to 5-10 min.

On-line measurements of the sulfur content of atmospheric aerosols have
been made by removing gaseous sulfur species from the aerosol and then
analyzing the particles for sulfur with a flame photometric detector (24) or
by using an electrostatic precipitator to chop the aerosol particles from the
gas so that the sulfur content could be measured by the difference in flame
photometric detector response with and without particles present. These
and similar methods could be extended to the analysis of size-classified
samples to provide on-line size-resolved aerosol composition data, although
the analytical methods would have to be extremely sensitive to achieve the
size resolution possible in size distribution analysis.

Aerosol Heterogeneity. The variation of the chemical composition
from particle to particle within an aerosol size class has been probed in a
number of ways. Single-particle chemical analysis has been achieved by using
the laser Raman microprobe (25) and analytical scanning electron microscopy
(26). With the electron microscope techniques, the particle can be sized as
well as analyzed chemically, so the need for classification prior to sample
collection is reduced. Analyzing hundreds to thousands of particles provides
the information necessary to track the particles back to their different sources
but is extremely time consuming.
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On-line size-resolved chemical analysis has been an elusive goal of many
research efforts. At usual sampling rates, the quantity of material in any size
fraction is so small as to represent a serious challenge to analytical chemistry
unless coarse size resolution and long sampling times are accepted. The
greatest successes to date have been in partial characterization of the aerosol.
In 1978, Liu et al. (27) demonstrated that the differential mobility analyzer
could be used to measure the variation in the hygroscopic nature of particles
in a narrow size interval. They used two DMAs to produce what they called
an aerosol mobility chromatograph. The first DMA provided a size-classified
aerosol that was then humidified. The second DMA was used to measure
the size distribution of the modified aerosol, providing sufficient resolution
to discriminate between potassium sulfate and sulfuric acid aerosols. This
approach was taken further by Rader and McMurry (28) in their development
of the tandem differential mobility analyzer (TDMA). In the TDMA the
aerosol is passed through a conditioner that has been carefully designed to
maximize resolution. The TDMA was used in the measurement of the sen-
sitivity of atmospheric aerosols to relative humidity (29), and a number of
laboratory studies of fundamental aspects of aerosol thermochemistry, in-
cluding rates of the reaction between ammonia gas and sulfuric acid aerosols,
water activity over salt solutions, and vapor pressures of low-volatility organic
compounds, were conducted.

The size-classified aerosol streams produced with the DMA have been
used to probe other aspects of aerosol heterogeneity. Covert et al. (30) have
used an optical particle counter (OPC) to determine the optical size of par-
ticles that had been size-classified with a DMA. For particles smaller than
the wavelength of light, the scattered intensity is greater for nonabsorbing
particles than it is for optically absorbing soot particles. Thus, the DMA-
OPC system allows one to measure the relative contribution of soot to the
atmospheric aerosol. Time resolution was limited in their measurements,
and 3-h averages were reported. There is, however, no fundamental reason
why the measurements could not be accelerated by using the OPC as a
detector for the SEMS. '

More ambitious attempts at measuring the heterogeneity of the atmo-
spheric aerosol have been undertaken as well. Single-particle analysis by
mass spectrometry was demonstrated by Sinha and co-workers (31, 32). In
this technique, an aerosol sample is introduced into a vacuum chamber in
the form of a particle beam. The particles are injected into a Knudsen cell
oven, where they undergo many collisions with the cell wall and are ulti-
mately vaporized and ionized. The ions are then mass-analyzed with a quad-
rupole or sector mass spectrometer. So that individual particles can be ana-
lyzed, the flux of particles into the Knudsen cell is limited so that coincidence
errors are minimized. Ion pulses from individual particles allow the deter-
mination of the amount of the species being analyzed in the particular par-
ticle. The sensitivity of the technique is limited. For sodium, the detection
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limit is about 10~*® g, corresponding to a pure sodium chloride particle about
0.1 wm in diameter. The instrument was used to measure sodium in the
Pasadena, California, aerosol, which typically has concentrations too low to
be detected if the material were uniformly distributed throughout the at-
mospheric aerosol. A small fraction of the particles was found to contain a
detectable amount of sodium that was consistent with the total atmospheric
concentration; thus, the aerosol is very heterogeneous.

Other approaches have been taken for on-line analysis of individual
aerosol particles as well. Laser spark spectroscopy (33) vaporizes individual
particles in the breakdown plasma created by a pulsed laser. Atomic emission
spectra can then be used to deduce the elemental composition of the particle
that was vaporized. The timing of the laser pulse is critical because the
particle must be caught in the focal volume of the pulsed laser, so a second
laser is used to detect the particle and trigger the pulsed laser. To date the
technique has been applied to large particles, that is, coal particles on the
order of 60 to 70 wm in diameter in combustion studies. The use of induc-
tively coupled plasma would eliminate the complex triggering and might
allow on-line analysis of smaller particles spectroscopically.

Aerosol Instrument Classification. Friedlander (34) classified the
range of aerosol instrumentation in terms of resolution of particle size, time,
and chemical composition. This classification scheme is illustrated in Figure
3. The ideal instrument would be a single-particle counter—sizer—analyzer.
Operating perfectly, this mythical instrument would fully characterize the
aerosol, with no lumping of size or composition classes, and would make
such measurements sufficiently rapidly to follow any transients occurring in
the aerosol system.

Actual instruments represent compromises on this ideal. Many sizing
instruments provide no way of obtaining composition data. Size and time
resolution are frequently limited, and in some cases no resolution is possible
at all. Filter samplers and impactors collect time-integrated samples, and
unless the time variations of interest occur on scales of hours or days, these
techniques do not allow one to follow transient phenomena. Condensation
nuclei counters and filter samplers similarly lump all particle sizes into a
single measurement, so size resolution is precluded unless the particles are
preceded by an aerosol size classifier. Even then, relatively few size cuts
are generally achieved, although the scanning electrical mobility spectrom-
eter or differential mobility spectrometer can acquire high-resolution particle
size distributions. The aerodynamic particle sizer is capable of good size
resolution over a size range that is complementary to the mobility-based
methods. The single-particle analysis methods described are far from being
practical instruments for routine aerosol measurements. Measurement tech-
niques have improved dramatically since Friedlander’s initial assessment,
but no technique yet approaches this ideal instrument. The 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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with present instrumentation, however, clearly demonstrate the need for
the additional degrees of resolution.

Atmospheric Aerosol Dynamics

Analysis of the evolution of particle size distribution functions and chemical
composition of atmospheric aerosols has, over the years, revealed many of
the processes that determine the nature of the atmospheric aerosol. Ion
mobility analysis and impactors revealed the Junge distribution in the at-
mospheric aerosol. Later studies with the electrical aerosol analyzer and its
predecessors revealed greater structure in the fine-particle distribution (35).
From the nature of the observed particle size distributions and a fundamental
understanding of aerosol dynamics, the processes that generated those struc-
tures were identified. Growth 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 rapid
increase in the accumulation-mode aerosol mass. Only rarely is the chemical
nature of the atmospheric aerosol understood, so particle size distribution
measurements only provide estimates of the quantity of aerosol-phase ma-
terial. In ambient studies, the dynamics of the atmospheric aerosol is com-
plicated by the introduction of reactive species along the entire trajectory
of the air parcel under study and by the vast assortment of reactive species
present in the atmosphere at any time.

Efforts to unravel the physics and chemistry of the atmospheric trans-
formations of both gaseous and particulate pollutants have, for this reason,
turned to controlled laboratory studies to gain a better understanding of the
microscopic processes that take place in the atmosphere. Smog chamber
studies make it possible to probe the transformations that occur in 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 with studies of crop fumi-
gation, noting that ring opening in the photooxidation of cyclic olefins pro-
duces species with very low vapor pressures. Sulfur dioxide was found to
result in aerosol formation in reactions of all types of olefins (38, 39). Multiple
additions of hydrocarbons to chamber photochemical experiments led to
multiple bursts of new particle formation in other early studies (40). Many
of the early measurements were limited to condensation nuclei counter
(CNC) estimates of the total number concentration and photometer mea-
surements of total light scattering by the product aerosol. Still, the data
reveal important dynamics of the atmospheric aerosol. CNC data frequently
show very rapid rises in the total number concentration, and increases of
orders of magnitude occur within 5 to 10 min (40-42).

The introduction of the electrical aerosol analyzer allowed direct ob-
servations of the evolution of the size distribution of the fine aerosol particles
(41). The growing aerosol was found to develop what appeared to be an
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equilibrium surface area. Subsequent theoretical analysis of these and other
data by McMurry and Friedlander (I) revealed that the asymptotic distri-
bution is actually a slowly increasing distribution that results from particle
growth by a combination of coagulation and condensation. Other studies
used the optical particle counter to generate similar data for particles larger
than 0.3 pm (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 in the atmosphere.

A comprehensive study of the formation of aerosols in the photochemical
oxidation of SO, in clean air systems, hydrocarbon-NO, systems, and a
combination of the two revealed complex aerosol dynamics that is still not
quantitatively understood (45). When SO, was photochemically oxidized in
clean air, particle formation occurred abruptly after an incubation time that
varied from less than 1 min to 30 min, depending on the SO, concentration.
The number concentration increased rapidly, peaking within about 10 min
of the onset of particle formation, and then decayed slowly. Late in the
experiment, the lights were turned off to stop the photochemical reactions.
The number concentration decayed more rapidly thereafter; this observation
indicates that new particle formation had continued long after the number
concentration had peaked. The photochemical reactions of a variety of hy-
drocarbon—NO; systems produced particles after a much longer delay than
was observed in the SO,~clean air system, and these reactions had a more
rapid increase in the volume concentration of particles than in the former
system but slower increases in the number concentration. Photochemical
reactions of SO,—hydrocarbon—NO, systems produced number concentration
profiles that appeared to be a linear combination of the two systems. Particles
were rapidly formed early in the process, and a second, slower burst of new
particle formation took place after a long delay. Although the number com-
bination profile appeared to be a linear combination of the two separate
systems, the volume of aerosol was greater than the sum of the two systems.
The influence of the hydrocarbon—-NO, chemistry on the photooxidation of
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