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Gaseous sulfuric acid (GSA) plays an important role in atmospheric secondary aerosol formation. To quan-
tify its contribution to these processes long-term measurements of GSA using a very sensitive detection
method are required. OH is the most important oxidant in the atmosphere and oxidizes, e.g., SO,. A pow-
erful detection method is chemical ionization mass spectrometry (CIMS). We have built a novel CIMS
instrument composed of an ion trap mass spectrometer (ITMS) and a selective ion source suitable to
measure gaseous H,SO4 and OH and to do fragmentation studies. The probe air inlet and sampling line
Keywords: o . . Lo
Sulfuric acid were optimized to minimize wall losses of H,SO4 and OH. An ion source was developed to minimize
OH artificial signals and to create reagent ions (NO3 (HNOs3),(H20), ) which react highly selectively with GSA.
An H,S04/OH calibration source based on water vapor photolysis was developed to overcome uncertain-
ties in remaining wall losses, ion residence time, reaction rate coefficient and mass discrimination. Field
measurements of GSA in the planetary boundary layer (several weeks at northern and middle latitudes)
and high-altitude mountain-site measurements of GSA and OH were carried out. The ITMS instrument

secondary aerosol formation
Chemical ionization
lon trap

offers a detection limit as low as 1 x 10°> molecules per cm? and a time resolution of about 2 min .

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Atmospheric aerosol particles have a strong influence on Earth’s
climate and human health. They scatter sunlight, serve as water
vapor condensation nuclei (CCN) in cloud formation and thereby
change the properties of clouds. In addition certain aerosols also
represent major atmospheric pollutants. Several field campaigns
[1,2] have implicated that newly formed particles from atmo-
spheric nucleation events are an important source of CCN. To
understand the processes which lead to secondary aerosol produc-
tion, measurements of aerosol precursor gases are required.

Major precursor candidates for nucleation in the atmosphere are
gaseous sulfuric acid and water; ammonia as a principal stabilizer
of H,SO04-H,0 clusters can enhance the H,SO4-H,0 nucleation
([3] and references given there). Other bases in the atmosphere
besides ammonia are amines. They are also likely to enhance sul-
furic acid-water nucleation [4]. Ion clusters (containing H,SO4 and
H,0) may also contribute to nucleation in the atmosphere ([5] and
references given there, e.g., [6]).
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The OH-induced production of H,SO4 from the reaction of SO,
proceeds via the following reaction sequence:

OH+S0, +M — HSO3+M (1)
HSO3 + 0, — SOs +HO; (2)
SO3 +2H,0 — H,S04 + H,O0. (3)

Importantly, OH can be recycled via the reaction
HO; + NO — OH + NO,. (4)

Therefore, in most atmospheric conditions OH acts only as a cat-
alyst and is not consumed by the SO,-conversion. The first two
steps (1) and (2) of the above scheme for OH-induced conversion
to gaseous H,SO4 was originally proposed by [7]. However, it was
not before 1993 that the final step (3) could be proven in the lab-
oratory [8,9]. These laboratory measurements demonstrated that
an H,SO4 molecule is actually formed and that 2 H,O molecules
are involved in reaction (3). Also they yielded the first quantitative
measurement of the rate coefficient of (3). Hereafter, additional
laboratory measurements [10,11] confirmed the findings of [8,9].

The production of OH is initiated by the photolysis of O3 to pro-
duce O(1D). The reaction of O('D) with H, O is the principal source
of OH radicals in the troposphere [12].

In this work we present a detailed description of an ITCIMS
instrument and its first use in combined measurements of H,SO4
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and OH. Previously, several papers have been published presenting
data obtained by this instrument but with only limited instru-
mental information. More data obtained using this instrument are
presented here. Detection and quantification of sulfuric acid in the
gas phase in the atmosphere have only been possible recently by
PACIMS [13-15] and by active CIMS (e.g., [16-20]). We used for
the first time an ion trap mass spectrometer (ITMS) for these mea-
surements. An ITMS has also been recently used by DLR (Deutsches
Zentrum fiir Luft- und Raumfahrt)/MPIK (Max Planck Institute for
Nuclear Physics) for airborne CIMS measurements of SO, [21,22]
and PAN [23].

The advantages of ITMS compared to a linear quadrupole
mass spectrometer are the possibility of identification of ions via
mass selected ion fragmentation [24], a wide mass range (up
to 4000 amu/z) at unit resolution and a large sensitivity also at
large mass numbers. The relatively large product mass 160 amu
(HSOZ;HNO3) used for the detection of sulfuric acid has been frag-
mentated with ITMS in the laboratory yielding mass 97 amu (HSO, )
which is a verification for this detection method.

At the Environmental Research Station Schneefernerhaus UFS
(mountainside Zugspitze, Germany) also simultaneous measure-
ments of GSA and OH with an ITMS via titration of OH with
isotopically labeled SO, were carried out. The results of these mea-
surements are presented in Section 3.2.

2. Measurement method

The principle ion molecule reaction for the detection of gaseous
sulfuric acid by CIMS in the atmosphere with a mass spectrometer
was introduced by MPIK Heidelberg [13]. A further development
of the PACIMS (passive CIMS)-method described in there (using
ambient ions as reagent ions) is the active CIMS method. Reagent
ions are introduced into a flow tube by an ion source and react with
a rate coefficient k for a given ion residence time t;; with HySO4
while being carried from the ion source to the mass spectrometer.

The ITCIMS instrument (Fig. 1) is composed of 5 major compo-
nents. These include: an ion source (IS), an ion flow reactor (IFR),
an ion trap mass spectrometer (ITMS), a sampling line (SL) and
an H,S0,4/OH calibration source (CS). In the following subsections,
these components will be individually discussed.

Also for OH measurements, the detection of H,SOy is utilized by
ITCIMS. For OH, artificial H,SO4 is produced via titration with iso-
topically labeled 34S0,. For more details see Section 3.2. In Sections
2.1 and 2.2 it is not distinguished between ambient and artificial
H,S0,4 because it is assumed that both, H,3250,4 and H,34S0, react
chemically in the same way with the reagent ions produced in the
IS.

The calibration of GSA and OH measurements are based on the
production of a certain concentration of OH radicals (see Section
2.5) and the subsequent titration with 32S0,. It is important to note
that the titration in all cases occurs just after the probe air inlet to
avoid competing losses of the OH radicals.

2.1. Ion source

The reagent ions are produced in a capillary ion source (IS) (see
Fig. 1). The casing of the ion source was constructed from stain-
less steel parts and an aluminium rod to fix the sealed radioactive
source Po-210 (P-2042 Nuclespot, maximal activity 185 MBq, NRD
inc.). The ionization is caused by the alpha particle emitter Po-210.
Primary ions (ion pairs) are produced in the part of the ion source
case with distance a and diameter 4cm in a HNO3/N,-mixture
(~0.2 pwmol/mol in 2-3 slm N, 5.0). This mixture is produced with
a permeation tube (e.g., HRT-10.00 2022/50 Kin-Tek, alternatively
Dynacel) and a permeation oven (MK5 special, MCZ).

The distance a was optimized for maximum net ion production
and was found to be about 1cm for a source with the maximum
activity of 185 MBq. This distance a is far less than the range of
«-particles (3-4 cm). Most likely, ion recombination and eventu-
ally wall losses of ions are the reasons that a higher distance a
leads to a lower net ion production. The subsequent ion evolution
leads to the desired NO3 -ions due to processes similar to those in
the atmosphere. HNO3 reacts with negative precursor ions to form
NO3 [25,26]. To more than 90% of the NO3 -ions at least one HNO3-
molecule is attached (see Fig. 2). Hence NO; HNO3(H;0), and most
likely NO5 (HNO3),(H20)y are the effective reagent ions for H;SO4
detection (the hydrates and most of the second HNO3-ligands are
not visible as these ligands are detached from the ions in the ion
trap by collisions with helium atoms). There is a risk of artificial
H,S04 formation by OH and HO, radicals formed in the ion source
and the SO, introduced into the sampling line SL (SO, for the titra-
tion and SO, from the probe air). In order to remove these undesired
ion source generated radicals, NO; (2.5 mmol/molin 2-3 sim N, 5.0
from a gas cylinder) was introduced as a scavenging gas which con-
verts these radicals to HNOs. The reagent ions are introduced into
the flow tube reactor IFR where the ion molecule reactions with
atmospheric gases take place.

2.2. lon molecule reactions

The reactions are assumed to be of pseudo first order and there-
fore the concentration of H,SQy is proportional to 1/kt; x In(1+R),
with R: ratio of product and reagent ions. The overall reaction
scheme with H,SO4 and the core ion NO3 reacting to the core ion
HSO, and HNO3 is:

NO;(HN03 )h(H20), + HoSO4 —

(5)
HSOZ(HNO;)I(Hzo)m + (h -1+ 1)HNO3 + (n — m)H,O0.
The corresponding rate coefficients ky , have been measured for
h=0-3 (n=0) and n=0-3 (h=0) by [27]. For (h, n)=(0,0), (1,0),
(2,0) the rate coefficients are:

kno =2.32x10"%cm3/s(h=0),
=1.86 x 10°cm3/s(h = 1), (6)
=1.72 x 10%°cm3/s (h = 2),

with relative errors between plus or minus 10 and 15%. Reaction (5)
is a fast exothermic proton transfer reaction with rate coefficients
close to the collision rates. A strong temperature dependence is not
expected for such reactions. The influence on the rate coefficients
k1 n is not significant [28]. There is no significant water vapor depen-
dence of the ion molecule reaction scheme used for the detection
of gaseous sulfuric acid as has been empirically shown by the MPIK
group. However, there is a water vapor dependency of the sensi-
tivity of the ion trap mass spectrometer ITMS. The transmission of
large cluster ions is smaller than the transmission of unhydrated
core ions. But this effect does not influence the accuracy of the sul-
furic acid measurements, because CIMS is based on the detection of
the ratio of product and reagent ions and not on absolute ion count
rates.

The ion molecule reactions take place in the ion flow reactor IFR
(QF40 stainless steel, diameter 4 cm, length ~ 0.4 m) at atmospheric
pressure p and controlled temperature T; (heating tapes). T; was
chosen between 32 °C and 37 °C. These temperatures are too low to
vaporize significant amounts of sulfuric acid from aerosol particles,
but high enough to lower the relative humidity in IFR and thus
enhance the sensitivity of ITMS [29].
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Fig. 1. Setup for atmospheric measurements of GSA and OH with ITCIMS and calibration source. MFC: thermal mass flow controller
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Fig. 2. Mass spectrum obtained with calibration source (CS).

2.3. lon trap mass spectrometer

The quadrupole ITMS is a modified Thermo Finnigan LCQ clas-
sic (see Fig. 1). The last part of the ion optics (octupoles), the ion
trap and the detection system (conversion dynode and electron
multiplier) were not changed. The vacuum system was altered (a
compact diaphragm forepump (Vacuubrand MZ4) was installed in
front of the split flow turbo molecular pump (Balzers-Pfeiffer TMH
260-130)). The focussing of the ions from the ion flow reactor IFR
towards the first pressure chamber of ITMS (~10-! Pa) is a unique
development by MPIK Heidelberg and is achieved by an ion cone
with a critical orifice (d= 0.15cm diameter) and a front electrode
(0.15 mm diameter) just before the first octupole (both fabricated
from stainless steel). The pressure in the pre-chamber containing
the ion cone and front electrode is kept constant at a value <1 x 104
Pa using a pump. A flow is produced by this pump (rotary vane vac-
uum pump BUSCH RA 0025 E (543), alternatively a Ruvac WA 150
Roots pump together with an Alcatel ALCV 750 pump) and is con-
trolled by the critical orifice. The standard flow Qg (in standard
liters per minute, slm, pp= 1013 hPa, Tp= 273 K) through the critical
orifice depends linearly on the pressure p (hPa) in front of it [30]:

0.93s5d2pT,

/2931,

with s: cut factor, d (cm): diameter of orifice and T; (K): temperature
atorifice. As s is not well known the flow is calibrated with the help
of athermal mass flow controller and a pressure sensor. A small part
of this flow passes through the front electrode of ITMS. The volt-
ages of the front electrode, the octupoles and the amplitude of the
radio frequency (RF) of the octupoles are optimized with the help of
the software Tune Plus (Thermo Finnigan). Typical values ( V) are:
front electrode: —1, octupole 1 offset: 4, interoctupole lens volt-
age: 9, octupole 2 offset: 11, octupole RF amplitude ( Vp-p) 940.00.
Because of the low mass cut off of the ion trap and the tuning of
the voltages for the heavier product ions, the reagent ions can suf-
fer from a mass discrimination. Due to the optimization of the ion
optics for product ions the transmission for other ions can decrease.
Ions with low masses that reach the ion trap despite this effect also
suffer from a reduced stability inside the trap (compared to heavier
ions) if their mass is close to the low mass cut off. These two effects
are summarized in the so-called mass discrimination of ITMS. Cor-
rection factors (<2 at mass 125 amu relative to mass 160 amu) for
this discrimination were derived from laboratory measurements
(comparison of reagent ions intensities in and without presence of
product ions). These correction factors are necessary especially if

Qirr = (7)

the calibration and/or atmospheric measurements are done at high
ion intensity ratios (product ions/reagent ions) because In(1+R)
cannot be approximated by R in these cases.

The interoctupol lens open during an injection time of max-
imum 8s to release the ions into the second pressure chamber
(~3 x 103 Pa). The actual injection time is about (6+2) s as an auto-
matic gain control is activated during the measurements which
allows only a certain (maximum) amount of ions entering the ion
trap to prevent changes in the electrical fields inside the trap due
to space charge effects. These changes may result in a decrease of
the mass resolution. Due to the poor statistics of the ion counting
during a single mass scan a preselected averaging over a certain
amounts of so-called micro scans is activated (see Section 2.5).

2.4. Flow tubes

For the atmospheric measurements there are actually three dif-
ferent flows needed: Qo is driven by a blower and both Qs and
Qi by a pump. The flow Qe that arrives at ITMS and the pump
were already described in Section 2.3. The flow Qg in IFR is the
sum of sampled air Qg; in SL and the carrier gas from IS (see Section
2.1). Another flow Qcs is used for the calibration (see Section 2.5).

A guided inlet Ftyo, (diameter 0.2 m)is used for the atmospheric
measurements of GSA and OH (see Fig. 1) with a high flow Qpjow =
1100 m3/h produced by a blower (pipe ventilator, Maico EZR 20/2
B). From the central part of this flow an air column is sampled by
the probe air inlet (stainless steel cone with an orifice diameter of
5mm) into the sampling line SL. So it is assured that the probe air
is not directly affected by walls or other obstacles close-by on the
outside of the measurement building. The distance of the guided
inlet from the roof/wall of the building is about 0.5m (= 0.3 m for
the setup at UFS). The length of SL that is made out of QF40 stainless
steel parts is about 1 m (0.4 m for the setup at UFS). During most of
the measurements an inlet in the roof was chosen.

2.5. Calibration source

Though the rate coefficient of the applied detection reaction is
relatively well known ((Eq. 6)), additional uncertainties because
of H,SO4 wall losses in the sampling line and uncertain flow con-
ditions in the ion flow reactor IFR exist. As the sampling line SL is
made as short as possible (to minimize wall losses) and the injected
carrier gas from the ion source has a higher velocity than the sur-
rounding probe gas the ion residence time t;; cannot be derived as
exactly as it could be in an ideal laminar flow. Bending of IFR is even
more critical for a calculation of t;.. There are also uncertainties in
mass discrimination of the reagent ions (see Section 2.3). Therefore
a calibration source CS is needed which can be directly connected to
the probe air inlet to have similar conditions as during atmospheric
measurements (see Fig. 1).

A certain amount of OH radicals is produced by CS. The subse-
quent titration with 3250, yields a corresponding amount of H,SO4
that is detected with ITCIMS. Different kinds of OH calibration tech-
niques are described in [31] (and references given there) and [32].
The calibration of the measurements presented here is based on
water vapor photolysis at a wavelength of 184.9 nm:

H,O+hv — OH+H (v=c/184.9nm), (8)

H+02+M—> H02+M.

The production of H,SO,4 from the reaction of SO, with the pho-
tolysis product OH and consecutive reactions occurs in the same
way as in the atmosphere due to the Stockwell/Calvert mechanism
(reactions (1)—(3)).
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Table 1
Typical parameters calibration part
Unit 3(%)
A 1.30 x10°° m? d Sensitive area of photodiode
(Hamamatsu S1226-44BQ)
S185 0.097 AW 2.7 Spectral sensitivity of photodiode at 184.9 nm ?
kq 1.380 14 Correction factor — beam divergency °
kr 1.293 0.8 Correction factor — transmission suprasil tube ?
P 0.085 1.4 Reflectivity of suprasil tube ¢
kp 1.078 5 Correction factor - length illumination zone ¢,
Absorption cross-section of 0, ®
00, 14 x 1020 cm? 22 At 184.9nm and O, column ~5 x 10'8 cm—2
Absorption cross-section of water vapor
oH,0,i 7.14 x10-20 cm? 2.8 At 184.9nm [48]
oH,0, ii 7.22 x10~%0 cm? 3 At 184.9nm [49]
b 1.5 cm d Width of aperture
20-27 slm 3 Total flow through suprasil glass tube I
Qr 13-18.5 slm 3 Taken flow from Qg for flow tube 1P
p 1x10% hPa 0.2 Pressure in tube I and at the end of tube II ®
T 22 °C 0.3 Typical gas temperature at the end of tube II
R 1.0 cm d Radius of suprasil tube
I 20-190 nA 1 Photo current ®
[H20]o 0.1-1.7 10'7/cm?3 43 water vapor concentration in tube II ¢
2 Derived from a comparison measurement with a calibrated photodiode Hamamatsu G2119 from PTB, Berlin.
b Measured.
¢ Calculated.

d Error negligible.

The setup is shown in Fig. 1: Purified air is humidified to
a certain amount (water vapor concentrations between 1-1016
and 1.7-10'7 #/cm3) and irradiated with UV-light (wavelength
184.91 nm) in a well-defined zone. The probe air inlet (the same
as the one used during atmospheric measurements) sucks a frac-
tion of this air containing OH radicals. To produce sulfuric acid,
an inlet for a SO, /N, gas flow (stainless steel, outer diameter 3 mm,
(0.1-0.8) slm, (2-4) mmol/mol SO, in N5 5.0) is positioned just after
the probe air inlet cone in opposite flow direction to ensure a fast
mixing with the probe air. A minimum gas flow (< 0.1 sIm) is cho-
senif one is sure that a higher gas flow would not lead to an increase
in the sulfuric acid concentration.

The water vapor photolysis takes place in an homogeneously
illuminated well defined zone under preferably well defined lami-
nar gas flow conditions (Qcs) inside tube Ftcs. This zone is located
at the end of Ftcs inside a calibration unit. Ftcg is made out of syn-
thetic fused silica (Heraeus Suprasil, radius R=1.0 cm). The length
(which s critical for the formation of a laminar flow) was preferably
chosen quite long (/= 1.5m) and the flow (Qcs= 20 slm) relatively
low for the so-called laminar setup with a Reynolds number of ~
1500. For the OH and H,SO4 measurements at UFS (see Section 3.2)
aquit short tube was chosen (~0.75 m) because of space limitations
getting a turbulent flow (Qcs= 27 slm) with a Reynolds number of ~
2000. This so-called turbulent setup requires more attention con-
cerning the determination of the photon flux and the duration of
the photolysis (see below), but this setup has no risk of an unde-
fined (halflaminar/half turbulent) flow which exists for in-between
lengths of Ftcs. A disadvantage of a turbulent flow are more wall
losses of OH-radicals due to turbulent diffusion. The wall-losses of
OH for this setup due to turbulent and molecular diffusion were
empirically determined to be 10%.

The calibration unit consists of a lightproof case that contains
an UV lamp, an optical system, a part of Ftcs and a photodiode (see
Fig. 3).

The production rate of OH (according to reaction (8)) is pro-
portional to [H0], the absorption cross section oy, of H0, the
quantum yield oy 185 and the photon flux W. Integration yields
the OH-concentration (Eq. (9)). For the laminar setup mean values
for the photon flux W, and the duration of photolysis 7. in the cen-
ter of tube Ftcs can be used (Eq. (10)). The irradiance determines
W, (Eq. (11)). The irradiance is derived from the photo current I

of a calibrated photodiode, divided by its spectral sensitivity s and
sensitive area A. The photo current is measured with an electrom-
eter (Keithley 6514). The photon flux W, is the irradiance divided
by the photon energy E = hc/A times a correction term to obtain the
photon flux in the center of the photolysis region. The length L of
the illumination zone and the mean velocity of the sampled (cal-
ibration) flow Qgs; determine t. (Eq. (12)). L is determined by the
geometry of the optical system (= k; x width of aperture b).

d[OH
% = {[H20] — [OH]}on,0Pon, 185 ¥
Doy,185 ~ 1 [33] ~ (9)

[OH] ~ [HZO]OUHZO/ Wdt ([OH] « [H20]g)
0

T
/ Wdt = W, (laminarsetup) (10)
0

low pressure mercury-vapor
lamp (L.O.T. Oriel 6035)

UV-lamp

iris

36 mm T
20 mml lens OWIS 60.122.4050
245mm| 4oy interference filter ?g?ﬂgzsﬁmh Co.
3,5 mm t _— Wmaperture
22,5 mm flow tube Fi g
29,5 mm 2mm)
! photodiode Hamamatsu S1226-44BQ

Fig. 3. Schematic of the optical system of the calibration unit as part of the calibra-
tion source (CS).
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U, = Lkdkr(e"“’q + pe*oR) (laminar setup) (11)
SAEphoton

ks = (00,[02] + o1,0[H20])

I — k]_pro
©7 QpoT

2 =R*(1-/1-Q/Q),

r=radius of the calibration volume (cylinder).

For the laminar setup correction factors have been derived (ki,
kg, kr and p). For more details see Table 1.

For the turbulent setup the integral for Wdt cannot be simplified
as in the laminar case (10), so the photon flux and the duration of
photolysis had to be determined three dimensional by cylindrical
coordinates.

The calibration unit is flushed by dry nitrogen to prevent absorp-
tion of the UV-light by ambient oxygen. The flow Qcs inside tube
Ftcs contains oxygen and water vapor that absorb UV-light at the
observed wavelength. The correction for this phenomena is due
to Lambert-Beer law, so is the correction of the absorption of
the reflected light from the tube’s wall (Eq. (11)). The flow Qcs
is produced by a pure air generator (NBS 2000, company Breit-
fuss) and a humidification unit. The latter consists of a gas wash
bottle filled with distilled water and additional empty bottles to
prevent water droplets from bursted bubbles getting into Ftcs. The
dew point temperature of the humidified zero air is measured by an
optical chilled mirror hygrometer (DewTrak 200, EdgeTech), alter-
natively with a thin-film aluminum oxide moisture sensor (AMX
1 Dew Point Transmitter, Panametrics). The water vapor concen-
tration [H,O]g is derived from the dew point temperature via an
approximation formula [34]. The absorption of the UV-light (pho-
ton flux at A=184.9nm during 7) by a known concentration of
water molecules (with the absorption cross-section oy,0) leads
with the quantum yield ®op 135 to OH molecules. A part of the
flow Qcs is taken for the flow in SL. This part Qg has to be less than
70% of Qcs. Otherwise the error of the calculated OH-concentration
according to (Eq. (9)) becomes too large due to boundary effects. In

712, (laminar setup) (12)

Fig. 5. Zugpitze: summit and Environmental Research Station Schneefernerhaus
(UFS).

Fig. 4 the relative deviations of measured HO, concentrations [35]
from comparable calculations of HO, production (of the same cal-
ibration source) are shown. For this purpose a small flow Qs; was
taken at different positions of the cross-section of Ftcs.

The atmospheric GSA (OH) concentration is the product of a cal-
ibration factor (obtained from the calibration described above) and
In (1 + R] 60(162),125 ), with R160(162),125 :ratio of ion intensities at mass
160 (162) and mass 125. The systematic error of the calibration
factor is +25%. There is an additional statistical error due to the
variation of the ion intensities measured by the mass spectrom-
eter. The observed peak ion signal intensity is proportional to a
peak ion count rate. However, the unit of this ion intensity is arbi-
trary for the used ITMS. The observed standard deviations of mean
values from respective more than 20 single values of the ion inten-
sities at mass 160 and 125 during a calibration showed that the
chosen integration over 10 micro scans leads to a statistical error
with an upper limit of about plus or minus 10% in the GSA (OH)-
concentration range of the calibration unit (107-108 molecules per
cm?3). To improve the precision for lower ambient GSA (OH) con-
centrations an integration of 30-50 micro scans is used during
the atmospheric measurements in the planetary boundary layer.
This leads to an accuracy of about plus or minus 30% in the upper
106 molecules per cm3—range for both GSA and OH measurements
(plus or minus 33 % or more for OH measurements because of inter-
ferences with HO,, see Section 3.2). The precision is better than plus
or minus 10% in this range.

Between the atmospheric measurements, background measure-
ments for GSA and OH are performed. For GSA, the background
is measured by exchanging the probe air inlet cone with a spe-
cial fins-like construction out of stainless steel covered by several
layers (up to 32) of relatively porous and absorbent laboratory
paper. The background signal is subtracted from the signal at mass

Table 2
Parameters of OH/GSA-measurements at the mountain station Zugspitze October
2001.

Parameter Unit
P 735 hPa
T 32 °C
DPrecipient 95-97 hPa
18.5 slm
lon source 210po: 62 MBq
Detection limit OH (30) 1.9.10° ft/cm?
Detection limit GSA (30) 1.2.10° ft/cm3
Time resolution 140 s
Reaction gas for OH 2 mmol/mol 34S0, in Ny: 0.122, slm
N,: 0.44 slm
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Fig. 6. Measured concentrations of OH and GSA, ozone and global irradiance (DWD) at mountainside Zugspitze (05. and 06.10.2001). The colored rectangles represent

additional errors of the OH data (yellow: —24%, grey: —33%, green: undefined (see text)).

160 obtained during atmospheric measurements. For OH the back-
ground measurements are described in Section 3.2.

3. Atmospheric measurements

3.1. Gaseous sulfuric acid in the planetary boundary layer

We have deployed the ITCIMS instrument for many ground-
based GSA measurements in the planetary boundary layer. Most of

them took place in the framework of the EU-project QUEST (Quan-
tification of Aerosol Nucleation in the European Boundary layer). All
in all, data of several months have been obtained. They have been
presented and interpreted focussing on new particle formation
and growth [18,36-42]. New particle formation events observed,
e.g., during QUEST III (Heidelberg) and IV (Hyytidld, Finland) are
studied in respect to the measured sulfuric acid concentrations
in [40]. A correlation, e.g., of the time-shifted square of GSA con-
centrations with concentrations of N3g particles (with diameters
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between 3 and 6 nm) is an implication for kinetic nucleation result-
ing in ammonium-bisulfate particles. The time-shift is reasonable
because the N3g particles have already grown. Also correlations
with [H;SO4] have been observed. An overview of connections
between aerosol formation and sulfuric acid can be found in [43]
and a summary of new particle formation studies that had simul-
taneous measurements of [H,SO4] is shown in [44].

There are recent implications [45] that the measured sulfuric
acid is only a lower limit if strong base molecules like amines are
present. The reason is that CIMS is less sensitive for amine-sulfuric
acid clusters.

3.2. Gaseous sulfuric acid and hydroxyl radicals at the
high-altitude mountain station Zugspitze

GSA and OH have been measured at the Schneefernerhaus UFS
(2650 m asl, below the summit of Mount Zugspitze in the Bavarian
Alps, Germany) in 2001 (during the field measurement campaigns
10.05.01-01.06.01 and 31.09.01-12.10.01). The UFS has the status
of a global station within the Global Atmosphere Watch Programme
of the World Meteorological Organization (WMO). It is located ~
310 m below the summit of Zugspitze at its southern slope (see
Fig.5). The air masses came mostly out of west from the Schneefern-
erscharte between the summits of Schneefernerkopf (at the very
left side of Fig. 5) and Zuspitze.

Exemplary, two days are presented in the following (05. and
06.10.2001). On the first day, air masses were predominantly of free
troposphere origin (backward trajectories from National Oceanic
and Atmospheric Administration (NOAA) and British Atmospheric
Data Centre (BADC)) and it was a cloudy day. The second day was
almost cloud-free in the second half and the air masses came more
and more from the boundary layer. But the SO, measurements of
another CIMS instrument (MPIK, [46,47]) showed no convection
of SO,-rich boundary air (mean values less than 20 pmol/mol). Pre-
sumably an inversion over the valley occurred. A significant change
in the meteorology occurred at approximately 13:22. The wind
changed its direction from west to southeast (foehn) and the air
masses came from the area of the Alps.

For the atmospheric OH measurements, titration of OH in
H,34S0, in less than 30 ms was done just behind the probe air inlet
(see Fig. 1). The required concentration of isotopically labeled SO,
(Linde, 2 mmol/mol SO, in N,, ~92% 34S0,, flows see Table 2) has
been determined empirically and via a kinetic simulation [29]. For
background measurements NO, was added to the N,/34S0, mix-
ture to quench the atmospheric OH. The mole fraction of NO, just
behind the inlet was 65.5 pmol/mol during these measurements
that were repeated several times. Additional background measure-
ments as described in Section 2.5 were done. Interferences between
H,S04 with OH because of the natural and artificial distributions of
the isotopes were corrected.

Interferences of OH measurements with HO, because of reac-
tions with NO and O3 have been considered and lead to a slightly
degraded accuracy of about +-33% for NO values below 40 pmol/mol
(HO, was estimated to be between 5 and 20 pmol/mol, wall losses
of HO, have been determined empirically and considered). For
higher NO mole fractions (measured by the Umweltbundesamt at
the mountain top) the (negative) accuracy gets worse correspond-
ing to Fig. 6 (because of the low time resolution of the NO data
(30 min) only the maximum values of two mole fraction intervals
(40-80 pmol/mol and 80-120 pmol/mol) have been considered for
the error estimations). Because of the lack of a few NO data the
corresponding (negative) accuracies of the OH data are undefined.
An extension of the OH measurement will be the quenching of HO,
inside SL to minimize such interferences, e.g., with the help of NO,
just after the titration region of the probed ambient atmospheric
OH.

Both measured concentrations of GSA and OH show a diur-
nal variation and a good correlation with the global irradiance
measured by the DWD (Deutscher Wetterdienst) (see Fig. 6). Espe-
cially the variations at lower time scales due to clouds (05.10.01)
are reflected in the OH but also in the GSA concentrations. Max-
imum concentrations of GSA and OH of 2.6 x 10% and 7.6 x 106
molecules/cm3, respectively, were observed. Mean values of OH
at noon were ~3.5 x 106 (05.10.01) and 4.5 x 106 molecules/cm3
(06.10.01).

The detection limit of OH was 1.9 x 10° molecules/cm3 (3 x 10°
molecules/cm® before 8:10 on 05.10.), for H,SO4 1.2 x10°
molecules/cm?® (2 x 10° molecules/cm?® before 8:10 on 05.10.)
(time resolution 1405s).

The accuracy for OH was for 6 x 105 molecules/cm3 +33%,
for 6 x 10° molecules/cm? +48% (NO below 40 pmol/mol). The
accuracy for H,SO,4 was found to be at typical values of 1 x 106
molecules/cm3 +36%.

4. Summary and conclusions

The ITCIMS instrument has been successfully deployed for
GSA measurements in the planetary boundary layer and for
simultaneous measurements of GSA and OH at the high-altitude
mountainside Zugpitze. First conclusions regarding the influence
on new particle formation have been drawn from the GSA mea-
surements (see references in Section 3.1). Further measurements
of GSA, ammonia and amines in the future are important, not only
measurements at ground-level but also ship and aircraft borne
measurements. Ammonia and amines can also be measured via
CIMS in the positive ion mode due to their large proton affinities.
Measurements above the planetary boundary layer have the advan-
tage that due to lower humidity the sensitivity of ITMS increases
and thus a higher time resolution can be chosen. The lower tem-
peratures prevailing above the boundary layer promote nucleation,
provided that nucleating gases are sufficiently abundant.
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