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Abstract

During the CLECPATRA campaign 7 measuring flights have been conducted. The aim was a
determination of trace constituents in and in the vicinity of clouds. For this purpose microphysical
and chemical measurements were carried out and cloud water was collected. The trace gas
concentrations of 803, Hy03, O3, NO, NO; and NO, were detfrmineg. Cloud water samples were
analysed for S(IV), HyO;. pH, conductivity, CI, NOj, SOy NH,, Na*, K", Ca%* and Mp?*.
Furthermore cloud droplet size distribution, LWC, pressure, relative humidity and temperature
were continuously measured. During the entire campaign low S(IV) concentrations have been
measured. They ranged between 0.1-4 pmol/l. In contrast measured H;O5 concentrations and pH
were relatively high. H>O; concentrations raised up to 155 pmol/l and highest pH was 6.9. For the
first time Hy O, and S(IV) concentrations of cloud water droplets were measured on-line on board
of the aircraft. With the possibility of direct S(IV) analyses, the SO,/S (IV) phase equilibrium has
been examined.

Zusammenfassung
Spurenstoffverteilung innerhalb und suBerhalb von Wolken

Im Rahmen des CLEOPATRA-Experiments wurden bei sicben MeBflilgen im stiddeutschen
Raum zur Bestimmung der Spurenstoffverteilung innerhalb und auBerhalb von Wolken
chemische und mikrophysikalische Messungen durchgefithrt sowie Wolkenwasserproben gesam-
melt. Dabei wurden die Spurengase S0;. H;O,, O3, NG, NO, und NO, gemessen. Die
gesammelten Wolkenwasserproben wurden auf die Komponenten S(IV), HyO,, pH, Leitfihig-
keit, CI", NO3, SO, NH, . Na*, K*, Ca* and Mg?* untersucht. Zur Erfassung der mikrophysika-
lischen Randbedingungen wurden das Tropfenspektrum, der LWC, der Druck, die relative
Feuchte und die Temperatur aufgezeichnet. Die gemessenen Sulfitkonzentrationen waren im
MeBzeitraum niedrig (0.1-4 pmol/l), wihrend sowohl der pH-Wert als auch die H,O,-
Konzentrationen auBergewthnlich hoch waren. Die pH-Werte erreichten Werte bis 6.9,
Spitzenkonzentrationen von Hy 03 lagen bei 155 umol/i. $(IV) and H;O4 wurden erstmals on-line
im Flugzeug analysiert und das SO,/8 (IV) Phasengleichgewicht untersucht.

1 Introduction

The chemical composition of clouds is of current
interest because of the role of clouds in the
transformation of trace atmospheric constituents
and the production of atmospheric acidity. A key
question is the extent to which clouds simply
dissolve soluble aerosol and gases present in free
cloud atmosphere or alternatively serve as a reac-
tion medium. The gas scavenging of trace gases like

SO2 and their chemical reactions in the aqueous
phase strongly influences the chemical composition
of the cloud droplet and their pH.

The aim during the CLEOPATRA experiment was
the investigation of the uptake of the gaseous SO,
and H,O; into the cloud and the chemical reactions
which occur in the cloud droplet. Of special interest
was the examination of the SO,/S(IV) phase
equilibrium. Previous field studies have shown that
Henry’s law equilibrium is not always fulfilled in
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atmospheric samples of bulk cloud water. With the
possibility to analyse S (IV) on-line on board of the
aircraft and to differentiate between free S (IV) and
carbonyl bounded S (IV) a re-study of the gas/liquid
equilibrium was intended.

This report is a summary of measurements per-
formed during seven flights in May and July 1992.
Measurements include continuous in-situ monitor-
ing of 04,NO, NO;,NOx. SOzand H202 Addmon-
ally major ionic specu:s (H4*, NHj, Na*,K*, Ca®
Mg?*, CI", NOj and SO ") were determined.

2 Experimental Description

2.1 Measuring Systems

Measurements were conducted with three aircraft: a
Piper Navajo Chieftain, a DO-228 and a DO-128. In
this paper results of measurements obtained with
the first two aircraft are presented. The equipment
of the aircraft is described in detail by Maser et al.
(this issue) and in the TRACT Quality Assurance
project plan (Mohnen et al., 1992). Therefore here
only a brief overview will be presented. Standard
meteorological instrumentation was installed on
board of the aircraft (temperature, pressure, wind-
speed, LWC and relative humidity). For the regis-
tration of the cloud droplet size distribution a
Knollenberg forward scattering probe (FSSP-100)
has been used. Gasphase concentrations of O3, NO,
NO,, NO,, SO, and H,0, were measured continu-
ously on board of the aircraft. Cloud water samples
were analysed immediately after sampling for S (IV)
and H,0, with a continuous flow chemilumines-
cence analyser (see Maser, this issue). Right after
landing, the cloud water pH and conductivity has
been determined. Major anions and cations have
been analysed by ion chromatography.

2.2 Flight Pattern

For the measuring flights during the CLEOPATRA
experiment three different flight pattern for differ-
ent weather conditions have been chosen (Maser et
al., this issue). For cumulus convection pattern C
has been designed with fixed flight levels for each
aircraft. The two aircraft had been separated only
vertically by a distance of about 1000 m. Pattern A
and B were chosen for stratiform clouds with flights
in south-north respectively in east-west directions in
three different heights. Additionally flights in single
cumulus clouds have been conducted. In Figure 1,
the flight pattern of the Piper for the flights 1, 7 and
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Table1 CLEOPATRA flights and flight pattern. The flight pattern are named according to
figure 1. s-Cu means that measurements were done in a single cumulus cloud, Cb indicates a

thunder cloud.

CLEOPATRA I CLEOPATRAII
Flight No. 1 2 3 4 5 6 7
Date 21.05 25.05 01.06 02.06 03.06 22.07 25.07
Pattern C C s-Cu Cb B B A

3 can be seen as an example. The position of the
aircraft was indicted and recorded during the flight
by the aid of a global positioning system (GPS).

3 Results and Discussion

During the CLEOPATRA campaign seven measur-
ing flights were carried out. All flights are listed in
Table 1 together with the conducted flight pattern.
‘Two of these flights were done according to pattern
C (Figure 1) in nearly cloud free atmosphere with
scattered cumulus convection while for three flights
pattern A and B were chosen due to a stratiform
cloud cover. Two flights were done in single
cumulus clouds. During the flights no. 3 to 7 cloud
water samples have been collected. Some of the
measured data are discussed in the following sec-
tion. It is differentiated between flights with low
cloud cover (case 1) and flights with overcasted sky
(case 2). Results of the gasphase measurements are
presented for both aircraft whereas the shown data
for the cloud water analysis are sampled by the
Piper.

3.1 Measurements in the Gasphase

Casel

At the beginning of the campaign two flights were
performed according to pattern C. The Piper was
measuring at a height of about 1000 m above
ground, the DO-228 at a height of about 2500 m
above ground. In a nearly cloud free atmosphere
concentrations of the trace gases O3, NO, NO,,
NO,, H,0; and SO, were measured. The nitrogen
compounds were only measured at the DO-228,
whereas the peroxide was measured at the Piper. As
an example the concentrations measured during
flight 1 (21th of May, afternoon) are plotted versus
time in Figure 2a-2e. All concentrations are given in
parts per billion by volume of air (ppbv). The H,0,
data collected with the Piper show values up to 1.5
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Figure 2a Temporal variation of the HyO5 concentration
during flight 1 (concentration in ppbv).
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Figure 2b Temporal variation of the O3 concentration
during flight 1 (concentration in ppbv). The full line
represents data collected at the Piper, the dashed line
corresponds to data collected at the DO-228,
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Figure 2¢ Temporal variation of the NO, concentration
during flight 1 {concentration in ppbv).
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Figure 2d Temporal variation of the scattering coefficient
during flight 1.

ppbv (Figure 2a). In Figure 2b the ozone concentra-
tion at the two flight levels is shown. At the lower
height ozone reaches mean values of about 80 ppbv,
the ozone concentration at the height 2500 m above
ground are about 25 ppbv higher. These measure-
ments are in correspondence with vertical back-
ground ozone profiles. The ozone peaks in the two
curves are correlated and also correlated with the
peaks in the NO, time series (Figure 2c). As scan be
seen from Figure 2d showing the scattering coeffi-
cient, which indicates the occurrence of cloud,
higher concentrations of O4 and also NO, had been
observed within the cloud. This result was found for
all measurements in small cumulus clouds. Especial-
ly for the presented data of flight 1 the mean ozone
value in clouds was about 6 ppbv higher than in
cloud free atmosphere. Laboratory tests showed,
that the ozone detector is not sensitive to the
humidity. Therefore the quality of the obtained
ozone data is guaranteed. Big cumulus and stratocu-
mulus clouds reduce the gaseous concentrations of
03,NO, and HO». HO, is rapidly scavenged by the
droplets and dissociates (Lelieveld and Crutzen,
1991):

HO,=03+H" (1)
Ozone is then destroyed by O3 via:
0,+03%+H,0=0H +20,+ OH" (2)

Furthermore the reaction under cloudless condition
between HO ; and NO, which leads to the formation
of NO, and hence of O is suppressed in clouds. NO
and HO, are largely separated in clouds because in
contrast to HO, NO dissolves very poorly. This
chemical behaviour might not be valid in small
cumulus clouds. Temperature and liquid water
content (LWC) are the controlling factors of the
solubility of gases, low temperatures and high LWC
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Figure 2¢ Temporal variation of the SO, concentration
during flight 1 (concentration in ppbv). The full line
represents data collected at the Piper, the dashed line
corresponds to data collected at the DO-228.

are ircreasing the solubility. In small cumulus
clouds the soluble gases remain in the gaseous phase
and therefore O, is not destroyed. The reason for
the observed enhanced concentrations in small
clouds is more dynamically. The convective trans-
port of more polluted air masses from the surface
into higher levels might cause an increase of trace
gases in the gaseous phase in clouds. The SO,
concentrations were very low (0-1 ppbv) and often
below the detection limit of the analyser. Slightly
higher values were found at the lower level
(Figure 2e).

Case 2

Flights 3-7 took place under more cloudy condi-
tions, especially during the flights 5 to 7 stratiform
clouds were prevailing. In this section we present
measurements collected on the Piper for the flight
no. 5, which tock place at the 3th of June 1992, We
were measuring along pattern B in four different
flight levels (6000, 7000, 8000 and 4000 ft). As an
example of the interaction of cloud droplets with
trace gases the temporal variation of the O; concen-
tration is shown in Figure 3. These data are sampled
at different heights and the measurements are not
corrected with the vertical distribution of the
background ozone (Figure 4). Nevertheless the in-
fluence of clouds on the ozone values can be seen.
Clouds are indicated by the liquid water content
which was measured by the heated-wire instrument.
The ozone concentration in the gasphase is decreas-
ing within the cloud. Thus the observed behaviour
of ozone in the presence of clouds may be estimated
as a confirmation of the theory of Lelieveld and
Crutzen (1990,1991). However, also an increase of
O3 within clouds is observed. This behaviour oc-
curred probably under more convective character of
the stratiform cloud.
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Figure 3 O3 concentrations (in ppbv) in dependence of the liquid water content. The upper

graphic shows a time period of ten minutes.

3.2 Cloud Water Analysis

During the experiment 53 cloud water samples have
been collected. The results of the cloud water
analysis are compiled in Table 2. The liquid phase
equivalent air concentration was calculated from
cloud water concentrations by the aid of cloud
liquid water content:

c(air) [nmolm _3] = c(cloud) [u.m0] l_l] x LWC [mlm_S]
3)

Some preliminary results should be discussed in
more detail:

pH

pH and conductivity analyses have been carried out
immediately after landing The pH during the first
measuring period in May was unusually high,
ranging between 5.4-6.9. The reason for this are
obviously high NH} concentrations. During the
second part of the campaign in July the pH varied in
the range of 3.5t0 5.9.

Anions/Cations

Analysis of cloud water samples for morgamc
cations H*, NH},Na*,K*, Ca®* and Mg estab-
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Figure 4 Vertical profile of the O3 backgroundd concentra-
tion in ppbv, Radiosonde-data from Deutscher Wetterdienst
Hohenpeissenberg.

lished that in most samples the overwhelmmg
fraction of equivalents was represented by NH7.
Slmllarly the anionic composition was dominated by
SO4 and NO7 while concentrations of Cl- have
generally been much lower. During flight 5 and
flight 7 the concentrations of various ions were
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Table 2 Cloud water analysis (concentration in neqlm3). The sample were named according to Maser et al. (this issue). Cd. stands for
conductivity measurements.

cd [sav)|H0; | s02 | Noj | o | Na* | K* | NH] | Mg®* | Ca®

Flight | Code Start | Stop | FL pH | neq/ | neq/ | neq/ | neq/ | neq/ | neq./ | neq/ | neq/ | neq./ | neq./ | neq.
m° m? m° m’ m’ m’ m’ m m’ m’ m’

3 ICPS1 | 1640 | 1727 95 - - 020 | 433 | 836 | 836 - 129 | 266 | 2204 | 638 ] 638
ICPSnl | 1642 | 1724 95 - - 02 - - - - - - - - -

K1 1640 | 1715 95 - - 027 - 3266 | 2613 - 809 | 30.81 | 1463 | 994 | 2258

K2 1715 | 1724 95 - - 021 616 | 1030 | 10.00 - 354 | B38| 1879 | 525 | 727
K3 1724 | 1727 95 - - 012 - - - - - - - - -

M1 1640 | 1727 95 - - 013 | 433 | 654 | 600 - 129 | 167 | 1748 | 365 | 426

4 ICPS1 1 1533 | 1600 65 - - - - 499 | 632 - 203 | 226 | BR9 | 437 | 546

ICPSnl | 1533 | 1542 65 - - - 097 1 227 | 184 - 221 113 | 362 | 248 | 281

ICPSn2 | 1548 ! 1600 | 65 | - - - | 283 | 747 | 636 | - | 38 | 22| 78 | 48 | 525

ICPSnd4 | 1600 | 1616 75 677 21 - 074 | 285 | 258 | 423 308 | 15 | 538 | 22 | 248

ICPSNS| 1616 | 1635 85 - - - 0e2 | 010 | 013 - 003 | 002 | 014 | 007 | Ol

K1 1533 | 1542 65 913 | 108 - 092 | 594 § 675 | 545 | 751 | 286 | 432 | 2117 | 6221

K2 1542 | 1555 65 932 47 - 139 | 492 | 407 - 257 | 18 | 824 | 813 | 4387

K3 1555 | 1557 65 - - - 176 | 515 | 679 - 281 | 199 | 801 | 772 | 5756

M1 1533 | 1542 65 682 15 - 065 | 248 | 232 - 130 | 097 | 389 | 248 | 3.2

M2 1542 | 1600 65 675 24 - 109 | 473 | 510 - 200 | 155 | 928 | 473 | 564
5 ICPSN1 | 1549 | 1624 60 - - 001 - 1440 | 2112 | 156 | 12 | 065 | 139 - -

ICPSn2 | 1628 | 1649 | 870 - - - 1116 | 3492 | 7450 | 902 | 369 | 359 | 7372 | 658 | 14M

ICPSnd4 | 1654 | 1717 | 100 - - - 1469 | 2955 | 2452 | 668 | 748 | 276 | 3524 | 1015 | 3791

ICPSnS | 1717 | 1724 | 100 - - - - - - - 206 | 108 | 1845 | 2921 62

K1 1549 | 1559 60 - - - - 3297 | 077 154 | 151 | 137 | 291 | 48B3 | 917

K2 1559 | 1624 60 - - - - 1802 | 441 | 126( 120 | 105 | B8BO | 340 1239

K3 1628 | 1636 70 - - 004 | 361 | 5850 | 2472 | 484 762 | 350 | 4275 | 1051 | 33.17

K4 1636 | 1649 70 542 68 | 001 | 1067 | 1454 | 1573 | 193 | 221 | 193 | 3662 | 442 | 460

K5 1649 | 1654 70 - - 011 | 1340 | 2009 | 2482 | 414 | 591 | 355 | 4610 | 1024 | 10.64

K6 1654 t 1702 | 100 - - 003 - 585 | 850 - 258 | 122 | 1278 | 340 | 326

K7 1702 | 1717 | 100 554 37 | 04 | 1273 ( 1071 | 1030 | 242 | 313 | 152 | 1576 | 525 | 202

K8 1717 | 1724 | 100 - - 0.01 580 | 456 | 452 - 116 | 069 | 684 | 224 | 129

M1 1549 | 1649 60 - - - - 214 | 3N - 140 | 084 | 1337 | 106 | 235

M3 1654 | 1717 | 100 - - 004 | 1089 | 1332 | 1476 - 387 | 171 | 1674 | 684 | 1278

6 ICPSnl | 1147 | 1209 60 - - 0.04 141 669 3195 - 129 076 | 1433 - 1.14
ICPSn2 | 1213 | 1234 80 - - - - 246 | 171 - 146 | 056 | 434 - -
ICPSn3 | 1238 | 1256 | 100 - - - - 048 - - - - - - -

ICPSn4 | 1259 | 1320 | 120 - - - - 1326 | 733 - 133 | 082 | 1505 | 078 | 38

K1 1147 [ 1156 60 58 | 120 | 007 133 | 834 | 323 - 331 | 151 | 447 ; 232 | 516

K2 1156 | 1209 60 467 33 - - 469 | 245 - 084 | 042 | 613 | 028) 13

K3 1213 | 1223 80 - - 0.03 115 | 283 | 180 - 034 [ 024 | 466 | 019 | 086
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Table 2 (continued)

Cd. |S(UV)|H02(50) | NO | @ | Na* | K* | NH] | Mg?*| ca?*
Flight | Code Start | Stop | FL | pH | neq/ | neq/ | neq/ | neq/ | neq/ neq/ | neq/ | neq/ | neq./ | neq.t | neq/

m’ m | m m’ m’ m’ m’ m’ m® m? m’
K4 1223 11234 80 - - - - 546 | 329 | 078 | 040 | 037 | 586 | 043 | 186

K5 1238 | 1246 | 100 368 73 om 037 3.00 1.78 002 | 042 02 276 - -

K6 1246 | 1256 | 100 380 77 - - 365 226 0.02 - - - - -
K7 1259 | 1309 | 120 355 81 0.0 228 798 501 011 0.77 049 721 056 | 252
K8 1309 1 1320 | 120 35 98 - - %981 590 023 | 050 032 [ 1035 ] 054 | 207

M1 1147 | 1209 60 - - 0.04 137 4.86 338 125 | 027 030 072 - -

M2 1213 | 1234 80 - - - - 330 1n - - - - - -

M3 1238 | 1256 1 100 - - - - 328 1n - - - - - -
M4 1259 | 1320 | 120 - - 0.05 542 | 1170 172 - 0.62 043 | 1037 | Q70| 257
N1 1147 | 1209 60 - - 0.4 076 | 380 270 13| 175 152 315 091 160
N2 1213 | 1234 80 - - - - 129 1.99 227 | 14 213 0.70 022 | 078

N3 1238 | 1256 | 100 - - - - 249 147 041 | 099 0.66 252 - -
N4 1259 | 1320 | 120 4.14 66 005 265 952 5.89 020 | 148 1.64 835 117 | 289

7 K1 1059 | 1122 60 4.06 7 001 022 218 282 - 0.96 044 | 1163 - -
K2 1128 [ 1151 | 100 38l 81 0.02 130 515 - - 053 0.70 740 055 | 230
M2 1128 | 1151 ) 100 - - 0.02 243 6.00 685 - - - - 040 | 155

measured in dependence of the flight height. In
Figure 5 the ion concentrations versus the flight
height is depicted. The two profiles are showing
remarkable differences. While at 3th of June 1992
the highest ion concentrations were found in the
level of 7000 ft the highest concentrations at 22th of
July 1992 were found in the upper flight level at
12000 ft. Highest variations of ion concentrations
were found for SO5, NO3, NHY, and H*. This leads
to the conclusion that these ions originate from
chemical reactions.

H,0,

The H,0; cloud water concentrations have been
determined immediately after sampling on board of
the aircraft. Due to rapid reaction of H;0, with
S (IV) a direct analysis is necessary for the correct
determination of H,0,. The obtained concentration
values between 10 to 155 pmoll™! are relatively high
compared to measurements conducted previously
between May-September 1986 over the North See
(Franke and Jaeschke, 1993). At that time concen-
trations between 2 and 17 pumol/l were measured
with a maximum in August,

S(IV) and HAS

The concentrations of S (IV) ranged between 0.1
and 4.0 umoll"!. Concentrations of hydroxyalkylsul-
fonats (HAS) were also measured. With concentra-
tions between 0.3 and 2.0 pmol/l they represent an
amount of 50-70 % of total S(IV). In contrast
during a flight conducted in July 1992 over the
northern part of Germany only 20 % of HAS could
be found. As can be seen in Table 2, H,0O, concen-
trations are always in high excess compared to
S (IV) concentrations. This is a hint that S(IV) is
continuously consumed by H,0,, while HAS is
stable against it’s attack. Therefore it can be
concluded that the amount of HAS in total S (IV)
was relatively high during the CLEOPATRA ex-
periment.

Reactions of S (IV) with H,0,

Some of the cloudwater samples, which had been
analysed for S(IV) and H,0, during the flights
were analysed for a second time after landing, Time
periods between these two determinations lasted up
to 4 h. After this long period it was expected that
S(IV) is no longer existent in samples with high
H;0; concentrations. However, the second analysis
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Figure 5a Concentrations of major anions and cations (in
nmol/m?) in dependence of the flight height at 3.6.92.
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Figure 6 The decay rate of S(IV) in cloud water samples.
The concentration measured on board of the aircraft was
normalised to one.

performed at ground showed significant S(IV)
concentrations even in samples with high H,O,
excess. Figure 6 shows the decay rate of S(IV)
observed in the samples. It can be seen in Figure 6
that the decay rate of S (IV) varies in each sample.
Martin and Damschen (1981) proposed the follow-
ing rate equation for the reaction of S(IV) with
HzOz!

_dS(IV)/dt = (kq x [H20,] x [H*] x [HSO3])/0.1 + [H'] (4)
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Figure 5b Concentrations of major anions and cations (in
nmollm3) in dependence of the flight height at 22.7.92,
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Figure 7 The observed rate constant k3 is plotted against
the quotient ([H*] [H20,])/0.1 + [H*]. The straight line
shows the theoretical slope k; according to Eq. (4).

Since the [H*] and [H,0,] are high in comparison to
the [HSO 3] they are considered as a constant and
included in a rate coefficient ki. Eq.(4) can be
summarised to Eq. (5):

— d [HSO 3)/dt = k3 [HSO 3] (5)

The rate coefficients k; were calculated from our

experimental data set and plotted against the
quotient ([H*] [H,0,]/0.1 + [H*]). The result can
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Figure 8 Deviations from Henry's law equilibrium for S(IV). Data from a experiment at Great

Dun Fell (GDF) are included,

be seen in Figure 7. Theoretically the result should
be a straight line with the slope k; (see Eq. (4)). As
can be seen in Figure 7 kj is not at all correlated
linearly with [H,0,] and [H*]. Furthermore the
values are much lower than theory predicts. This
means that the reaction in the collected samples is
much slower than we expected. Since no obvious
trend can be seen in Figure 7, no hint on the nature
of this coexistence of S(IV) and H,0, is given. A
stabilization of S (IV) in the samples due to compl-
exation with formaldehyde can be excluded, since
only free S(IV) has been measured. Detailed
explanations of this phenomenon requires more
extended data sets and will be subject of our further
research.

Phase Partitioning

The gas/liquid partitioning of a given species is
defined by its Henry’s law constant Ky. In particu-
lar the distribution of S(IV) between the gas and
aqueous phase is strongly dependent on the droplet
pH, since S(IV) undergoes rapid acid-base equi-
libria in solution. A pseudo-Henry’s law constant
Ky is therefore defined to include this effect
(Schwartz, 1984):

Ku=Ku(1+K/H']1+KKJ[H'P)  (6)

where K, is the dissociation constant of the reaction

(8032)yq=HSO3+H" €
and K is the dissociation constant of the reaction
HSO3=S0% +H* (8)

The theoretical pseudo-Henrys law constant was
calculated as a function of pH and compared with
the experimental constant calculated from the gas
and liquid phase measurements. Figure 8 shows the
difference between the experimental and the theo-
retical Henry’s law constant. Data from an experi-
ment at Great Dun Fell in Great Britain are
included. The plot is normalised in such a way that
only discrepancies to Henry's law are shown. This
means, the observed gas-to-liquid-ratio was divided
by the theoretical pseudo-Henry’s law constant at
the specific pH. Numbers larger than unity indicate
supersaturation of the liquid phase while smaller
numbers indicate subsaturation of the liquid phase.
Figure 8 shows that in dependence of the pH super-
and subsaturation of the liquid phase up to a factor
20 can occure. In the literature deviations from
Henry’s law equilibrium are reported for different
substances like organic acids and ammonia (Facchi-
ni et al., 1992; Winiwater et al., 1994). The following
explanations have been discussed:
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1. The complex formation of S (IV) with aldehydes
shifts the phase equilibrium towards the liquid
side (Munger et al., 1983; Joos and Baltensberger,
1991). Since we measure free S (I'V) and HAS in
different channels, we can exclude an overestima-
tion of the liquid phase due to complex forma-
tion.

2. Pandis and Seinfeld (1992) reported that the
mixture of droplets with different pH of which
each is in Henry’s law equilibrium with the
surrounding atmosphere always results in a bulk
cloud water sample that is supersaturated. Wini-
water (1992) calculated that this effect can solely
explain deviations up to a factor of 3. Therefore
not all deviations observed during the CLEO-
PATRA experiment can be explained by the
theory of Pandis and Seinfeld because with
respect to the Henry’s law equilibrium super- and
subsaturation were observed and the supersatu-
rations were often much larger than a factor of 3.

3. Winiwater et al. (1992) argued that the high
variability of LWC in clouds can account for an
undersaturation effect of bulk cloud water sam-
ples up to a factor of 20. Nonetheless this effect
cannot entirely account for the large departures
from Henry's law equilibrium observed in our
samples.

4. The hypothesis has been reported in the litera-
ture (Gill et al., 1983) that organic films of surface
active substances on cloud droplets would consid-
erably reduce the mass exchange across the air/
droplet interface. The organic film would pro-
duce the largest deviations from Henry’s law
equilibrium in the pH region where a higher mass
transfer across the air/liquid interface is expected.
However, organic films only explain subsatura-
tion of the liquid phase.

None of these hypothesis can completely explain
the observed deviations from the Henry's law
equilibrium. Since Henry’s law is assumed to be
fulfilled in many modelling studies, the phase
equilibrium under atmospheric conditions has to be
an important field of further studies.

4 Conclusion

Some preliminary results of the CLEOPATRA
field campaign have been presented. Seven measur-
ing flights have been carried out and altogether 53
cloudwater samples have been analysed. At the first
two flights the gasphase concentrations of trace
gases in small cumulus clouds were observed. Due
to dynamic effects the ozone concentration as well

as the NO, concentration is increasing within small
clouds. According to the theory ozone is decreasing
in more stratiform clouds. The analysis of cloud
water samples showed that in contrast to previous
studies (Daum et al., 1984) the pH of the cloud
water is no longer acidic. During the measuring
period cloud water samples with high pH up to
neutrality have been collected. This high pH can be
explained by high NH} concentrations and also by
very low SO, concentrations. Due to these low SO,
concentrations only little sulphate production can
occur in the aqueous phase even if the oxidation
potential of the aqueous phase is high.

Furthermore the phase equilibrium of S(IV) has
been studied. In dependence of the pH super- as
well as subsaturation of the liquid phase with
respect to Henry's law has been measured. Since
Henry's law is applied in many studies a detailed
examination of the phase equilibrium has to be
subject of further research.
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