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Abstract. Atmospheric aerosol particles are activated and grow into drops during the
formation of a cloud. Subsequently, they are delivered from the dissipating cloud drops
back to the atmosphere. During the cloud lifetime, the drops scavenge water-soluble trace
gases, leading to an increase in size and solubility of the particles emerging from the
evaporating cloud drops. This processing of aerosol particles by clouds has an influence on
the microphysics of the following cloud and its probability to rain as well as on the cooling
effect of the direct and indirect aerosol forcing of climate. To measure the cycling history
(particle activation and gas scavenging in drops followed by processing of the activated
particles followed by emerging processed particles) of contincntal aerosol particles passing
through cloud drops of different sizes, a new method is developed and applied during
three field experiments carried out on the Mount Kleiner Feldberg/Ts., Germany, in 1990,

1993, and 1995. The typical droplet spectra of most of the observed stratus clouds is
weakly bimodal, with mode 1 at drop sizes between 3 and 5 um and mode 2 between 5
and 10 pm radius. Cloud drops in this overall size range are subject to growth only by
condensation, while coalescence can be neglected. Therefore the observed processing is
related solely to gas scavenging and in-cloud chemical reactions. We found that the
processing of particles is different for the two modes of the cloud drop size spectrum:
Small activated particles mostly grow to the small drops of mode 1, while larger particles
can grow further to the larger drops of mode 2. Likewise, the mass of scavenged gas is, on
average, lower for the small than for the larger drops. Vice versa, the ratio of scavenged
gas to particle mass, the parameter quantifying the particle processing, is, on average,
found to be higher in the small drop mode containing the smaller particles. The reason is
that the degree of processing is mainly inversely linked to the mass of the activated
particles. Therefore the strongest modification of particles takes place in smaller drops
and affects mainly the smaller activated particles (r,, =< 0.1 pm). Their radii can increase
by up to a factor of 3 and, consequently, their nucleation as well as radiative properties
change significantly. The consequence for the aerosol climate forcing is that the cooling
can be, to an unknown extent, intensified with increasing atmospheric amount of water-
soluble trace gases such as HNO;, NH;, and SO,, counteracting the warming effect of the

greenhouse gases.

1. Introduction

Atmospheric aerosol particles are activated and grow into
drops during the formation of a cloud. Subsequently, they are
delivered from the dissipating cloud drops back to the atmo-
sphere. During the cloud lifetime, the drops scavenge water-
soluble trace gases and, if the drops are large enough, coales-
cence of droplets will occur. Both processes lead to an increase
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in size of the particles emerging from the evaporating cloud
drops (if no outgassing occurs during evaporation), while the
former (chemical processing) will also increase the soluble
fraction of those particles. This processing of aerosol particles
by clouds is a focus of recent research because it forces the
Earth’s climate in two ways [e.g., Charlson et al., 1992; Schwartz
et al., 1995], both having a cooling effect on the atmosphere:
(1) directly, because processing tends to increase the particles
size and soluble fraction and thus to change their growth rate
in dependence of the relative humidity of the ambient air;
After Pilinis et al. [1995] and Nemesure et al. [1995], this is the
major effect influencing the scattering of the incoming solar
radiation by particles; (2) indirectly, as during the formation of
a new cloud in the same air mass, the processed particles serve
as condensation nuclei which activate at lower supersatura-
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tions than before [Choularton et al., 1996] because their size
and soluble fraction have increased. This influences the drop
size spectrum of the new cloud in the sense that for the same
supersaturation a cloud with more but smaller drops will de-
velop. Subsequently, the cloud lifetime is longer, and the al-
bedo has increased, which means the cloud is “whiter” [e.g.,
Slingo, 1990; Bower et al., 1997]. Furthermore, the change in
the drop spectrum influences the probability of rain formation
[Bower and Choularton, 1993; Eichel et al., 1996] which ultimately
impacts on the atmospheric lifetime of the aerosol particles.

Up to now, the cycling of acrosol particles through clouds is
not completely understood. It is a very complex process in
space and time, influenced by many factors. To obtain the full
picture of the modification of the aerosol particle size spec-
trum by passage through a cloud, not only the particle scav-
enging mechanisms and the collision-coalescence of drops but
also the gas uptake by the resulting cloud drop population and
subsequent liquid phase reactions must be known. Moreover,
upon cloud drop evaporation the desorption of gases should be
considered.

Many ground-based and airborne field experiments (for ex-
ample, in Europe: 1989 in the Po Valley, Italy [Heintzenberg,
1992], 1990 on the Mount Kleiner Feldberg, Germany [Fuzzi,
1994], 1993 at Great Dun Fell, England [Fuzzi, 1997], and 1993
above southern Bavaria, Germany [Meischner et al., 1993] as
well as model studies [e.g., Bott, 1995; Bott et al., 1996; Bower
and Choularton, 1993; Bower et al., 1997; Eichel et al., 1996;
Kulmala et al., 1993; Wurzler et al., 1994, 1995, 1997; Korhonen
et al., 1996; Kulmala et al., 1998] have been carried out in the
last decade to study the processes listed above. However, there
is still a lack of information, on the one hand because of the
limits in the resolution in time and space of the measured
parameters and, subsequently, of the input data for the models.
Additionally, not all required parameters can be measured. On
the other hand, also the models are subject to limitations in the
sense that they cannot include all physical and chemical pro-
cesses in space and time. Moreover, investigations of cloud
processing should be carried out in different regions (e.g.,
urban, continental, marine) because each zone has its typical
physicochemical characteristics of the aerosol particles, con-
centrations of different gaseous species, and other atmospheric
conditions.

In the present study we developed a new method to deter-
mine experimentally the full chemical cycling history (particle
activation and gas scavenging in drops followed by processing
of the activated particles followed by emerging processed par-
ticles) of aerosol particles passing through cloud drops of dif-
ferent sizes. The advantage of the method is that from only a
few measurements in bulk cloud water it is, with the knowledge
of some key parameters and a meaningful data analysis, pos-
sible to conclude backward to the activated particles and for-
ward to the processed particles. Prerequisite for the key pa-
rameters is a measuring site well characterized in terms of a
large database of aerosol and cloud physics and chemistry. The
method is applied during three field campaigns, performed on
the continental site Mount Kleiner Feldberg/Ts., Germany, in
1990, 1993, and 1995 (FELDEX).

The basic principle of the method is as follows (a detailed
description of the various instruments, sampling and analysis
methods, as well as data processing is given in section 2 (for
symbols and acronyms see Table 1)): Aerosol particles in
cloud-free air are sampled and their mean soluble and insol-
uble fraction (AP, AP, ) is determined. When a cloud is

sol»

KRAMER ET AL.: CLOUD PROCESSING OF CONTINENTAL AEROSOL PARTICLES

formed in the same air mass, bulk cloud water in different drop
size classes is sampled and analyzed for the amount of soluble
and insoluble mass (C, C;,;)- Mass accretion of soluble sub-
stances due to gas scavenging increases the amount of soluble
material in the cloud water compared to the originally acti-
vated particles, while the insoluble material remains constant
because particle activation is its only pathway into the cloud
drops. By knowing the “activated” (AP, /AP, .} and the “pro-
cessed” (C/C ns) ratios of soluble to insoluble material, the
cloud water mass concentration resulting from the gas scav-
enged by the cloud drops (C,,) can be determined. Subse-
quently, the cloud water mass concentration originating from
the activated particles (C,,) can be calculated. This procedure
is applicable, if the ratio AP, /AP, measured in cloud-free air
is also representative for those particles activated during cloud
formation, which is shown in section 2.2.2.

Additionally, detailed cloud drop spectra are measured in
cloudy periods. From these measurements, functional relation-
ships (“calibration functions”) are derived, relating, for each
bulk cloud water sample, the liquid water mass of the sampled
drops (LWC*™P) to their number (N5JF) and mean size
(7 arop)- With this information the parameters measured in bulk
cloud water can be related to cloud drops of a certain size: the
mean scavenged gas mass per drop (M ,,) and the mean mass
and size of activated particles (M, r,,).

If the cloud drops evaporate without outgassing (and our
measurements show that this does not play an important role
for our samples; see section 2.6), the “processed” ratio of
soluble to insoluble mass is preserved in the processed parti-
cles that emerge from the different size cloud drops. Therefore
the growth factor (gf) of the activated particles and size of the
processed particles (r,) can also be determined from the mea-
surements in cloud water.

Summarizing, application of the new method gives insight
into the processes of size differentiated particle activation to
drops of different size, subsequent scavenging of trace gases in
dependence on drop size, and therefore the size differentiated
particle processing in drops of various sizes. The aim of this
study is to introduce the new method and present results for
continental particles cycling through stratus clouds during the
field experiments on Mount Kleiner Feldberg/Ts., Germany, in
1990, 1993, and 1995.

Here we would like to note that from these measurements,
also information on the alteration of the solubility of particles
by cloud processing can be achieved [Krimer, 1998]. Additional
determination of the ion composition of the bulk cloud water
samples allow specification of the main ions entering the drops
of different size and therefore are responsible for the particle
growth and chemical composition of the processed particles
(M. Krimer et al., submitted manuscript, 1999).

2. Method: Instruments, Sample Analysis, and
Data Processing

First, the experiments, the instrumentation, and the micro-
physics of the clouds (i.e., the cloud drop size spectra dN ,/dr,,
measured with FSSP) observed at the measuring site are pre-
sented (section 2.1). We then specify in detail the above de-
scribed new method to obtain extended information about
aerosol processing in cloud drops on the basis of only few
measurements in bulk cloud water (sections 2.2-2.6). The clos-
ing section 2.7 attends to uncertainties (while in each section,
the respective errors will be treated) and gives a final summary
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Table 1. Symbols and Acronyms

Parameter Unit Meaning Derivation
AP, % mean insoluble fraction of bulk aerosol particles measured by SoFA
AP, % mean soluble fraction of bulk aerosol particles measured by SoFA
AP, % mean soluble mass fraction of processed particles measured by SoFA
Eff(r ;) rc1em) efficiency curves of the cloud water collectors

WC;’:‘S’;‘;; mg/m® sampled liquid water content (from FSSP) f (% - Eff(r d)) dr,

Ty
LWCHELRrC) mg/m> sampled liquid water content (from RC, TFI) from sampled cloud water
M yiop Mp ng mass of drops, particles
p cm™3 number of drops
-3 ; dero 1
N dropy cm total drop number of sample i (from FSSP) d—" dr,
]
sam, -3 ; dN drop,1
N&E, cm sampled drop number of sample i (from FSSP) — Eff(r,) | dr,
T4
NFSy cm™3 sampled drop number (calculated from calibration curves) fLWC=mPy
Far Ty pm radius of drops, particles
3 Lw(Csam 1/3
I drop um mean radius of drops of one sample (TW)
-1 T drop
Acgy &mﬂ equivalent conductivity of H™* 0.35
ueql
_ -1
An p.Sc% mean mass conductivity of all other ions 1.88
mg
pH acidity of cloudwater
H* pneq/L equivalent conc. in cloudwater 107PH x 105
o uS cm™! electric conductivity
o— [H']A.,.
Cool mg/L cloudwater conc. of soluble mass A
. dM,
Cos mg/L cloudwater conc. of insoluble mass T" dr,
rf'
Cin mg/L cloudwater total mass conc. C T Che = Cpp + Cy
AP
Con mg/L cloudwater conc. from gas scav. Co— (F“" . C”h)
Cin mg/L cloudwater conc. from activated particles Cit — ng\
M., ng/drop mean total mass per drop oo = Mo, + M,
M, ng/drop mean gas mass per (_jrop Cou/Nioy
M,, ng/drop mean activated particle mass per drop C NGy
MEF,“ scavenging ratio: gas/particle mass per drop sa/M o
MESH % mean soluble mass fraction in cloud drops
3 I3
Fup wm mean radius of activated particles ( Mdp>
47p,,
Pap gem™3 mean particle density 1.5
3 113
Tep um mean radius of processed particles ( Mml)
4mp,,
gf particle growth factor Tepll ap
Instrument Meaning Measured Parameter
SoFA soluble fraction of aerosols—analyzer AP, AP,
dN ro
FSSP forward scattering spectrometer probe cloud drop size spectrum, d: 2
d
RC rotating arm collector bulk cloudwater, r, > 7 um
TFI two-stage fogwater impactor bulk cloudwater
TA93 first stage of TFI in 1993 rgy > 6.5 pm
TA95 first stage of TFI in 1995 rgy > 5 pm
B second stage of TFI 25 <r; <S5 pm

Parameters are listed in the order of appearance in the text.

of the quality of the method. To make the method easier to
understand, a summarizing overview of the measured and cal-
culated parameters is given in the Appendix. The parameters
to be measured in each bulk cloud water sample taken with the
samplers TFI(TA,TB) and RC, i.e., LWC™™P, pH, o, C,,,, are

given in the overview. The key statements central for the
method in sections Al, A2, A3, and A5 of the overview are as
follows: (1) the mean soluble and insoluble fraction of aerosol
particles in cloud-free air is constant (AP, /AP
and representative for the particles activated during cloud for-

= const.)
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Plate 1. (top) Efficiency curves of the cloud water samplers
(experimentally verified, for definition of colors see legend of
bottom panel; black curve: normalized drop number dN,/
d(log r,) of the typical weakly bimodal FSSP-cloud drop size
spectrum). (middle) typical normalized sampled cloud drop
size spectrum for each cloud water sampler (hourly average),
calculated by superposing the FSSP-cloud spectrum with the
efficiency curves of the samples (dN,/dt,)gsse * Eff rrrrey
see top panel. (bottom) Calibration curves relating the number
of sampled drops (N g;o7) to the sampled liquid water content
(LWC**™P), derived from 140 FSSP-drop spectra.

mation; (2) the mean number and size of sampled drops are
determined from the sampled water mass by means of calibra-
tion functions (N3oF, Tarop = f (LWC**™P)); (3) the mean ion
composition of cloud water (expressed by A,,,) does not vary to
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a great extent; and (4) no outgassing occurs during drop evap-
oration (M39"! = APE;; see Table 5).

In the corresponding sections the validity of each statement
for the continental measuring site Mount Kleiner Feldberg will
be shown. We believe that the results achieved with the new
method can be regarded as general for continental air masses
because continental air is not influenced by strong local
sources and away from coasts and therefore afford the neces-
sary stability of the four key parameters. However, to transfer
the method to other measuring sites, it is required primarily to
determine these four basic pieces of informations, even at
continental sites. For other sites, closer to or farther away from
local sources, where the variability of aerosol soluble fraction,
cloud drop distribution, composition of cloud water, and there-
fore outgassing may vary to a greater extent, it cannot be
guaranteed that the method is applicable. The minimum num-
ber of measurements to consolidate the key statements is
about 20 for the mean soluble fraction of aerosol particles and
100 for the calibration functions of the cloud drop spectra and
the mean ion composition of cloud water. The statement on
outgassing results from the other measurements.

2.1.

During three extensive ground-based experiments at Mount
Kleiner Feldberg, Germany (30 km west of Frankfurt/Main,
825 m above sea level (asl)) in November 1990, 1993, and 1995
(FELDEX 95), the following measurements were carried out:

2.1.1. Aerosol particles. Aerosol particles were sampled
in 1993 and 1995 in cloud-free air before, in between, and after
cloud occurrence and analyzed for their water-soluble and insol-
uble fraction using the measuring system SoFA (soluble fraction
of aerosols — analyzer) [Eichel et al., 1996], see section 2.2.1).

2.1.2. Cloud drop size spectra. Size spectra of the cloud
drops were measured in 1995 simultaneously to the sampling
of cloud water using a forward scattering spectrometer probe.
From these measurements, a calibration curve is derived for
each cloud water sampler relating the number and size of
sampled drops NGoP, q.op to the sampled liquid water mass
LWC*™P (see section 2.3).

Analysis of all measured cloud drop spectra yields that the
typical microphysical structure of the clouds at Mount Kleiner
Feldberg is weakly bimodal (see Plate 1, top, black curve) as
also reported by Arends et al. [1994]. The peak in number
density of mode 1 of the spectrum is found at drop sizes
between 3 and 5 pm, whereas in mode 2, the peak of the drop
number is located between 5 and 10 pm radius, depending on
the CCN spectrum, supersaturation history, and the meteoro-
logical situation. Cloud drops in this size range have grown
only by condensation and not by collision-coalescence. Though
the peaks of the two modes are only weakly pronounced, we
will distinguish between them throughout this paper, because
the results are different for each mode (see sections 3.1 and
3.2). They should be interpreted as differing primarily in drop
size and secondarily in number density.

2.1.3. Bulk cloud water. Cloud water was sampled in dif-
ferent drop size intervals during cloudy periods using different
cloud water samplers. During November 1990, cloud drops
were sampled hourly using a rotating arm collector (RC)(r, >
7 pm, r,: drop radius), a wide stream impactor especially
applicable for the sampling of large drops [Krdmer and Schiitz,
1994]. In November 1993 and November 1995 cloud water
samples were taken in three size classes using the RC and in
addition the two-stage fog water impactor (TFI) [Sckell et al.,

Experiments and Instrumentation
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Table 2. Uncertainties and Errors, %

11,743

Instrument

Parameter Unit SoFA TB TA93 TA95 RC Meaning/Derivation
1: AAP, % 5 variation in time
2: AAP,, % 5 variation in time
3: ALWCs2mP mg/m? 20 30 40 30 scatter around calibration functions
4: AN g0 cm 3 22 20 30 19 f(3), mean of all cloudwater samples

A rop pm 30 36 50 35 f(3.,4)

-1

5:AA,, ’::;Lr?l 9 9 9 9 mean variation of all cloudwater samples 1995
6: AH™ ueq/L 5 5 5 5 mean meas. error of all cloudwater samples
7: Ao uS/cm 2 2 2 2 mean meas. error of all cloudwater samples
8: AC,, mg/L 10 10 10 10 f(5,6,7)
9 AC,, mg/L 11 8 9 9 mean meas. error of all cloudwater samples

AC o mg/L 15 13 14 14 f(8,9)

AC mg/L 17 15 15 15 f(1,2,8,9)

AC,, mg/L 23 20 20 20 f(1,2,8,9)

AM o, ng/drop 27 23 33 23 f(1,2,4,8,9)

AM ng/drop 28 25 33 24 f(1,2,4,8,9)

AM,, ng/drop 32 28 36 28 f(1,2,4,8,9)

AMES — 43 38 49 37 f(1,2,4,8,9)

Ar,p um 32 28 36 28 f(1,2,4,8,9)

Ar,, pm 27 23 33 23 f(1,2,4,8,9)

Agf — 41 37 49 36 f(1,2,4,8,9)

For meaning of the symbols see Table 1.

1997]. The TFI is a double-stage jet impactor, sampling larger
drops in the first stage (TA93,r, > 6.5 um, first version of the
sampler; TA95, r, > 5 pm, second version) and smaller drops
in the second stage (TB, 2.5 um <r, < 5 pum).

The efficiency curves of the cloud water samplers, which
were all both theoretically calculated and experimentally ver-
ified, are shown in Plate 1 (top, green, RC; blue, TA93; ma-
genta, TA95; red, TB). The cloud water samplers are designed
to sample either in mode 1 or in mode 2 of the cloud drop
spectrum. TB, the second stage of the TFI with the typical
inversed v-shaped sampling characteristics of a double-stage
impactor (see Plate 1, top, red curve), always samples small
drops with a mean size of around 4-4.5 um radius (Plate 1,
middle, red curve). The mean sizes of cloud drops sampled
from mode 2 with TA93, TA95, and RC range from 6.5 from
10.5 pm radius (Plate 1, middle, magenta, blue, and green
curves). They are determined, on the one hand, by the effi-
ciency curves of the respective sampler and, on the other hand,
by the decreasing branch of the cloud drop spectrum (at larger
drop radii). No drops with mean drop sizes from 4.5 to 6.5 um
radius can be sampled with these cloud water samplers (see,
for example, Plate 2, top). To sample drops in this size range,
the efficiencies of TFI(TA,TB) and RC would have to be
shifted toward lower sizes. However, each sample would then
contain a nonnegligible amount of drops from mode 1, which
is less desirable than losing information on drops in the above
mentioned size range. Here we have to note that this is the case
in those samples taken with the sampler TA95 when the peak
of mode 1 is close to 5 um radius.

2.2. Soluble Fraction of Particles (AP_,,)

The soluble fraction of aerosol particles in cloud-free air is
one of the fundamental parameters used in the method (see
Appendix). With the knowledge of the ratio AP, /AP, in
aerosol particles in cloud-free air the cloud water mass con-
centration resulting from the gas scavenged by the cloud drops
(Cgas) and the cloud water mass concentration originating

from the activated particles (C,,,) are determined in this study.
This ratio is measured as a constant value in particle size and
time, which is shown in section 2.2.1. As mentioned in section
1, the calculation of C,,; and C,, is only valid if the ratio
AP, /AP, is also representative for that part of the particle
spectrum which is activated during cloud formation. This cru-
cial point for the data analysis is discussed in detail in section
2.2.2.

2.2.1. Mean soluble fraction of particles in cloud-free air:
variation in particle size and time. The soluble fractions of
particles in cloud-free air (AP, ) were measured by the system
SoFA [Eichel et al., 1996; Sprengard-Eichel et al., 1998] before,
in between, and after different cloud events. SOFA analyzes the
insoluble volume of single aerosol particles in six narrow size
bands (mean radii 0.19, 0.28, 0.43, 0.64, 0.91, and 1.29 um).
The soluble fraction was then calculated using

APsul = 100 - Ava (1)

where 100 is the total particle volume in percent. The mean
soluble fraction of particles measured at each particle size
during the course of the experiment in 1995 (FELDEX) is
shown in Table 3. The values are very stable in time and
particle size, before, after, and in-between cloud occurrence.
Deviations are not larger than 5% (see Table 2) during each
experiment. The total average of AP, was found to be 65% in
1995 [Sprengard-Eichel et al., 1998] and 59% in 1993 [Eichel et
al., 1996].

As also shown in Table 3, Winkler [1974], Fuzzi et al. [1988],
and Khlystov et al. [1996] found the mean soluble fractions of
continental aerosol particles to be 61, 64, and 64%, respec-
tively. Obviously, variations of the mean soluble particle frac-
tion are only small in continental air masses. As can be derived
from Sprengard-Eichel et al. [1998], they are caused by the
variation of both the number and the soluble fractions of the
cloud-processed particles: they contribute, on average, 50% to
the total number of particles (see Table 4) and their soluble
fraction depends on the strength of the processing, which in
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Table 3. Mean Soluble Fraction of Particles (AP, ), Measured by SoFA at Six Sizes in the Range 0.19-1.29 um radius, in
Cloud-Free Air Before, in Between, and After Different Cloud Events

Mean Soluble Fraction of Particles (AP,), %

Particle Radius, pm

1995 0.19 0.28 043 0.64 091 1.29 Average® Cloud Occurrence

Oct. 10 65.4 63.9 61.2 64.2 61.4 69.9 64.9

Oct. 31 61.6 65.0 64.0 69.2 63.4 62.5

Nov. 01 yes

Nov. 02 yes

Nov. 03 yes

Nov. 04 66.8

Nov. 05 65.0 60.5 64.9

Nov. 06 64.5 61.1 67.6 60.5 63.9

Nov. 07

Nov. 08 yes

Nov. 09

Nov. 10 67.2 67.2 67.6 67.2

Nov. 11 67.4

Nov. 12 67.3 62.0 67.6 66.2

Total Average 65 Kleiner Feldberg, FRG, 1995

59 Kleiner Feldberg, FRG, 1993
61 Deuselbach, FRG, 1974°
64 Po-Valley, Italy, 1988°
64 The Netherlands, 1996

#Averages are weighted by the number of particles in the different size intervals.

*Winkler [1974], r, > 0.3 pm.
°Fuzzi et al. [1988], bulk filter samples.
“Khlystov et al. [1996], r, > 0.15 pm.

turn results from the degree of pollution of the air mass with
water-soluble trace gases.

Following the above arguments, we used for each experiment
the total averages of AP /AP, . (see Table 3) as constants in our
calculations. For 1990 the values from 1993 are taken because the
strength of cloud processing was in the same range during these
two experiments. In 1995 the cloud processing was stronger.

2.2.2. Mean soluble fraction of activated particles. As
shown in the previous section, AP, is determined with SoFA
as mean (bulk) value for particles with radii > 0.19 pm. How-
ever, the lowest size of the activated particles is found to be

0.035 pm radius at Kleiner Feldberg (see section 3.1). Here we
will show that the mean value found by SoFA is also represen-
tative for those particles activated in a cloud.

Therefore the distribution of particle solubilities over the
size spectrum has to be known. They are summarized for the
Mount Kleiner Feldberg in Table 4 (top left part). It is found
that in terms of particle solubility, the spectrum can be divided
into two ranges, separated at about 0.05 um radius. For
smaller particles, two distinct particle types exist having soluble
fractions of about 5 and 50% [Svenningsson et al., 1994]. These
two particle types are found at various measuring sites and can

Table 4. Mean Soluble Fraction (AP,) of Particles in Cloud-Free Air and Those

Activated During Cloud Formation

Cloud-Free Air

Cloud Water

Particle Radius, pm
>0.05°
Number Frequency, %

Single Particles =0.05°

Soluble Fraction,® %

Cloud Supersaturation, %
0.15 0.2 0.3
Activation Radius, um

92 — 54 0.06 0.05 0.04
56 50 27 0.07 0.06 0.05
2 50 19 0.11 0.10 0.08
l Mean Soluble Fraction (AP,,), %
Cloud-Free Air Activated Particles
Average® — 29.0 65.2 67.7 67.5 66.0

For a detailed discussion see section 2.2.2.

#Tandem-differential-mobility-analyzer (TDMA), 1990 [Svenningsson et al., 1994].

®SoFA, 1995 [Sprengard-Eichel et al., 1998] (SoFA measures in the size range = 0.19 um radius; for the
range 0.05-0.19 pm the soluble fractions and number of frequencies are assumed to be the same, based
on our measurements presented here and theoretical considerations [Krdmer, 1998]).

“Averages are weighted by the number of particles in the different size intervals.
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be regarded as ubiquitous [e.g., Eichel et al., 1996]. For parti-
cles > 0.05 pm radius an additional third particle type, the
cloud-processed particles, arises in the spectrum with a soluble
fraction of about 90% [Eichel et al., 1996; Sprengard-Eichel et
al., 1998; Krdamer, 1998]; see also section 3.2 and Table 6),
depending on the strength of cloud processing. The appear-
ance of the cloud-processed particles at about (.05 pm radius
is as a consequence of the above mentioned lowest size of the
activated particles being 0.035 pm.

The mean soluble fraction of particles in cloud-free air on
Mount Kleiner Feldberg in 1995 is now calculated by averaging
over the particle types and number frequencies shown in the
top left-hand part of Table 4. Particles from 0.025 to 0.05 pm
radius have a mean soluble fraction of 29%. For those in the
radius range 0.05-1.0 um, 65.2% soluble material is deter-
mined, which is nearly identical with the total average found by
SoFA in 1995 (see Table 3) for particles > 0.19 um. This is
because the mean value of particle solubility is nearly constant
for each particle size where cloud-processed particles exist (see
also Table 3, measurements for different particle sizes).

Now the mean soluble fraction of those particles activated
during cloud formation is calculated: Following Kéhlers the-
ory, particles are activated depending on their size and soluble
fraction in the sense that a larger and/or more soluble particle is
activated at smaller supersaturations than a smaller and/or less
soluble particle. For a specific cloud supersaturation and soluble
particle fraction a critical particle size exists controlling whether a
particle is activated to a cloud drop or not. Only particles larger
than this activation size are incorporated in the cloud.

In the top right-hand part of Table 4 the activation sizes of
the three particle types, differing by their soluble fractions, are
calculated for typical stratus cloud supersaturations using
Kohlers theory. It is seen that for example, in a cloud with low
supersaturation (0.15%) the nearly insoluble particles (5% sol-
uble fraction) smaller than 0.11 um radius are not activated,
while all cloud-processed particles (90% soluble fraction)
larger than 0.06 wm are incorporated into the cloud. Calculat-
ing now the mean soluble fraction of all activated particles
leads to a slightly larger value (67.7%) than in cloud-free air,
because of the lack of the nearly insoluble particles smaller
than 0.11 um radius. Raising the supersaturation to 0.2 or
0.3% lowers the activation sizes of all particle types. Subse-
quently, the mean soluble fractions again approach that in
cloud-free air, because the insoluble particles smaller than 0.11
wum radius appear in the activated particle spectrum.

Summarizing, we state that the mean soluble fraction of
particles measured with SoFA represents with good accuracy
the mean soluble fraction of the activated particles and there-
fore can be used in our calculations.

2.3. Sampled Drop Number and Drop Size of a Bulk
Cloud Water Sample

For the analysis presented below it is necessary to relate to
each bulk cloud water sample the number of sampled drops
(NGrop) and their mean size (r4,,,)- Only with this piece of
information is it possible to determine the desired parameters
for cloud drops of a certain mean size from measurements in
the bulk sample. To obtain NGoP and rg,,,, functional rela-
tionships (defined as “calibration curves”) are derived relating
these parameters to the sampled bulk cloud water mass (via
the liquid water content of the sampled drops LWC**™, de-
termined for TFI(TA,TB) and RC by dividing the sampled
bulk cloud water mass by the sampled air volume).
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The required calibration curves are derived from detailed
measurements of cloud drop spectra (measured with an FSSP;
see section 2.1) and the (experimentally verified) sampling
efficiency curves of each cloud water collector (see Plate 1, top
panel). For this purpose, the observed number size distribution
of the cloud drops ((dN y,p/dr ;) pssp) are superposed with the
efficiency curves of the cloud water collectors (Eff(r,) (e rc))
resulting in the sampled cloud drop spectra (see Plate 1, mid-
dle panel). The sampled cloud drop spectra can be regarded as
a size band cut off from the total spectrum. For TB, this is due
to its efficiency curve (double-stage impactor) and for TA93,
TA95, and RC, the bands are determined, on the one hand, by
the efficiency curves of the respective sampler and, on the
other hand, by the decreasing branch of the cloud drop spec-
trum (see also section 2.1). This shape of the bands is the
reason for the existence of the relations between the number
Nirop as well as size r 4., of the sampled drops and their water
mass LWC*™P,

Analysis of 140 measured FSSP-drop size spectra yields the
desired functional relation for each cloud water sampler: For
each individual FSSP-sample i, the number of drops sampled
by the cloud water collector with the efficiency Eff(r,) is ob-
tained by integration over the sampled drop spectrum:

dN rop.t
Niop: = J (#d" : Eff(rd)) dry, )

where dN,,,, is the total number of drops present in the
cloud in the size interval dr,. The sampled liquid water con-
tent LWC?*™P, the desired parameter for the calibration, can
then be calculated by summing up the masses of the sampled
drops:

LWC#m = J (der(\F! . (3
1 - )

drd Eff(rd)) d"(,,

where dM ., = %Trpw dN yrop, (p,: demsity of water).
The calibration curves for each cloud water collector

(TFI(TB,TA 93/95) and RC, see Plate 1, bottom)

Nime = (LW C™) @

are then derived by calculating the best fit through all FSSP—

derived data pairs (N3joF,, LWC*™P). With these functions,

also the mean drop size of the sampled drops r ., can be

calculated
3 LwCsEmy 1A
Tarop = (4—77 . T'&'ﬁ’) )
Using these FSSP-derived calibration functions, N§5F and

Tasop €an now be calculated for the bulk cloud water samples
taken with TFI(TA,TB) and RC only from the parameter
LWC™®™P, This procedure is applicable, when LWCHTEf rc
(determined from TFI(TA,TB) or RC) is equal to LWCE35Ep,
(derived from FSSP) to within the range of uncertainty of
LWC{Esp), which can be stated for our measurements. The
uncertainties of the calibration functions and 7, are listed in
Table 2 and discussed in section 2.7.

2.4. Bulk Cloud-Water-Related Parameters
(Cs()l’ Cins! Cap! Cgas)

Following the overview in the Appendix, the analysis carried
out for each bulk cloud water sample and the parameters
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further calculated on the basis of these measurements are
described in the subsequent sections.

2.4.1. Cloud water concentration of soluble mass (C,,).
The concentration of soluble mass in the bulk cloud water
(C,.) can be determined (using the method described by
Kriimer et al. [1996]) with good accuracy from the pH value and
the electrical conductivity o (measured immediately after sam-
pling at 25°C under the assumption that no significant losses of
soluble substances from cloud water have occurred prior to
analysis; this is justified in section 2.6):

o— [H']A,

Ll = [ Km] e ? (6)
where H* and A - = 0.35 uScm™'/ueqL™" are the equiva-
lent concentration and conductivity of the H* ions. A,, =
1.88 uScm~Y/mgL ™! is the mean mass conductivity of all other
ions present in the cloud water, derived from the average
composition at Mount Kleiner Feldberg. The average compo-
sition is determined from measurements of the anion and
cation concentrations in cloud water sampled during a field
experiment, simultaneous to our measurements, in 1990
[Wobrock et al., 1994]. The uncertainty AC,; is 10% and is
mainly caused by the deviation of A,, from A,, in a single
sample. Determination of A,,, from detailed ion analysis for all
samples from TFI(TA,TB) and RC 1995 shows that the mean
deviation from A,, is only 9% (see Table 2). The small scat-
tering of A,, demonstrates that it is very steady in cloud water
and can therefore be used for each experiment at the Mount
Kleiner Feldberg. This conclusion is supported by the same
finding for rainwater: for eight rural and mountain-measuring
sites A,,,, determined as annual average at each station, varies
only by 3% around the total average of 1.93 uScm™'/mgL !
[Krdmer et al., 1996], which in turn is very close to the value
found for cloud water.

2.4.2. Cloud water concentration of insoluble mass (C;,,).
The concentration of insoluble mass (C ;) is measured in each
cloud water sample. It results from integration over the mass
size spectrum of the insoluble particles in cloud water (stored
at —18°C until the analysis), measured with a Coulter multi-
sizer [Krimer, 1993; Kramer and Schiitz, 1994] in the size range
0.3-10.0 wm radius:

C s = (de)d 7
s = drp rpa ()

where r,, and M, are the size and the mass concentration of the
insoluble particles. The mean uncertainties Ac,,, caused by
counting statistics and the width of the size interval dr,, range
from 8 to 11% and are listed in Table 2 for TFI(TA,TB) and
RC.

2.4.3. Cloud water mass concentration of scavenged parti-
cles and gases (C,,, C.,.)- As indicated in the Appendix, the
mass concentration in the cloud water resulting from particle
activation (C,,) and gas scavenging (C,,;) can be calculated
from the soluble and insoluble mass concentrations (C,, C;)
in the cloud water and the relation of soluble to insoluble
material in aerosol particles AP /AP, ..

The basic idea underlying this reasoning is that nucleation
scavenging is the only pathway for insoluble mass to the liquid
phase in the drop size range discussed here. An increase of
mass by impaction scavenging of particles by cloud drops can
be neglected [Noone et al., 1992]. Therefore as long as no gas
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scavenging occurs, the ratio of soluble to insoluble material
inside a drop (C,,/C,,) remains constant. Scavenging of at-
mospheric trace gases such as NH;, SO,, and HNO; and sub-
sequent chemical reactions increase the soluble material

Csol = Csol,ap + Cgasa (8)

where C, ,, is the soluble mass originating from the activated
particle. With this parameter the following equation holds
during each stage of cloud lifetime

APsol _ Csol,ap 9
APy~ Cus ®

Introducing equation (8) in equation (9) leads to

APsol _ Csol - Cgas

APII‘IS B ClllS ) (10)

Solving this equation for C,,, yields to a function of known
parameters

APsol
_)Cgas = C'scol - : Cms . (11)

AP,
From the fact that the total mass concentration in cloud water
can be calculated as sum of C,; and €y, (Ciop = Cypy + s =
Cyo1 T Cins)s Cyp can now be determined as

_)Cap = Ctol_cgas' (12)

In a strict sense, these equations are only valid for a single
particle nucleated to a drop in a cloud. For the application to
bulk cloud water samples the mean (bulk) ratio of soluble to
insoluble material in the aerosol particles AP, /AP, . (1) has
to be known with good accuracy and (2) must be representative
for those particles activated to cloud drops. In section 2.2 it is
shown, that these two, for the data analysis very important,
points are satisfactorily fulfilled.

2.5. Cloud-Drop-Related Parameters (M,,, M,,., M55°, ryp)

With the knowledge of the FSSP-derived calibration func-
tions (4) and (5) (see Appendix and section 2.3), the concen-
trations in the bulk cloud water samples can now be related to
drops of a certain mean size for each cloud water sample.

2,5.1. Mean mass per drop of scavenged particles and
gases (M, M., M5"). The mean mass of activated parti-
cles per drop (M,,) and the mean mass of water-soluble trace
gases entering a drop via gas scavenging (M ,,) can be deter-
mined for each sample using

_)Map(rdrop) = Cap/N(siT;lg’ (13)
_>Mgas(rdrop) = Cgas/Nz:gg)' (14)

Subsequently, the ratio of scavenged gas/particle mass per
drop, defined as scavenging ratio, is

Mgas 15
M, (15)

_)Mgf)s(rdmp) =
2.5.2. Mean size of activated particles (r,,). Knowing

M., the mean dg size of the activated particles (r,,) can now
be calculated using
13
)"

where the mean particle density p,, is assumed to be 1.5 g/em’,

(16)

St ap(Pdrop) = (ﬁpap
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Table 5. Mean Soluble Mass Fraction in Cloud Water and
in Processed Particles in Cloud-Free Air

Mean Soluble Fraction, %

Cloud Water, Mclgud Processed Particles APZH,

B TA RC SoFA
1993 89 90 88 88*
1995 95 95 93 92°

2Eichel et al. [1996].

bSprengard-Eichel et al. [1998].

Cloud water and processed particles are sampled and analyzed in-
dependently but during the same experiments at Mount Kleiner Feld-
berg, Germany, before, in between, and after cloud events.

The similarity of the fractions of soluble material in cloud drops of
different sizes to that of processed particles in cloud-free air (Mlgud =
APZ)) demonstrates that outgassing of water-soluble trace gases dur-
ing evaporation of cloud drops and simultaneous formation of pro-
cessed particles can here nearly be neglected.

2.6. Processed Particles (rp, gf)

Under the assumption, discussed below, that no outgassing
occurs during drop evaporation, the parameters in drops can
be transferred to the particles emerging during cloud dissipa-
tion.

2.6.1. Mean size of processed particles (r.,). From the
total mass M,,, = M,, + M,,;, the mean size of processed

particles r, is derived
13
Mo a7

2.6.2. Mean growth factor (gf) of activated particles. The
growth factor of a particle cycling through a cloud drop of a
certain size is defined as

gas?

—rep(Farop) = (m

Tep
__)gf(rdmp) = r_ . (18)

ap

2.6.3. OQutgassing. Outgassing (escape of water-soluble
gas when a cloud drop evaporates) occurs when the equilib-
rium between concentrations of water-soluble substances in
the liquid and in the gas phase are distorted, i.e., if the atmo-
sphere is clean in relation to the drop during evaporation. The
higher the concentrations of water-soluble trace gases (espe-
cially HNO,) in the atmosphere during evaporation the more
soluble the material will remain in the drops [Bower et al.,
1997].

If outgassing would not occur, the soluble fraction of the
resulting processed particles would be the same as that in the
precursor drops (AP, = ME9uY), Under this condition the
size and chemical composition of the cloud-processed particles
can be determined from cloud water measurements.

To demonstrate that outgassing does not play an important
role for our samples, we compare in Table 5 the mean soluble
mass fraction in cloud water M2$"9, sampled with TFI(TA,TB)
and RC in 1993 and 1995, with that of cloud-processed parti-
cles APE,, sampled and analyzed independently, but during the
same experiments in cloud-free air with the system SoFA
[Eichel et al., 1996; Sprengard-Eichel et al., 1998). The values of
AP, are very stable in time and particle size, before, after, and
in-between cloud occurrence, as already shown for the mean
soluble fraction AP of all particles (see section 2.2.1 and

Table 3).
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It is seen that for the smaller drops sampled with TA and TB
the soluble mass fraction in cloud water is only slightly larger
than in the processed particles in cloud-free air, while for the
large drops sampled with RC, both values are identical. We
assume that this is because the concentrations of soluble sub-
stances are higher in smaller drops. Altogether, outgassing can
practically be neglected under the atmospheric conditions
present during the field experiments.

2.7. Uncertainties and Errors

With the above described method we are able to determine
parameters about acrosol processing in cloud drops, which
until now could not be measured directly. The aim of this study
is to determine these parameters for the first time experimen-
tally. In spite of relatively large uncertainties (see below) the
accuracy of the data is sufficient for an improved understand-
ing of the mechanism of cloud processing.

In Table 2 the estimated uncertainties of all parameters are
listed for each of the cloud water samplers. The first group of
parameters is labeled with a number and represents the basic,
directly measured inputs of the method. For a discussion of
their errors see the respective sections (except of ALWC®*™P
and ANGGP, which are discussed here). The errors of the
further calculated parameters are derived from Gaussian error
propagation; the errors upon which they depend are listed for
each parameter.

The large uncertainties of the drop-related parameters
(" drop> Mo Mgasy Mop, M5, r,,) and those related to the
processed particles (r,, gf) are caused by the large uncertain-
ties of the FSSP-derived calibration functions N35P =
f(LWC*™P) (in particular regarding TA95, where the effi-
ciency curve is not sufficiently adjusted to the drop number size
spectrum (see section 2.1), which increases the uncertainty of
the calibration function).

The uncertainties of Ng5) represent the scatter around
each calibration function and include errors in the FSSP mea-
surements in the size or the number of drops, uncertainties
caused by the use of an hourly average of the drop spectra, etc.
In this study we had to use these calibration functions because
FSSP measurements were not available for all times when
cloud water was sampled. In future studies the accuracy of the
parameters related to drops and processed particles may be
improved by recording FSSP-drop spectra simultaneously
with cloud water sampling and then using N3oP, (sampled
drop number of an individual FSSP sample i, calculated from
(dN grop/dr ) pssp and Eff(ry) (rerrc) (see section 2.3, equa-
tion (2)) for their calculation.

A further source of uncertainty is the already mentioned low
resolution in time (1 hour) of the measurements. Possibly,
physical and chemical mechanisms in cloud processing faster
than this time step become suppressed in the data. However,
the minimum sampling time of the bulk cloud water is limited
by the current state of development of the sampling and ana-
lyzing techniques. For future studies in this field it would be
highly desirable to develop instrumentation providing a better
time resolution. Moreover, it will be important to obtain a
more comprehensive data set (e.g., continucus FSSP measure-
ments). Nevertheless, the measurements show that several new
and interesting pieces of information contained in the samples
are not blurred by errors and uncertainties.
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Plate 2. (top) Mean size of activated particles r,;,, (middle)
scavenged gas mass M, (bottom) scavenging ratio M5, ver-
sus the mean drop size 7 4,,,, of modes 1 and 2 of the cloud drop
spectra (for definition of the modes, see section 2.1; note that
each observed stratus cloud is represented by several data

points in modes 1 and 2, respectively).

3. Results

In this section the results achieved with the new method for
continental particles cycling through stratus clouds during the
field experiments on Mount Kleiner Feldberg/Ts., Germany, in
1990, 1993, and 1995 are presented. At first, the size-
differentiated particle activation to drops of different size and
the subsequent scavenging of trace gases in dependence on
drop size is shown (section 3.1). With this information, the
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processing of different size particles in drops of various sizes is
discussed (section 3.2). It should be called to mind here that
the particle and droplet properties discussed in Plates 2 and 3
are derived from hourly sampled bulk cloud water. The data
points do not represent a simultaneous measurement of a
cloud drop or particle spectrum, but each point is a mean value
from 1 hour sampling time.

3.1. Scavenging of Aerosol Particles and Gases by Cloud
Drops

3.1.1. Activated particles. The size differentiated nucle-
ation scavenging of aerosol particles by cloud drops is a func-
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Plate 3. (top) Scavenged gas and particle mass M,,, M,,,
(middle) scavenging ratio M55°, (bottom) size of the processed
particles r ., versus the mean size of activated particles 7,

(dark red lines: particles growth factor gf).
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tion of the particle number size distribution and of their chem-
ical composition as well as of the supersaturation at cloud
formation and in the course of the lifetime of the cloud (see
also section 2.2.2). The distribution of activated particles with
sizes r,, in cloud drops of different mean sizes r 4, is shown
in Plate 2 (top) for all three field experiments. The lowest size
of the activated particles is 0.035 um radius, which is in good
accordance with the results of Svenningsson et al. [1994] and
Hallberg et al. [1994], who reported this value for Kleiner Feld-
berg in 1990 to be 0.03 um and 0.035 pm, respectively. The
agreement of the measurements is particularly remarkable
when taking into account the completely different measuring
methods: Svenningsson et al. [1994] compared aerosol size dis-
tributions in cloud-free air to interstitial particle size distribu-
tions in clouds, both measured with a differential mobility
particle sizer; Hallberg et al. [1994] investigated cloud residual
particles sampled with an impactor and analyzed using an
electron microscope, while here the size of the activated par-
ticles is determined from the measurement of the soluble and
insoluble mass in cloud drops (see section 2).

Another apparent structure in Plate 1 (top) is that in 1993
(open squares) the activated particles as well as the drops are,
on average, larger than in 1995 (solid triangles), demonstrating
the variability of aerosol particle size distributions and atmo-
spheric conditions leading to a specific droplet population.

It is also seen in Plate 2 (top) that in the stratus clouds
observed here the small drops of mode 1 of the drop spectra,
represented by the measurements using TB (red symbols),
have nucleated on smaller particles than the relatively large
drops of mode 2 (TA, blue symbols and RC, green symbols; for
definition of the modes see section 2.1; note here that each
observed stratus cloud is represented by one data point in
modes 1 and 2, respectively). The existence of a relationship
between the size of activated particles and the mean size of
sampled cloud drops was, near cloud base, also observed by
Heintzenberg et al. [1989] in stratocumulus clouds. The finding
that smaller droplets near cloud base have formed on smaller
particles and larger drops on larger particles was further re-
ported as a result of various earlier numerical studies by Ogren
and Charlson [1992].

An explanation for this behavior can be derived from a
recent model study of Botr [1997], who investigated in detail
the diffusional growth of aerosol particles to stratiform cloud
drops: In cases with high particle number densities in the
cloud-forming air mass and therefore many activated particles,
Bott [1997] found (after 6 hours of model time) that the growth
of smaller particles to cloud drops is limited. They remain
smaller than about 5 um in radius in these scenarios because
they stop growing if the supersaturation has become reduced
by condensation. The larger particles grow further to larger
drops having nearly the same mean sizes.

3.1.2. Scavenged trace gases. During cloud lifetime, var-
ious trace gases are scavenged by the drops. The amount of
scavenged gas mass depends on many factors, such as, for
example, the solubility of the gas, its gas phase concentration,
the sizes of the drops, the concentrations inside the drops, and
possible liquid phase reactions.

Even though several laboratory experiments [e.g., Mitra et
al., 1992; Mitra and Hannemann, 1993; Hannemann et al., 1995]

armd rawisie menAdAl ot dian TA o Deoen dic o6 1 1000 Dsst 2o d
dllld valluud LHHIUUCL dDLUUICD lc.s., 1 arndiy €t ut., 1707, DULL Uriu
Carmichael, 1993; Kulmala et al., 1993; Wurzler et al., 1995;
Kulmala et al., 1998] examining the gas scavenging by drops

have been carried out in recent years, no field measurements of
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the total amount of gas mass entering cloud drops of different
sizes are reported in the literature.

Ogren and Charlson [1992] examined diagnostically the relative
importance of the processes governing the solute mass in drops of
different sizes. On the basis of theoretical arguments they pre-
dicted the solute mass to increase with drop size if the accumu-
lation of solutes dominates the dilution of the drops by iffusive
transfer of water to the drops (case 1). On the other hand, a
decrease of solute mass with drop size is expected if the dilu-
tion of the drops dominates the accumulation of solutes (case 2).

The results of our measurements of the mass M,,; (per
drop) of soluble trace gases entering cloud drops in the two
modes are shown in Plate 2 (middle). The uptake of gas per
drop is lower in the small drops of about 4.5 um radius (red
symbols) than in the smallest drops of the large drop mode
(6.5-7.0 pm radius, green and blue symbols), implicating an
accordance with the above described case 1 (solute mass in-
crease with drop size) of Ogren and Charison [1992] in this drop
size range. This is true for both 1993 (open squares) and 1995
(solid triangles), where the uptake of trace gases exceeds
strongly that in 1993. In contrast, for the entire drop mode 2,
case 2 (solute mass decrease with drop size) of Ogren and
Charison [1992] is observed. The gas mass per drop reaches the
highest values for clouds with smaller mean drop size and
decreases when the mean drop size increases. This is especially
true for the 1995 data and is less distinct in the data of 1993.

Such a different gas-scavenging behavior of the two drop
modes is in accordance with the plausible growth history of
these drop modes, described in the preceding section: It was
supposed that the growth (i.e., dilution) of the small droplets is
limited. This leads to a situation where the accumulation of
solutes can dominate the dilution of drops and therefore M,
increases with drop size (case 1 of Ogren and Charlson [1992],
for the drop size range of about 4—7 um radius). Furthermore,
under the assumption that the larger drops of mode 2 grow
further, dilution of the drops can dominate the accumulation of
solutes and M, decreases with drop size (Ogren and Charlsons

gas

[1992] case 2, for the drop size range of about 7-10 um radius).

3.2. Cloud Processing of Aerosol Particles

With the information from the previous section on the ac-
tivation of particles to drops and the subsequent scavenging of
trace gases, we can now discuss the modification of the acti-
vated particles when the cloud drops evaporate without out-
gassing (see section 2.6.3) and the activated particles are trans-
ferred to processed particles. The degree of modification (=
processing) depends on the mass ratio of scavenged gas to the
activated particles, defined as scavenging ratio (M%) in sec-
tion 2.5.1, in the sense that the processing increases with the
scavenging ratio. In anthropogenically polluted regions the
activated particles will be more strongly processed by clouds
than in unpolluted regions because the concentration of trace
gases in the gas phase, and therefore their uptake into cloud
drops, is higher.

The order of magnitude of the scavenging ratio in the ob-
served continental stratus clouds, is shown in Plate 2 (bottom).
Although the mass of particles and gases is small in the small
drops of mode 1 (see Plate 2, top and middle), the scavenging
ratio ME5® can reach values up to a factor of 25 in this drop
mode, especially for the samples from
uptake was high (see section 3.1.2). In the larger drops of mode
2, M%7 decreases when the mean drop size increases and does

not reach values as high as in mode 1. Values above 20 for M55
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are observed only for the sampler TA95, when the mean drop
size is smaller than 7 um radius. In these cases the samples
probably also contain drops from mode 1 (see section 2.1). For
1993, where the gas uptake was low (see section 3.1.2), MEF
shows no dependence on drop size but achieves values of
between 0.02 and 5. Altogether, it can be concluded, that the
strongest modification of the activated particles takes place in
the smaller drops.

The scavenging ratio ME5" is now related to the size r,, of
the activated particles (Plate 3, middle), the corresponding
growth factors of the activated particles are marked in dark red
in the plate. For illustration, M, and M, are also shown in
dependence of r,, in Plate 3 (top). It can be seen that in 1995
(solid triangles) the smallest activated particles are most
strongly affected by cloud processing, which is in agreement
with the model findings of Bower and Choularton [1993] and
Choularton et al. [1996]. Particles smaller than about 0.1 pm
can multiply their mass by a factor up to 25 while increasing
their radii by up to a factor of 3. The larger particles grow to
a maximum of 1.8 times their original size. The reason for this
behavior is that the highest scavenging ratio M55 is found in
the small drops containing the smallest particles (see Plate 2,
top). For the data obtained in 1993 (open squares) we showed
in the previous section that the gas uptake is much less than in
1995, especially for the small drops. Consequently, in 1993 the
growth of the particles is not that strongly dependent on their
original size. Particles of all observed sizes do not grow larger
than slightly below twice (1.8) their initial size.

Nevertheless, even these values are large in comparison to
those reported for marine air. Kreidenweis et al. [1996] inves-
tigated the chemical cloud processing as well as the cloud
processing by collision-coalescence numerically and found a
maximum growth factor of 1.25 in the stratocumulus-capped
marine boundary layer. A growth factor of 1.2 is reported by
O’Dowd et al. [1999] for marine stratocumulus, while maximum
growth factors of about 2 are observed by O’Dowd et al. [1996]
over the Pacific off the Californian coast. A plausible explana-
tion for the difference between marine and continental air is
that in a marine environment the concentrations of water-soluble
trace gases are lower and therefore the processing is weaker.

The relationship between the size of the activated and the
processed particles is shown in Plate 3 (bottom). Again, it is
seen that growth factors above 1.8 are only reached by acti-
vated particles smaller than ~0.1 pum radius (solid triangles,
1995). In addition, Plate 3 shows that particles in the size range
0.035-0.17 wm (activated particles) are transferred to the
range 0.06-0.30 um (processed particles) due to cloud cycling.

Recapitulating, we conclude that the degree of particle pro-
cessing depends, on the one hand, on the amount of scavenged
gas mass but is, mainly, inversely linked to the mass of the
activated particles. For the activated particles the following
situation applies: weak processing (scavenging ratio M5° < 5,
growth factor gf < 1.8; see Plate 3, middle) occurs at all
observed particle sizes. Strong absolute mass gain (scavenging
ratio M5 > 5, growth factor gf > 1.8) is only observed for
activated particles < 0.1 pum in radius. Activated particles with
radii larger then 0.1 wm, mainly found in the larger drops of
mode 2, will not be processed that strongly.

Therefore we conclude that the processing of these larger
activated particles in larger cloud drops (mode 2) is of minor
atmospheric impact because their radiative and nucleation
properties do not change significantly. However, these larger
drops transport water-soluble trace species from the gas to the
liquid and finally to the particle phase.
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The strongly processed small activated particles (r,, < 0.1
pm), mostly found in the small drops of mode 1, are delivered
as larger particles during cloud evaporation. The resultant
processed particles possess significantly different direct and
indirect radiative properties as well as nucleating properties
because they have increased their size and soluble fraction in
comparison to the activated particles. In the next cloud cycle,
most of them will be found in the larger drops of mode 2. This
finding is in accordance with Bower et al. [1997], who investi-
gated numerically, constrained by field observations, the pro-
cessing of particles by a hill cap cloud.

Thus we conclude that the processing of these small atmo-
spheric particles in small cloud drops (mode 1) is, especially
under polluted atmospheric conditions when high gas phase
precursor concentrations lead to large concentrations of NO3,
SO;, and NHY in the liquid phase, an important mechanism to
convert particles from “little active” to “highly active” by rais-
ing both their size and hygroscopicity. It should be noted that
the degree to which this transfer process occurs in the wet
aerosol phase prior to cloud formation needs also to be con-
sidered and quantified. This is shown in model studies of Kor-
honen et al. [1996] and Kulmala et al. [1998] examining the
uptake of trace gases during the growth of aerosol particles to
cloud drops.

Altogether, this reasoning implies that the aerosol indirect
and direct radiative forcing is influenced not only by the con-
centration and chemical composition of aerosol particles but
also, to an unknown extent, by the gas phase concentrations of
water-soluble trace gases such as HNO,, NH;, and SO,. The
cooling effect of aerosol particles on the Earth’s climate can be
intensified by increasing atmospheric amount of water-soluble
trace gases and thus counteract the warming effect of the
greenhouse gases.

4. Summary

In the present study, the cycling history of continental aero-
sol particles passing through cloud drops of different sizes is
investigated experimentally, using a new method, during three
field campaigns, performed on the Mount Kleiner Feldberg/
Ts., Germany, in 1990, 1993, and 1995.

Our measurements show that the two drop modes of the
observed stratus cloud drop size spectra differ in their micro-
physical and chemical behavior and, consequently, in particle
processing. Moreover, two groups of activated particles are
identified which are differently processed. These results are
summarized in Table 6 and will now be briefly discussed:

On average, the particles activated in drop mode 1 are
smaller than those incorporated in mode 2 (see Table 6, left).
The model study by Bott [1997] shows that this phenomenon is
found in stratus clouds forming in air masses containing high
particle number densities. In this case the growth of smaller
particles to drops is limited, the drops remain smaller than
about 5 um.

The mass of gas scavenged by the smaller drops of mode 1 s,
on average, lower than that scavenged by the larger drops of
mode 2. A possible explanation for this behavior can be de-
rived from the diagnostic study of Ogren and Charlson [1992]:
when the growth of drops is limited (like it is for the drops of
mode 1), the gas mass scavenged by diffusive transfer is lower
in smaller drops.

The processing of the activated particles (Table 6, middle) is
stronger in drop mode 1 than in mode 2, because the scaveng-

ing ratio of gas to particle mass M53° reaches the highest values
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Table 6. Minimum-Maximum Values in the Two Drop Modes, the Two Groups of Activated Particles and for Processed
Particles
Processed
Drops Activated Particles Particles
Drop Pap M, X 1073 Particle Tap Drop Fep
Mode um ng/drop MES Group wm MES of Mode um
1 0.035 0.2 25 stongly 0.035 25 3 1
0.11 35 0.02 processed 0.11 5 1.8 0.06
5 0.06 ~10 ~15 weakly 0.035 5 1.8 L+2 0.3
0.17 0.2 0.02 processed 0.17 0.02 1
In the two drop modes: the size r,, of the activated particles, the scavenged gas mass M,,,, and the scavenging ratio M5 in the two groups

ME

of activated particles: r g

6.5-10.6 m).

ap?

for the smaller drops. We observe two groups of activated
particles: Strong processing occurs for particles belonging to
the first group (r,, < 0.11 pm, mostly found in the drops of
mode 1), they can increase their size by factors between 1.8 and
3. Weaker processing is observed for the particles of the sec-
ond group (0.035 < r,, < 0.17 gm, found in drop mode 1 +
2), reaching a maximum of slightly below twice their original
size. Altogether, the degree of particle processing depends on
the amount of scavenged gas mass but is, mainly, inversely
linked to the mass of the activated particles.

Consequently, the weaker processing of the larger activated
particles (r,, = 0.1 um) found in larger cloud drops (mode 2)
is of lesser atmospheric impact because their radiative and
nucleation properties do not change significantly.

The stronger processing of the smaller activated particles
(rap = 0.1 pm radius) leads to a strong change in size and
composition of the processed particles that would arise during
cloud evaporation. These small activated particles, mostly
found in the small drops of mode 1, have been converted to
processed particles with significantly changed direct and indi-
rect radiative as well as nucleation properties. This reasoning
implies that the negative aerosol climate forcing is, to an un-
known extent, intensified by water-soluble gas phase com-
pounds such as HNO;, NH;, and SO,.

Appendix: Overview of the Method

To make the method easier to understand, a summary of the
measured and calculated parameters is given here. Parameters
to be measured in each bulk cloud water sample of TF1
(TA, TB) and RC are in braces in sections A2 and A3. The key
statements central for the method are in quotes in sections Al,
A2, A3, and AS.

Al

AP /AP, .., the mean soluble to insoluble fraction of aero-
sol particles, is measured using the instrument SoFA as a
“constant value which is representative for activated particles.”

Measurements in Cloud-Free Air (see Section 2.2.2)

A2. Measurements in Clouds (see Section 2.3)
NEP = f{LWC**™P}, the number and size of sampled

drop r drop
drops as a function of sampled liquid water mass, is “calculated
from calibration functions.”
The instrument used for calibration measurements is the
FSSP, the instruments used to determine LWC™™P are the

cloudwater samplers TFI(TA, TB) and RC.

A3. Measurements in Bulk Cloud Water in Different Drop
Size Classes (see Section 2.4)

C.o1 = f{pH, o}, the soluble mass concentration, is “calcu-
lated by introducing a mean ion-composition of cloud water.”

and the particle growth factor gf; processed particle size r., (mean drop size in drop mode 1: 3.0-5.0 um; 2:

{C s}, the insoluble mass concentration, is measured using
a Coulter Multisizer.

C,.s the mass concentration from scavenged gas, and C,,
the mass concentration from activated particles, are deter-
mined using AP, /AP; , from Al.

Instruments used to sample bulk cloud water in different
drop- size classes are the cloud water samplers TFI(TA, TB)
and RC (section 2.1).

Ad. Measurements in Cloud Drops (see Section 2.5)

M, the mass of scavenged gas per cloud drop, M ,,, 7 ,,, the
MeEss

mass and size of the activated particles, and M%", the scaveng-
ing ratio of gas/particle mass, as well as the respective drop size
¥ arop are derived from the measurements in bulk cloud water

(see section A3) using NFOFP, 7 4,0p from section A2.

AS5. Measurements in Processed Particles (see Section 2.6)

I the size of the processed particles, and gf, the growth
factor of the activated particles, are determined from the mea-
surements in cloud drops (see section A4), “under the assump-
tion of no outgassing during drop evaporation.”
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