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Characteristics of cloud-nucleating aerosols 
in the Indian Ocean region 

Cynthia H. Twohy, James G. Hudson, 2 Seong-Soo Yum, 2 James R. Anderson, 3 
Susan K. Durlak, 4 and Darrel Baumgardner s 

Abstract. During the Indian Ocean Experiment (INDOEX), cloud droplets were collected 
and evaporated using a counterflow virtual impactor (CVI). The nonvolatile residual particles 
were then analyzed by various instruments. Physical and chemical properties of the cloud 
droplets and their residual nuclei were compared with properties of the below-cloud aerosol 
to evaluate which aerosol particles act as cloud nuclei in different environments, and their 
effects on cloud microphysics. Four cases, ranging from clean Southern Hemispheric clouds 
to heavily polluted clouds near India, were analyzed. For the cleaner clouds, droplet concen- 
trations were a much higher fraction of the available particle concentrations than for polluted 
clouds, but entrainment apparently acted to reduce droplet number concentrations in both 
regimes. For clean clouds the median critical supersaturation and size of the ambient particles 
and droplet residual particles were similar. In polluted clouds there were stronger differences 
between ambient and droplet residual distributions, and particles with lower critical super- 
saturations were favored as nuclei. Simple model calculations were used to show that pol- 
luted clouds are expected to achieve lower water supersaturations than clean clouds; thus 
only particles with relatively low critical supersaturations are likely to affect clouds in pol- 
luted regions. Soluble fractions for the ambient aerosol inferred from the size and cloud con- 
densation nuclei measurements were in general agreement with another study in the region. 
Droplet residual particles did not necessarily have higher soluble fractions than the ambient 
aerosol, but did tend to have higher total amounts of soluble material per particle, particularly 
in the polluted cases. 

1. Introduction 

Of critical importance in predicting climate change are the 
indirect effects of aerosol particles on clouds. Anthropogenic 
particles can act as cloud condensation nuclei (CCN) and 
subsequently affect climate through changes in cloud albedo 
[Twomey, 1977a] and lifetime [Albrecht, 1989]. Our limited 
knowledge of these processes handicaps our ability to under- 
stand radiative forcing of anthropogenic aerosols, since the 
uncertainty due to aerosol effects on clouds is exceedingly 
large [Charlson et al., 1992]. 

Measurements have demonstrated that aerosol particles can 
have a strong influence on microphysical and radiative prop- 
erties of certain clouds. For example, ship effluents often 
increase the albedo of overlying stratus clouds due to in- 
creases in droplet concentration [Radke e! al., 1989], and 
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similar effects have been observed downwind of industrial 

areas [e.g., Fitzgerald and Spyers-Duran, 1973; Twohy e! al., 
1995]. Leaitch e! al. [1992] compiled data from a series of 
flights in the northeastern United States and Canada and de- 
veloped some positive relationships between aerosol number 
and droplet number. Relationships between CCN number and 
droplet number have been observed in both stratiform and 
cumuliform clouds [e.g., Hudson, 1983; Yum e! al., 1998; 
Hudson and Yum, 2000a]. Some evidence for indirect effects 
of aerosols on cirrus clouds has even been presented [Sassen 
e! al., 1995]. 

Thus indirect aerosol effects are recognized as important, 
but they are still poorly understood. The chemical heteroge- 
neity of the anthropogenic aerosol and its interaction with the 
background aerosol makes simple parameterizations of ques- 
tionable validity. Emphasis to date has been on understanding 
sulfate aerosol effects, but other aerosol types, for example, 
organics, soil dust, and sea salt, are also likely to be important 
in cloud formation. 

The multinational Indian Ocean Experiment (INDOEX) 
was designed to study the significance of anthropogenic aero- 
sols to regional and global radiative forcing. During the win- 
ter monsoon season in the equatorial Indian Ocean, anthropo- 
genic pollutants from the Northern Hemisphere flow into and 
interact with pristine Southern Hemispheric air. While much 
of INDOEX focused on the direct radiative forcing of these 
pollutants, this work addresses their interaction with clouds. 
Physical and chemical measurements of aerosols below and 
within clouds are being used to study the following relation- 
ships: 
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1.1. Impact of Cloud-Nucleating Aerosol Particles on the 
Microphysical and Radiative Properties of Clouds 

Using satellite observations, clouds in areas of the globe 
which are polluted have been shown to have smaller droplet 
sizes and higher albedos than those in less polluted areas [Han 
et al., 1994; Wetzel and Stowe, 1999]. Han et al. [1994] ob- 
served substantial differences in the low-cloud droplet size 
inferred from satellite in the INDOEX region, with droplet 
size increasing downwind of the west coast of India, toward 
the Equator. In situ observations have also confirmed that 
increased aerosol concentrations can increase droplet number 
and decrease droplet size [Leaitch et al., 1992; Martin et al., 
1994]. McFarquhar and Heymsfield [this issue] and Heyms- 

field and McFarquhar [this issue] verified that aerosol num- 
ber concentrations were correlated with droplet number and 
optical depth and anticorrelated with droplet size in the 
INDOEX region. 

The relationship between aerosol number and droplet num- 
ber varies with location, since it can be affected by particle 
size and chemical composition, as well as dynamical forcing 
and entrainment. The relationship is generally thought to be 
non-linear due to the increased competition for available wa- 
ter among growing droplets in polluted regions. However, 
droplet concentrations in polluted air may be underestimated 
in some cases, due to instrumental detection limits [Bower et 
al., 2000; Hudson, J.G. and S.S. Yum, Spatial distribution of 
cloud condensation nuclei spectra over the Indian Ocean, 
submitted to J. Geophys. Res., 2000, hereinafter referred to as 
Hudson and Yum, submitted manuscript, 2000b]. 

1.2. Size and Critical Supersaturation of Particles 
Incorporated Into Droplets 

Particles that have a critical supersaturation Sc lower than 
the supersaturation actually reached within a cloud form acti- 
vated cloud droplets if given sufficient time for growth 
[Squires, 1952]. Those with higher Sc values will remain as 
smaller unactivated haze particles within the cloud. S• is de- 
termined by the size and composition of the particle and is 
related to the number of soluble ions within a particle; larger, 
more soluble particles will have lower &s than smaller, less 
soluble particles. Simple adiabatic models also predict that 
the largest droplets in a cloud will form on the largest soluble 
particles with the lowest &s. This relationship can be compli- 
cated in clouds in the atmosphere, which are not necessarily 
adiabatic. 

Particles acting as CCN at various supersaturations can be 
measured by CCN counters or spectrometers that simulate 
cloud formation under controlled conditions. Comparisons of 
particle size and & can be used to infer information about 
chemical composition and solubility of ambient and in-cloud 
aerosol particles. 

1.3. Particle Chemical Types Acting As CCN 

The ability of naturally soluble sulfate and nitrate particles 
to act as cloud condensation nuclei is well recognized. How- 
ever, since elemental carbon and dust particles are often large 
and can obtain a soluble coating over time [e.g., DeMott et al., 
1999; Dentener et al., 1996], they may also be effective CCN. 
Recent modeling [O'Dowd et al., 1999; Ghan et al., 1998] 
suggests that in cases of high to moderate wind speeds, the 
presence of sea salt may dramatically influence the ability of 
sulfate to affect the microphysical, and therefore the radiative, 

properties of marine clouds. Organic aerosols can be either 
water soluble or insoluble depending on their composition 
[Facchini et al., 1999]. Limited experimental studies suggest 
that a substantial fraction of organic aerosols can act as cloud 
condensation nuclei [Novakov and Penner, 1993; Facchini et 
al., 1999]. On the other hand, insoluble or partially soluble 
organic coatings are likely to have poor nucleating abilities 
[Corrigan and Novakov, 1999]. 

While models of cloud nucleation and growth are numer- 
ous, few measurements of particles actually incorporated into 
clouds exist. The aerosol plume emanating from India and 
nearby countries is a complex chemical soup, with sulfate, 
nitrate, and carbonaceous aerosol from industry mixed with 
soil dust from desert regions and sea salt from the ocean. 
INDOEX provided an opportunity to assess interactions of 
many aerosol types with clouds, both near the heavily pol- 
luted source region and over a large region downwind. 

2. Experimental Design 

During INDOEX, small cumulus and stratocumulus clouds 
downwind of the Indian sub-continent were sampled by the 
C-130 aircraft operated by the National Center for Atmos- 
pheric Research. The experiment took place during the winter 
monsoon of February/March of 1999, when the low-level 
winds were north/northeasterly over the Indian sub-continent 
and out over the Arabian Sea. Pollutant plumes flowing 
southwest from the coast of India are readily observable by 
satellite, and some flights focused on the direct radiative im- 
pact of this aerosol. However, a number of flights were de- 
voted to cloud sampling in a concerted effort to detect and 
quantify the indirect aerosol effect. The C-130 carried a broad 
range of radiation, aerosol and cloud physics sensors, utilizing 
both in situ and remote techniques. 

Measurements within clouds were made using a counter- 
flow virtual impactor, or CVI [Ogren et al., 1985; Noone et 
al., 1988]. Within the CVI inlet, cloud droplets larger than 
about 7 gm diameter were separated from the interstitial aero- 
sol and impacted into dry nitrogen gas. This separation is 
possible via a counterflow stream of nitrogen out the CVI tip, 
which very efficiently prevents smaller particles from enter- 
ing the inlet. The nonvolatile residual nuclei and water vapor 
remaining after droplet evaporation at 50øC are brought into 
the aircraft for sampling. Thus, unlike liquid collection tech- 
niques, characteristics of individual droplet residual nuclei 
can be determined. (The particles measured downstream of 
the CVI inlet after droplet evaporation will be called "residual 
nuclei" or "droplet nuclei" here for simplicity, although they 
may contain substances added to the actual cloud droplet nu- 
cleus after droplet formation, e.g., through chemical reactions 
or coalescence. Because particles are typically recycled 
through clouds many times before their removal from the 
atmosphere, these particles would also be potential CCN on 
their next passage through a cloud.) During INDOEX, sev- 
eral different instruments were used downstream of the CVI 

inlet (Figure 1). 
The total number of residual nuclei were measured with a 

TSI 3760 condensation nucleus counter (CNC), from which 
the number concentration of sampled droplets was inferred. 
Water vapor content was measured by a Lyman-ct hygrome- 
ter, so the liquid water content of the sampled droplets could 
be determined [e.g., Twohy et al., 1997]. The size distribution 
of residual nuclei was measured in situ with a PMS 1001 
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Figure 1. Flow diagram used for sampling with the CVI during INDOEX. The instruments shown in the middle 
include a condensation nucleus counter, a LAS-Air optical particle counter, a Lyman-ct hygrometer, rotating grids 
for transmission electron microscopy, rotating Nuclepore filters for scanning electron microscopy, and a cloud con- 
densation nucleus spectrometer. "F" denotes a flowmeter or controller. 

LAS-Air optical counter, and the actual CCN spectrum (criti- 
cal supersaturation) of the residual nuclei was determined in 
situ with a fast-response CCN spectrometer [Hudson, 1989; 
Twohy and Hudson, 1995]. Residual nuclei were also col- 
lected on filters and impactor grids for later analysis by elec- 
tron microscopy and X-ray spectrometry [Anderson et al., 
1996]. 

3. Analysis 

One challenge in the analysis and interpretation of this data 
set was the relatively small scale of the INDOEX clouds: 
most clouds encountered were only 0.3 to 1 km wide and of 
similar depth. In order to get sufficient residual nuclei sam- 
ples for chemical analysis, the data presented here have been 
averaged over many cloud passes. As a result, characteristics 
of cloud parcels with many different histories, including cloud 
edges, have been included in the results. This means that the 
data are far from representative of a simple, adiabatic cloud. 
In addition, sampling considerations limit the size of droplets 
that were effectively sampled by the CVI to those larger than 
about 7 gm in diameter. In very polluted clouds, the mean 
droplet diameter was sometimes 7 gm or smaller, so that a 
fraction of the droplets could not be sampled by the CVI. 
Clouds containing drizzle drops, which can produce artificial 
particles due to drop breakup within the inlet, have been ex- 
cluded from this analysis. Despite these limitations, useful 

information was obtained using the analysis strategies out- 
lined below. 

For each analysis type, characteristics of the droplet nuclei 
were compared with corresponding characteristics of the be- 
low-cloud aerosol. Cases defined as clean or polluted were 
compared and contrasted. 

3.1. Particle Size Distributions 

Size distributions of the ambient aerosol and CVI residual 

nuclei were constructed using data from the LAS-Air optical 
particle counter (0.1 to 4.0 gm diameter) and TSI condensa- 
tion nucleus counter (> 0.013 gm diameter). Since the CNC 
samples smaller particles as well as large ones, a nine-channel 
size distribution was constructed using the eight LAS-Air 
channels and the CN concentration minus the total LAS-Air 

concentration for the smallest size channel. To avoid exces- 

sive width in the lowest channel of the size distribution, it was 
assumed to begin at 0.03 microns diameter. This is consistent 
with the rarity of particles less than 0.03 gm and the typical 
lower limit of size distributions in the study area (A.D. 
Clarke, unpublished data, 2000). 

Since the CVI tip is heated and droplets are impacted into 
dry nitrogen gas, the relative humidity of the size distributions 
presented here was generally less than 20% and the particles 
are considered to be "dry." Droplet concentrations are en- 
hanced within the CVI, so a dilution system was employed to 
avoid coincidence (multiple particles in the sensing volume) 
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in the LAS-Air. Data were initially corrected for both en- 
hancement and subsequent dilution. The time resolution of the 
LAS-Air is 6 s, but several minutes were averaged for the data 
presented here in order to match the sampling periods re- 
quired for electron microscopy. Since only a fraction of this 
time contained cloud passes, the CVI data were also divided 
by a "time in cloud" factor, TIC. TIC was calculated as the 
ratio of the number of seconds in cloud divided by the number 
of seconds in the entire sampling period. Clouds were defined 
as events of >0.3 km in length when the droplet concentration 
from the wing-mounted Forward Scattering Spectrometer 
Probe (FSSP) was greater than 10 cm -3. 

Ambient below-cloud aerosol was also measured with the 

LAS-Air, using the CVI inlet with the counterflow turned off. 
Since sampling under these conditions is subisokinetic, cor- 
rections were applied as a function of particle size based on 
Belyaev and Levin [1974]. Because of uncertainties in the 
coincidence correction, dilution factors, and instrument re- 
sponse to various particle types [Pinnick et al., 2000], the 
overall uncertainty in both particle size and concentration is 
estimated at about 20%. 

3.2. Aerosol Critical Supersaturations 
From CCN Spectrometer 

Complete CCN spectra (number concentrations at &s from 
0.01 to 1.0%) were obtained for droplet nuclei using the CVI 
and for corresponding below-cloud samples brought in 
through the Community Aerosol Inlet (CAI). Collection effi- 
ciency of the CAI for submicron particles is near 100% 
[Blomquist et al., 2000], and particles larger than 1 micron are 
expected to have S• less than 0.01%. Although inversion 
corrections have been recently implemented to the CCN spec- 
tra (Hudson and Yum, submitted manuscript, 2000b) these 
corrections are not expected to substantially change the inte- 
grated CCN number concentrations or median critical super- 
saturations presented here. As a result, no special corrections 
were applied. 

While the time response of the DRI CCN spectrometer is 
as fast as 1 Hz, data have been averaged over the same time 
periods as the EM samples whenever possible to facilitate 
direct comparison of results. For ease of comparison, sum- 
mary parameters, specifically CCN number concentration and 
median Sc, are presented here. These summary parameters are 
used to contrast clean and polluted cases and to compare with 
similar parameters from other instruments. 

3.3. Particle Composition via SEM/TEM 

Droplet residual nuclei were simultaneously collected for 
both SEM and TEM behind the CVI. Automated SEM analy- 
sis with energy-dispersive X-ray spectroscopy [Anderson et 
al., 1996] provides size-dependent single-particle composition 
for several particle types, including sea salt, sulfates, and soil 
dust. This technique also produces information on the mixing 
state of particles (i.e., whether different chemical species are 
present within single particles, or separate particles). More 
detailed structural information, especially about carbonaceous 
aerosols, can be obtained via TEM with energy-dispersive 
spectrometry [Posfai et al., 1995]. This type of analysis is 
critical in determining what particle types actually participate 
in cloud formation. For example, using the CVI and TEM, 
Twohy and Gandrud [1998] found that both mineral and me- 
tallic particles apparently can form ice crystals in aircraft con- 

trails, although these particle types were previously consid- 
ered to be relatively unimportant. Since this analysis is ongo- 
ing and will be detailed in a subsequent paper, initial SEM 
results are only briefly discussed here. 

3.4. Case Studies 

Four cases were chosen for detailed analysis, ranging from 
clean to very polluted environments. While clouds were sam- 
pled on several other days, these cases provided the most ex- 
tensive data in nonprecipitating clouds and the most compre- 
hensive array of measurements (chemical, microphysical, and 
radiative). 

Pollution levels were defined following McFarquhar and 
Heymsfield [this issue] and are based on the ambient meas- 
urements of total condensation nuclei (CN). Number concen- 
trations <500 cm -3 were considered clean and >1500 cm -3 
polluted, recognizing that cases with CN between 300 cm -3 
and 500 cm -3 may have actually had some anthropogenic in- 
fluence. (Pristine marine environments have typical CN con- 
centrations on order 200-300 cm -3 [Gras, 1995].) Regions 
exhibiting ultrafine particle production were rare and were not 
included in this analysis. 

Concentrations of CN and chemical species such as non- 
sea salt sulfate, black carbon and organic carbon were well 
correlated with distance downwind of the Indian coastline 

[Satheesh et al., 1998; Canttell et al., 2000; Guazzotti et al., 
2000], with more northerly latitudes generally having higher 
pollution levels. For reference, the southern tip of India is at 
about 8øN latitude. Clean flights were south of the Intertropi- 
cal Convergence Zone (ITCZ) in the Southern Hemisphere, 
while polluted flights were over the ocean, west of India. 

The first case (March 24, 1999, 6ø-7øS) exhibited among 
the cleanest air and clouds encountered during the INDOEX 
experiment. Since nearly all droplets were larger than the CVI 
cut size (7.2 •tm diameter in this case), overall droplet collec- 
tion efficiency was high at the minimum cut size. The second 
clean case (February 20, 1999, 6ø-7øS) was in a similar geo- 
graphical location, but with slightly higher particle number 
concentrations. The third and fourth cases (March 21, 1999, 
10ø-11 øN; February 27, 1999, 8ø-9øN) were both polluted, but 
the dynamical forcing was greater in the fourth case. This led 
to larger droplets and liquid water contents, so a greater frac- 
tion of droplets could be sampled by the CVI. 

4. Results 

4.1. Summary of Statistics for Four Cases 

A summary of aerosol and cloud characteristics for the four 
cases is given in Table 1. The cases are ordered from low to 
high pollution levels. Statistics for each row represent aver- 
ages for between 6 and 46 individual cloud passes, but there 
was considerable variation from cloud to cloud. Ambient 
samples were taken at various heights below cloud base. The 
CVI cut size, or size of droplet collected with 50% efficiency, 
is also given [Anderson et al., 1993]. For two of the cases, 
CVI samples were obtained at both a minimum and a larger 
droplet cut size. 

Maximum updrafts were near 1.0 m s -i, and up to 1.4 m s -1 
for the most vigorous case on 27 February. Since most clouds 
were only a few hundred meters in horizontal extent, many 
cloud edges were sampled, and mean updrafts were consid- 
erably lower (approximately 0.3 m s-i). Cloud droplet concen- 
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trations (Narop) were generally low, even for the polluted 
clouds. 'While coalescence (in the clean clouds) and poor 
cloud-nucleating qualities of the aerosol (in the polluted 
clouds) may be partially responsible, Hudson and Yum (sub- 
mitted manuscript, 2000b) found that on average, liquid water 
contents were less than 20% of the adiabatic value in both 

cloud types. Substantial evaporation of droplets apparently 
occurred during the clouds' lifetimes, with measured droplet 
concentrations significantly reduced from adiabatic values. 
Despite this, droplet concentrations are positively correlated 
with particle concentrations (both Nc•v and Ncc•v). For the 
cleaner clouds, maximum droplet concentrations are 50-60% 
of the available particle number concentrations, while for the 
polluted clouds, this percentage is only about 15%. Corre- 
sponding percentages using mean droplet concentrations are 
only about 25-35% and 5-10%. Further relationships of this 
type using more observations are given by Hudson and Yum 
(submitted manuscript, 2000b) and Heyrnsfield and McFar- 
quhar [this issue]. 

Droplet sizes are smaller for the polluted cases, as pre- 
dicted by Tworney [1977a] and observed by McFarquhar and 
Heyrnsfield [this issue]. However, the influence of dynamics 
is apparent in the characteristics of the most polluted case 
(February 27). These clouds had relatively large updraft ve- 
locities and liquid water contents, so the droplets were sub- 
stantially larger than for the other polluted case. 

For the rows displaying CVI measurements, Nc•v is the 
mean number of droplet nuclei sampled; the percent of N&op 
category shows this percentage relative to the total droplet 
number concentration measured by the FSSP-100. Percent- 
ages larger than ! 00 occasionally occurred due to instrumen- 
tal uncertainty and different portions of the clouds being sam- 
pled by the•instruments mounted in different areas of the air- 
craft. Most of the droplets in these clouds were large enough 
to be collected by the CVI, with percentages relative to the 
FSSP of 70% or greater. In the third case, however, the drop- 
lets were so small that many were below the minimum cut 
size of about 7 gm diameter, but were still detected by the 
FSSP, with a minimum size of 2 gm. (Note the droplet diame- 
ters given in the table are median volume diameters, not mean 
diameters, which were much smaller.) 

Both critical supersaturation and particle size measure- 
ments were made over a range of values, so the median values 
for the ambient aerosol and droplet nuclei are given in the last 
two columns of Table 1. Peak cloud supersaturations were 
likely much higher than the median Sc of the droplet nuclei 
given in the table. Minor differences between ambient and 
nuclei properties are apparent in the first clean case, with 
droplet nuclei having slightly lower &s than the ambient aero- 
sol. Median sizes, however, are actually smaller for the drop- 
let nuclei than for the ambient aerosol in both clean cases, in 
contrast with simple theory. This suggests that insoluble ma- 
terial that may have inhibited activation was present in certain 
particle sizes. This is supported by the size distributions given 
in the next section. By far the largest differences between 
ambient and nuclei properties, however, occur in the polluted 
clouds. For these cases, droplet nuclei tend to be much larger 
and to have much lower critical supersaturations compared to 
the ambient aerosol. This is true even for the February 27 
case, when most of the droplets, not just the upper "tail" of 
the distribution, were sampled by the CVI. Reasons for this 
are discussed subsequently. 

4.2. Size Distributions 

Figures 2 and 3 compare the measured ambient and nuclei 
size distributions for the clean and polluted cases, respec- 
tively. Distributions have been plotted with both linear and 
logarithmic ordinate axes to focus on different details of the 
distribution. Ambient size distributions are represented with 
heavy solid lines, and droplet nuclei distributions with dashed 
lines. Since the polluted aerosol was already substantially 
aged, bimodal ambient distributions that may have been a 
result of in-cloud chemical reactions (last row of Figure 3) 
were not uncommon. The far right panes show the percentage 
of ambient particles in each size range that were found within 
droplets sampled by the CVI. While the distributions are 
rather coarse, several important observations can be made. 

First, it is apparent that the number of residual nuclei is 
substantially smaller than the number of available particles, 
even for the clean cases shown in Figure 2. Since the model- 
ing results given in the next section indicate that nearly all 
particles are expected to form droplets in a clean cloud, cloud 
processes subsequent to droplet formation are the likely cause 
of this apparent discrepancy. Entrainment of droplet-free air 
into the cloud would reduce the droplet number concentration 
through dilution and evaporation in both the clean and pol- 
luted clouds. Coalescence could also act to reduce the number 

concentration in clean clouds, but would be less efficient in 
the polluted clouds, due to the small droplet sizes. However, 
droplet nucleation and growth is expected to be less efficient 
in polluted clouds due to lower peak supersaturations (see 
modeling section). 

The shape of the relative distribution in the final pane is 
fairly regular for the polluted clouds (Figure 3), and shows 
progressively more involvement of the larger particles in the 
drops. Note that relatively few particles in the smallest size 
categories are incorporated into the polluted clouds. This is to 
be expected from cloud nucleation theory, since larger parti- 
cles generally have greater amounts of soluble material and 
lower critical supersaturations; these are the ones expected to 
preferentially form cloud droplets if available water is limited. 
Mixing of noncloudy air in individual clouds, as well as mix- 
ing of cloud parcels with different histories in a single sample, 
will produce the stepwise distribution shown in Figure 3. 
Also, in-cloud chemical reactions could shift particles into 
larger size channels. 

The shape of the relative distributions for the clean clouds 
(Figure 2) is more complex. Nearly all particles in the clean 
regions are expected to form droplets, and these plots do show 
that a higher percentage of small particles are incorporated 
into these clouds relative to polluted clouds. However, the 
plots indicate a relative deficit of intermediate-sized particles, 
particularly between 0.2 and 0.3 microns in diameter. This 
may have been due to size-dependent composition of the am- 
bient aerosol, with some less soluble particle type (perhaps 
surviving convection in the ITCZ) in this size range. There is 
also a relative enhancement of large cloud nuclei within the 
clean cloud droplets, with percentages larger than 100%. Coa- 
lescence will decrease the number of small and intermediate- 

sized nuclei and will enhance the number of large residuals 
[e.g., Ogren and Charlson, 1992]. This process is expected to 
be more prevalent in the clean clouds with larger droplets. 
Also, some particle aggregation was apparent in the electron 
microscope analysis of residual nuclei for the clean clouds, 
perhaps as a consequence of droplet coalescence. 
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Figure 2. Comparison of aerosol size distributions measured below cloud and with the CVI for clean cases on 
March 24, 1999 (top row) and February 20, 1999 (lower row). Ambient size distributions are represented with heavy 
solid lines, and droplet nuclei are shown with dashed lines. The first pane in each row shows the size distribution 
with a linear ordinate axis, with the area within the histogram proportional to the actual particle number. The second 
pane shows the distribution with a logarithmic ordinate axis for more detail. The far right panes show the percentage 
of ambient particles in each size range that were found within droplets sampled by the CVI. These panes have been 
truncated at 1.0 pm diameter due to poor counting statistics at the large particle sizes. 

4.3. Model Calculations 

The above results suggest several important differences in 
clean and polluted clouds, some of which have been studied 
using simple model calculations. Three cases were simulated 
in order to highlight potential differences in particle activation 
in clean and polluted clouds. The Model for Aerosol Process 
Studies (MAPS), based on a detailed aerosol model developed 
by l, Yexler et al. [1994], has been expanded to include cloud 
formation. Also, it has recently been tested against other 
models at a World Meteorological Organization workshop, 
and improved based on these results. 

The first ("Clean") case, based on the March 24 flight, was 
initiated using the below-cloud temperature, pressure, and 
relative humidity, with a lognormal fit to the aerosol size dis- 
tribution measured at 310 m. Sixty-four size bins were used in 
the lognormal distribution with a geometric mean diameter of 
0.115 gm, a geometric standard deviation of 1.77, and a total 
number concentration of 207.6 cm -3 (dry aerosol mass equal 
to 1.29 gg m-3). The updraft velocity was 0.3 m s -1, the av- 
erage for all cloud penetrations during this sampling period. 
Simulations were terminated at 600 m altitude, where the in- 

cloud measurements were made. For the second ("Polluted 
A") case, the same aerosol size distribution and atmospheric 
conditions were used, but the total number concentration was 
increased by a factor of 10 to 2076 cm -3 (dry aerosol mass 
equal to 12.9 gg m-3). For the first two simulations, all parti- 
cles were composed simply of ammonium bisulfate, and no 
condensing species other than water vapor was considered. 
While the presence of soluble gases and slightly soluble aero- 
sol species can affect droplet activation [e.g., Laaksonen et 
al., 1998], this simple scenario has been used to emphasize 
differences due to number concentration alone, and the sense 
of the results will apply to any soluble particle type. Also, 
MAPS calculates particle growth kinetically, so particles are 
not assumed to immediately activate when the cloud super- 
saturation exceeds their critical supersaturation. 

For the final simulation ("Polluted B"), the same size dis- 
tribution was used as in the Polluted A case, but particles 
were assumed to contain an insoluble elemental carbon core 

surrounded by ammonium bisulfate. The volume of ammo- 
nium bisulfate (density 1.78 gcm -3) was 60% of the total par- 
ticle volume, in accordance with some measured soluble vol- 
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Figure 3. As in Figure 2, but for polluted cases on March 21, 1999 (top row) and February 27, 1999 (lower row). 

ume fractions for polluted INDOEX aerosol [Massling et al., 
2000]. Elemental carbon was assumed to have the same den- 
sity as ammonium bisulfate, so that the soluble mass fraction 
was also 60%. Of course, more complex particle types (in- 
cluding external mixtures), different size distributions, soluble 
gases, and in-cloud processes and chemical reactions can also 
affect how particle's are incorporated into cloud. Simulations 
of these types are planned for future work. 

Table 2 shows the primary differences in results for the 
three cases. In all cases, the in-cloud supersaturation peaks 
just above cloud base, but subsequently decreases as water 
vapor is depleted by rapidly growing droplets. The peak su- 
persaturation reaches 0.33% in the Clean case, but only 0,17% 
in the Polluted A case and 0.20% in the Polluted B case, since 
water condenses on a greater number of particles. The Sc of 
certain particles is exceeded only briefly, and they do not 
necessarily grow into droplets due to kinetic limitations. 
However, at the end of the simulations, a clear separation 
occurs between larger droplets and smaller particles, and a 
particle was considered to be "activated" if it was contained in 
the larger mode at the end of the simulation. 

Because of the difference in peak supersaturation, much 
smaller particles activate in the Clean case than in the Pol- 
luted cases (down to 0.068 gm for Clean versus 0.123 or 
0.131 gm for Polluted). The percent of particles activated is 
84% in the clean case, and only 48% and 43% in the Polluted 
A and B cases, respectively. This effect has been discussed by 
Twomey [1977a] and others. Also note that the S• of the 

minimum particle size activated is significantly less than the 
peak cloud supersaturation in all three cases, due to kinetic 
limitations on growth. 

The median critical supersaturation and diameter of ambi- 
ent and activated ("cloud") particles is also given in Table 2. 
For the Clean case these values can be compared directly to 
the measured values for March 24 in the last two columns of 

Table 1. The median S• predicted by the model and the 
measurements agree well within the experimental uncertainty 
(0.132 versus 0.135 for ambient particles and 0.112 versus 

Table 2. Summary of Cloud Model Results 

Clean Polluted A Polluted B 

100% Soluble 100% Soluble 60% Soluble 

N e, cm '3 207.6 2076 2076 
Peak cloud S, % 0.33 0.17 0.20 
N e activated 175 998 903 
Percent ofN e activated 84% 48% 43% 
Min D e activated, I. tm 0.068 0.123 0.131 
S½ of min D e activated 0.276 0.116 0.136 
Ambient D e, Ixm (med) 0.112 0.112 0.112 
Ambient S½, % (med) 0.132 0.132 0.173 
Cloud D e, Ixm (med) 0.125 0.168 0.175 
Cloud S½, % (med) 0.111 0.073 0,089 

, , 
.. 

aSummary of results for three model cases discussed in text. All 
diameters refer to dry particle sizes. S is supersaturation; S½ is critical 
supersaturation. 
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0.11 for activated particles). The median diameter for acti- 
vated particles predicted by the model is larger than the meas- 
urement (0.125 versus 0.092). As discussed earlier, this may 
represent the influence of some other, less soluble particle 
type in the ambient aerosol that is less likely to activate. For 
the polluted cases, large differences in both the median parti- 
cle size and Sc occur between the ambient and activated parti- 
cles. These differences agree qualitatively with the measure- 
ments for polluted clouds having different initial particle size 
distributions (Table 1). 

To summarize, higher particle number concentrations in 
polluted air have a strong influence on the fraction of particles 
that activate and whether small, high Sc particles will be in- 
corporated into clouds. Insoluble material that may be con- 
tained in polluted particles seems to have a secondary and 
complementary effect, further reducing the percentage of par- 
ticles that activate and the distinction between ambient and 

activated particle size. 

4.4. Sc Versus Size 

In Figure 4, median diameters for both ambient and CVI 
measurements using the LAS-Air particle counter are com- 
pared with median critical supersaturations from the CCN 
spectrometer. For reference, Sc values expected for NaC1 (mo- 
lecular weight 58.5) and (NH4)2SO4 (molecular weight 132) 
are shown with solid and dashed lines, respectively. Ammo- 
nium bisulfate (115) would fall between these two lines. For 
consistency with the calibration procedure for the CCN spec- 
trometer, complete ionic dissociation following Twomey 
[1977b] has been assumed. Nonideal effects reduce the 
amount of ionic dissociation and raise the Sc [Chylek and 

Wong, 1998], but should not affect the relative differences 
presented in the figure (since both the theory and measure- 
ments use the Twomey formulation for Sc). 

The size and Sc values are clearly anticorrelated, and the 
slope of the data is similar to that expected for simple soluble 
salts. As was apparent in Table 1, the CVI samples (hollow 
symbols) tend to lower ScS and larger sizes than the ambient 
samples. While some of the CVI samples exhibit characteris- 
tics similar to sodium chloride, many of the data points have 
higher Scs than those expected for sodium chloride, ammo- 
nium bisulfate, or ammonium sulfate. The presence of insolu- 
ble material (elemental carbon, crustal material, or sparingly 
soluble organics) could explain these results, as could mixed 
salts or soluble material with more ions per molecule or a 
greater molecular weight. 

The median size and critical supersaturations have been 
used to estimate the soluble mass fraction, s, for each of these 
samples following Canttell et al. [2000]. For simplicity, these 
calculations assume that particles are internal mixtures of 
ammonium sulfate and some insoluble material. However, 
partially soluble materials or coatings would also influence Sc 
and, therefore, calculated s values. Results have large uncer- 
tainties, but are included here for comparison with other esti- 
mates for the INDOEX region. Canttell et al. [2000] inferred 
soluble fractions in the ambient aerosol as low as 0.20 south 

of the ITCZ and values around 0.05 north of the ITCZ in 

1998, but found higher values in 1999 (W. Cantrell, personal 
communication, 2000). Massling e! al. [2000] measured solu- 
ble volume fractions more directly using tandem differential 
mobility analyzers and found higher soluble fractions in 1999, 
generally between 0.60 and greater than 1.0 for 0.15 pm par- 
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Table 3. Inferred Particle Solubilities a 

Date UTC Time C, Op, 
% gm 

median median 

Soluble Fraction Soluble Volume, Solubility Ratio 
(and Range based lam s (CVI/Ambien0 
on Uncertainty) 

CLEAN March 24, 1999 
Ambient aerosol 0853-0924 0.135 0.11 0.96 (0.66-1.5) 0.0054 - 
CVI A: >7.2 gtm 0821-0835 0.11 0.092 2.5 (1.7-3.8) 0.0081 1.5 
CVI B: >12.8 txm 0847-0851 0.105 0.155 0.57 (0.39-0.87) 0.0089 1.6 

CLEAN Feb. 20, 1999 
Ambient aerosol 0538-0541 0.15 0.11 0.78 (0.53-1.2) 0.0044 - 
CVI: >7.8 gtm 0601-0623 0.15 0.082 1.9 (1.3-2.9) 0.0044 1.0 

POLLIYrED March 21, 1999 
Ambient aerosol 0828-0840 0.17 0.092 1.0 (0.71-1.6) 0.0034 - 
CVI A: >7.0 gtm 0800-0825 0.073 0.20 0.55 (0.37-0.83) 0.018 5.3 
CVI B: >8.2 gm 0750-0800 0.040 0.255 0.88 (0.60-1.3) 0.061 18 

POLLIYrED Feb. 27, 1999 
Ambient aerosol 0803-0813 0.225 0.089 0.66 (0.45-1.0) 0.0019 - 
CVI: >7.2 gtm 0726-0800 0.037 0.15 5.1 (3.4-7.7) 0.072 38 

aAs in Table 1, with the addition of particle soluble mass fraction inferred from the median Sc and dry particle diameter. Soluble 
fractions were calculated as discussed in the text, and soluble volume amounts (per particle) were calculated from soluble mass fractions 
and median diameters, assuming the same density for soluble and insoluble material. Solubility ratios are the soluble volume amounts 
(per particle) for the CVI residual nuclei divided by the soluble volume amounts for the ambient aerosol. 

ticles (based on ammonium sulfate or bisulfate). Some less 
hygroscopic particles were found, however, even in relatively 
clean air masses south of the ITCZ. Canttell et al. [2000] 
suggest that interhemispheric transport, with selective re- 
moval of soluble material by convective clouds in the ITCZ, 
may impose an insoluble aerosol component into the Southern 
Hemisphere air. 

Inferred particle solubilities are given in Table 3, both as 
soluble mass fractions and as total volume of soluble material 

(assuming similar densities of soluble and insoluble material). 
Soluble fractions range from 0.66 to 1.0 for the ambient sam- 
ples, in approximate agreement with Massling et al. [2000]. 
This indicates consistency between the measured size distri- 
butions and CCN spectra and the expected composition of the 
aerosol. While no clear difference between solubility for the 
clean versus polluted samples is apparent, a range of solubili- 
ties is expected ,in both clean and polluted air masses 
[Massling et al., 2000]. Also, large uncertainties mean that 
differences on order 30% may not be significant. 

The CVI samples exhibit a wide range of soluble fractions, 
ranging from as low as 0.55 to as high as 5.1. Fractions larger 
than 1.0 are common for the droplet nuclei and indicate a 
substance with higher Sc than ammonium sulfate for the same 
particle size; for example, NaC1 would have an • of 1.87 us- 
ing this technique. The value of 5.1 is probably artificially 
high, due to a large uncertainty in the CCN measurements at 
very low Sc [Nenes et al., 2000]. Relatively low soluble frac- 
tions are also found for some of the CVI samples, which can 
be explained when the total soluble volume per particle (2 nd to 
last column) is calculated. Low • values in the first and third 
cases are compensated for by the larger size of the droplet 
nuclei, so that the total volume of soluble material is still 
greater for the CVI samples than for the ambient particles. 
This indicates that even relatively insoluble particles can be 
incorporated into clouds if they are sufficiently large. Size or 
composition measurements alone are therefore insufficient to 
predict cloud-nucleating properties. Both size and detailed 
composition information, or direct measurements of CCN, are 
required. 

The last column in Table 3 shows the ratio of soluble vol- 

ume per particle in the CVI versus ambient particles. For the 
clean cases, ratios are near one, while for the polluted cases, 
they greatly exceed one. This supports the differences ob- 
served in Sc and indicates that in the clean cases, most parti- 
cles form droplets. In the polluted cases, however, only a sub- 
set of particles, those with more total soluble material, form 
droplets. This is primarily due to the higher number concen- 
trations in polluted regions which reduce the peak cloud su- 
persaturation, as described in the modeling section. Very high 
solubility ratios of CVI to ambient as shown in the last case 
could also occur due to aqueous-phase sulfate production, 
which is more likely to occur in polluted air masses. 

4.5. Electron Microscopy 

Electron microscope analysis is not yet complete, and is 
only briefly discussed here. Early results show a high percent- 
age of submicron sea salt in the cloud samples relative to the 
ambient aerosol. Satheesh et al. [1998] observed that the con- 
tribution of sea salt to the total aerosol could be substantial, 
even in the polluted Indian Ocean. During the 1999 INDOEX 
experiment, sea salt mass concentrations were generally low 
relative to the total aerosol. However, submicron sea salt was 
apparently one of the dominant cloud-nucleating aerosol 
types. Because of their high solubility, low molecular weight, 
and relatively large size, sea salt particles are superb cloud 
condensation nuclei. They are better CCN than the same-sized 
sulfate particle (Figure 4), and their presence is expect to af- 
fect activation of sulfate aerosol [O'Dowd et al., 1999]. In 
addition, they will react chemically and form internally mixed 
particles with sulfate [e.g., Twohy et al., 1989; O 'Dowd et al., 
1999]. This is expected to limit the tendency of sulfate to 
form new aerosol particles, potentially reducing the indirect 
effect of anthropogenic sulfur emissions [O'Dowd et al., 
1999]. 

As mentioned earlier, clean samples show significant parti- 
cle aggregation, perhaps due to droplet coalescence. Also, 
some unidentified particle types, apparently carbonaceous, 
were observed even in the "clean" ambient samples. This is 
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consistent with particle size distributions for the clean droplet 
nuclei, which suggest some particle types with intermediate 
sizes are less effective CCN. Since more coal and biomass is 

burned in Asia than in Europe and North America, large 
quantities of carbonaceous aerosols (both elemental carbon, 
EC, and more complex organic species, OC) are produced. 
While particles with no detectable signatures, assumed to be 
carbonaceous, and combustion-derived particles are observed 
in the cloud samples, they are more common in the ambient 
samples. Additionally, TEM observations indicate that ambi- 
ent sulfate particles may be coated with carbonaceous mate- 
rial in polluted environments. 

4.6. Future Work 

Completion of the electron microscope analysis is essen- 
tial, since all of the results discussed here could be expanded 
with better knowledge of the chemical composition of both 
the ambient particles and droplet nuclei. Integration with 
chemical information from other investigators will also be 
useful. With detailed chemical information, modeling efforts 
will be expanded to study the effects of different particle 
types on cloud formation, and more complex cloud processes, 
including chemical reactions, can be added. Since the MAPS 
model was originally designed for polluted situations and 
includes organic chemistry, effects of various carbonaceous 
aerosol types can be assessed. Finally, focused experiments in 
more uniform cloud fields (stratus/stratocumulus) would be 
useful. 

5. Summary and Conclusions 

Two clean and two polluted case studies of small clouds in 
the Indian Ocean region were described. Droplets were col- 
lected, evaporated, and their residual nuclei compared with 
the below-cloud aerosol to determine which of the ambient 

aerosol act as droplet nuclei under different conditions. The 
following results are based on these data and simple modeling 
studies: 

1. Droplet concentrations were correlated with particle and 
CCN concentrations, but a higher fraction of particles formed 
droplets in the clean cases. While droplet sizes tended to be 
smaller in the polluted clouds, dynamical forcing (updraft 
velocity) also impacted droplet size. Entrainment and mixing 
with dry air was important in reducing the droplet number 
concentration in both clean and polluted clouds. 

2. In the clean clouds the median properties (critical super- 
saturation and dry size) of the ambient below-cloud aerosol 
and droplet nuclei were similar. This suggests that most parti- 
cles were potential nuclei and that a high fraction actually 
produced droplets. Even particles smaller than 0.1 gm diame- 
ter were found to be droplet nuclei in clean clouds. However, 
some evidence of a less soluble aerosol type was found. In 
polluted clouds there were stronger differences between am- 
bient aerosol and droplet nuclei, with the larger, lower Sc par- 
ticles preferentially incorporated into drops. 

3. Model simulations were used to show that in polluted 
regions with high particle number concentrations, lower peak 
supersaturations are expected. Therefore small and/or mostly 
insoluble particles with high Sc are much less likely to form 
droplets in polluted regions than in clean regions. This means 
that many anthropogenic particles will not participate in cloud 
formation, and that only the low Sc particles will be important 

to the indirect effect. These model results were confirmed by 
the INDOEX data. 

4. The median measured critical supersaturation and parti- 
cle size was used to estimate the particle soluble fraction, 
assuming ammonium sulfate. Soluble fractions of 0.66 to 1.0 
for the ambient aerosol agreed with some other studies in the 
INDOEX region. For droplet nuclei, soluble fractions could 
be lower or higher than this. The total amount of soluble ma- 
terial per particle, however, was more informative, and was 
similar for the ambient particles and droplet nuclei in the 
clean cases. For the polluted cases, droplet nuclei contained 
much more soluble material than the ambient samples (based 
on median values), indicating again that only selected parti- 
cles act as nuclei in polluted clouds. 

5. Early electron microscope results confirm the impor- 
tance of sea salt (which is a better CCN than ammonium sul- 
fate or bisulfate for the same particle size) in droplet forma- 
tion. They also suggest that at least some carbonaceous parti- 
cles are incorporated into clouds. The EM analysis is ongoing, 
and will provide additional information on composition and 
mixing states of both ambient and droplet nuclei. 
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