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[1] Aerosols act as cloud condensation nuclei for cloud water droplets, with changes

in aerosol concentrations having significant impacts on the corresponding cloud
properties. An increase in aerosol concentration may lead to an increase in CCN, with an
associated decrease in cloud droplet size for a given cloud liquid water content. Smaller
droplet sizes may then lead to a reduction in precipitation efficiency and an increase in
cloud lifetimes. However, these effects are highly dependent on the aerosol concentration,
aerosol species, and the meteorological conditions. In the Arabian Sea (10—20°N,
62—72°E), prevailing aerosol type transitions from mostly small-mode anthropogenic
aerosols during the winter months to mostly coarse-mode mineral dust and sea salt during
the summer due to a change in prevailing wind speed and direction, is likely to impart
substantial variability on any associated indirect effects. To examine this variability, we
use one year (2004) of MODIS derived aerosol optical thickness (AOT) and cloud
products over the Arabian Sea to quantify aerosol indirect effects. Results show that
indirect effects in the Arabian Sea are a strong function of season, which is a result of the
changing aerosol and moisture (humidity) concentrations during the course of the year.
During the winter months (DJF), cloud-droplet size and AOT were found to have a weak
positive correlation (» = 0.12), opposite of the expected effect. The low atmospheric
humidity coupled with wide-spread subsidence and other dynamical factors may prevent
these aerosols from being activated. During the summer months (JJA), AOT increases
with the addition of mineral dust and sea salt aerosols and the correlation between AOT and
cloud droplet size becomes negative (r = —0.22). The magnitude of the first indirect effect
corresponds to an increase in low level wind speeds, increasing the concentration of
hygroscopic sea salt into the atmosphere. For both periods, a positive correlation (= 0.16,
0.32) was found between AOT and LWP indicating a reduction in precipitation efficiency.

Citation: Jones, T. A., and S. A. Christopher (2008), Seasonal variation in satellite-derived effects of aerosols on clouds in the
Arabian Sea, J. Geophys. Res., 113, D09207, doi:10.1029/2007JD009118.

1. Introduction

[2] The introduction of large amounts of carbonates and
sulfates from anthropogenic sources into the atmosphere has
led to a substantial increase in atmospheric aerosol concen-
trations over certain regions of the planet. Since aerosols
often reflect incoming solar radiation back into space,
increasing AOT leads to a cooling of the atmosphere, which
is known as the direct effect [e.g., Christopher and Zhang,
2004]. Small-mode (r. < 0.25 um) and sulfate based
aerosols (where r. is the effective radius of an aerosol
particle) often act as cloud condensation nuclei (CCN) for
warm-process clouds [e.g., Quaas et al., 2004; Lohmann
and Feichter, 2005; Penner et al., 2004]. Both observations
and modeling studies have shown that as anthropogenic
aerosol concentration increases, the number of CCN in-
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crease accordingly, leading to a decrease in water cloud
droplet size assuming a constant liquid water path through
the cloud [e.g., Jones et al., 1994]. This is known as the first
indirect, or the Twomey effect [Twomey, 1977; Kaufiman
and Fraser, 1997; Feingold, 2003]. The decrease in droplet
size has the additional effect of delaying the onset of
collision and coalescence in maritime stratocumulus clouds,
reducing precipitation efficiency and increasing the lifespan
and possibly the areal coverage of the cloud, which is
labeled as the second indirect effect [4/brecht, 1989; Quaas
et al., 2004]. Reducing precipitation efficiency also acts to
increase water loading, leading to an increase in cloud
liquid water path (LWP) and a corresponding increase in
cloud thickness, complicating the identification of the
Twomey effect in observations [Han et al., 1998; Reid et
al., 1999; Schwartz et al., 2002]. Given the complex
interaction between aerosols and warm cloud character-
istics, it is likely that they differ significantly as a function
of space and time due to changing meteorological and
aerosol-type properties [Matsui et al., 2006]. A comprehen-
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Spatial distribution of MODIS AOT at 0.55 pm and cloud droplet effect radius (R.) during

January (a) and July (b) 2004. NCEP derived 850 hPa wind vectors are over-plotted to indicate aerosol
source regions for each month. The box indicates the region from which statistics are generated.

sive review of aerosol indirect effects is given by Lohmann
and Feichter [2005].

[3] Traditionally small-mode, hygroscopic aerosols (e.g.,
sulfates produced from anthropogenic sources) are consid-
ered the most efficient CCN beyond naturally occurring sea
salt in highly polluted regions such as the northern Indian
Ocean [Jones et al., 1994; Li et al., 1996]. Over the ocean,
aerosol indirect effects are generally prevalent near loca-
tions where anthropogenic sulfates are produced, such as
ship tracks and downwind of major pollution sources
[Ackerman et al., 2003; Avey et al., 2007; Bennartz,
2007]. Since the background aerosol concentration is low,
the indirect effect caused by the addition of large concen-
trations of anthropogenic aerosols is most noticeable over
the ocean [Han et al., 1998; Lohmann and Lesins, 2003].
The influence of additional aerosol types, such as dust, on
CCN and cloud characteristics has been less well docu-
mented. However, non-hygroscopic mineral dust can act as
large CCN when coated with soluble material such as
sulfate [Levin et al., 1996].

[4] One area where substantial concentrations of clouds
and aerosols, depicted when cloud and aerosol optical
thickness are large, exist is the Arabian Sea, west of the
Indian subcontinent [Ramanathan et al., 2007]. Anthropo-
genic aerosols transported over the ocean from India ac-
count for the greatest proportion of total aerosol
concentration during the winter months, while dust aerosols
transported from the Arabian Peninsula in concert with
increased sea-salt produced from higher wind speeds are
predominant during the summer months [Ramanathan et
al., 2001; Ramana and Ramanathan, 2006]. Using 5 years
of January data, Chylek et al. [2006] observed that cloud
droplet radius decreases from south to north in the Indian
Ocean (15°S to 25°N) due to a corresponding increase in
anthropogenic aerosol concentration. They considered the
month of September as a ‘“clean” case for comparison,
despite the presence of large concentrations of dust and sea
salt aerosols in the Arabian Sea, which were not accounted
for in their analysis.

[5s] Previous studies have often focused on analyzing the
indirect effect on very small temporal and spatial scales
[e.g., Reid et al., 1999] or on a globally averaged scale [e.g.,
Matsui et al., 2006] often without comparing the effect due
to changes in aerosol properties. In both cases, the indirect
effects due to changes in aerosol type and meteorology over
long periods of time on a regional scale are generally
overlooked. To analyze the effect of acrosols and aerosol
type on cloud coverage as a function of time, we use aerosol
and cloud data from the Moderate Resolution Imaging
Spectroradiometer (MODIS) instrument onboard the Terra
spacecraft for a one year period (December 2003 —November
2004). We selected a 10 x 10 degree region in the Arabian
Sea (62—72°E, 10—20°N) for study that contains a multitude
of aerosol types (e.g., sea salt, dust, sulfates, black and
organic carbon) for this research. This region was chosen
due to its distinct seasonal cycle in winds, cloud coverage,
and aerosol properties. The goal of this research is to analyze
the changes in cloud properties on a seasonal timescale as a
function of changes in aerosol properties and meteorology
from a satellite perspective.

2. Data
2.1. Cloud Properties

[¢] Clouds and Earth’s Radiant Energy System (CERES)
Single Scanner Footprint (SSF) FMI, Edition 2B data
between December 2003 and November 2004 from the
Terra satellite were collected for a 10 x 10 degree region
over the Arabian Sea (Figure 1). The CERES-SSF product
combines the radiative fluxes retrieved from the CERES
instrument with aerosol properties from the MODO04 (Col-
lection 4) product and cloud properties retrieved from
MODIS [Remer and Kaufman, 2005; Minnis et al., 2003].
At nadir, CERES-SSF footprint resolution is ~20 km with a
near daily global coverage. Cloud properties include cloud
liquid water path (LWP), cloud water effective droplet radii
(R,), cloud optical thickness (COT), and cloud top pressure
(CTP) retrieved from the 3.7 pum (near-infrared) channel
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[Minnis et al., 2003]. For adiabatically stratified water
clouds, the theoretical relationship between R, and LWP
is described by equation (1) where p is the density of liquid
water and 7. is cloud layer optical depth [e.g., Wood and
Hartmann, 2006].

5
LWP:§pTcRc (1)

[7] The MODIS is capable of resolving cloud character-
istics at 2 different levels, one nearer to the surface, the
other (if it exists) higher in the atmosphere. However, the
primary focus of this study is warm process water clouds, so
only data from the lower cloud layer are considered. The
MODIS algorithm uses visible wavelengths to retrieve
cloud optical depth and near IR to mid-IR measurements
to retrieve cloud droplet size that are then converted to LWP
using equation (1) [e.g., Greenwald and Christopher, 2000].
The only constraint placed on the data (outside normal
quality control flags) is that MODIS cloud data are only
used when the MODIS cloud phase parameter indicates that
the cloud in question is at least 95% composed of liquid
water droplets. The effects of aerosols on ice clouds are
beyond the scope of this study. We use the cloud property
retrievals in the CERES-SSF product since it contains
broadband top of atmosphere shortwave and longwave
fluxes that is being used in ongoing research to determine
the regional variations in combined aerosol-cloud climate
effects. Compared to the cloud retrieval in the MODO06
product, CERES-SSF generally produces smaller cloud
droplet size and cloud optical thickness values, though the
overall patterns are generally the same with overall cloud
amounts differing less than 10% [Minnis et al., 2003]. Han
et al. [1994] provide a review of the various error sources in
the retrieval process including calibration, assumptions in
atmospheric and surface properties, ambiguous solutions for
optically thin clouds calibration, vertical inhomogeneity of
clouds and cirrus contamination. The most significant
uncertainty related to this research is the uncertainty asso-
ciated with optically thin clouds [e.g., Nakajima and King,
1990]. Under these circumstances, the relationship between
retrieved cloud optical thickness and cloud droplet effective
radius may break down. However, we cannot ignore opti-
cally thin cloud as part of this research as they contribute a
large portion of the total cloud cover, especially during the
winter months. Since we are focusing on the change in
cloud characteristics due to acrosols, a bias one way or the
other should not significantly affect the outcome of this
research. Also, we derive relationships as a function of
different cloud thicknesses, noting any differences that may
exist from thin to thick clouds.

2.2. Aerosol Properties

[8] Cloud properties are combined with MODIS derived
aerosol optical thickness (AOT) and fine mode fraction
(FMF) at 0.55 pm. MODIS AOT is derived from clear-
sky 500 m pixels and aggregated to 10 km footprint used by
the MODIS level 2 aerosol product (MODO04). Assuming
some number of clear-sky pixels exist within each 10 km
footprint, a total and small-mode AOT value for that
footprint is reported along with the fraction of that 10 km
footprint covered by clouds. The cloud fraction product in
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the MODO04 product ranges from 0 (indicating completely
clear) to 1.0, indicating totally cloudy scenes. Aerosol
retrievals are often possible for cloud fractions up to 0.95.
MODIS resolution AOT is then converted to CERES
resolution product using a point spread weighting function.
CERES resolution AOT will exist unless nearly 100% cloud
cover exists over an entire CERES footprint, which occurs
<10% of the time.

[v] FMF fraction is a measure of acrosol size with large
values of FMF indicating mostly small-mode (e.g., largely
anthropogenic) aerosols present, with low values indicating
mostly coarse-mode (e.g., coarse sea salt and/or mineral
dust) present [Kaufman et al., 2005]. We use FMF as a tool
to determine the effect of aerosol type on cloud character-
istics. Previous research indicates that the Twomey effect
should be greatest in the presence of small-mode aerosols in
relatively moist environments [e.g., Heintzenberg et al.,
1997; Quaas et al., 2004]. While this is certainly the case
in certain circumstances, the complexities of the aerosol-
cloud droplet interaction mean that no one process can often
be singled out. AOT, FMF, R, and LWP will be compared
to determine the nature and changes of the indirect effects in
the Arabian Sea as a function of time.

2.3. Goddard Chemistry Aerosol Radiation Transport
(GOCART)

[10] The satellite-derived AOT properties are compared
with AOT simulations produced by the GOCART model
[Chin et al., 2004]. GOCART simulates the transport of
aerosols and their species over a global domain. Aerosols
are categorized as black and organic carbon, sulfate, dust,
and maritime sea salt. The naturally occurring portions of
organic carbon and sulfate (DMS) are also reported sepa-
rately from the total organic carbon and sulfate concen-
trations. Monthly averaged data on a 2.5 x 2 degree grid
were acquired for each region between December 2003 and
November 2004. Total AOT from GOCART is the sum of
the optical depth from each component aerosol listed above
over the entire atmospheric column. Chin [2002] and Chin
et al. [2004] provide a thorough description of the differ-
ences between the MODIS and GOCART. GOCART uses
global emissions of aerosols and assimilated meteorological
fields to calculate the mass loading of each aerosol species
separately that are then converted to AOT using mass
extinction coefficients. GOCART model output is used to
determine the concentrations of various aerosol species in
the Arabian Sea on a monthly basis.

2.4. Meteorology

[11] Monthly mean, global surface wind speed and direc-
tion, and relative humidity at 1000, 850, and 700 hPa levels
were obtained from National Centers for Environmental
Prediction (NCEP) Reanalysis data. The NCEP Reanalysis
contains global meteorological conditions with a 2.5 degree
horizontal resolution and a 17 level vertical resolution at
6 h time intervals [Kalnay et al., 1996]. The reanalysis data
set reliability captures synoptic scale dynamic and thermo-
dynamic features, though often misses smaller scale phe-
nomena. Total column humidity is included within the
CERES-SSF product co-located with the CERES footprint
and is derived by averaging relative humidity (RH) obser-
vations at all levels taken from ECMWF model analysis.
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Total column humidity is used to bin aerosol and cloud data
when studying the second indirect effect.

3. Results and Discussion
3.1. Aerosol Overview

[12] MODIS AOT in the Arabian Sea increases substan-
tially between April and May 2004 before decreasing just as
substantially by September (Figure 2a). For the same time
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period, modeled GOCART AOT shows a similar trend
(Figure 2b). The increase in AOT between April and May
and into June is largely due to a ~50% increase in dust
(coarse-mode) aerosol concentration, which has the effect
of lowering MODIS FMF by ~25% at the same time
(Figures 2a and 2b). The dust component of AOT remains
high into August with a value of 0.11 or 40% of the total
AOT, with an increase in the maritime (sea salt) component
of AOT also occurring between June and August. Between
April and August, dust aerosols are transported into the
Arabian Sea from the deserts over the Arabian Peninsula by
increasing west winds associated with the onset of the
Indian Monsoon [Ramana and Ramanathan, 2006]. Near
surface (1000 hPa) wind speeds associated with the Monsoon
are greatest between June and August (>10 ms™"), directly
corresponding to the increase in maritime sea salt during
this time [Colon-Robles et al., 2006]. As a result, the
decrease in MODIS FMF during the summer months is
likely a combination of dust and sea salt aerosols, neither of
which is present in large concentrations during the winter
(Figure 2b). Total column, 850 and 700 hPa relative
humidity as well as MODIS cloud fraction are greatest
between June and September corresponding to increasing
cloud cover associated with the Monsoon (Figure 2c). Near
surface humidity is much less variable due to its proximity
to the ocean surface.

[13] In the winter, the primary contributor to total AOT is
sulfates (according to GOCART) transported from the
Indian subcontinent into the Arabian Sea (Figures la and
2b). The high proportion of anthropogenic aerosols during
in winter is consistent with the high (> 0.65) FMF values
observed by MODIS (Figure 2a). GOCART indicates that
sulfate aerosols remain in the atmosphere throughout the
entire year period, despite the influx of additional aerosol
types. The contribution from black and organic carbon is
quite small accounting for less than 5% of the total AOT for
all months (Figure 2b). Also, DMS only accounts for
approximately 10% of the total sulfate concentration
throughout the year (not shown). The increase in dust and
sea salt aerosols during the summer months, which more
than doubles the AOT, directly influences the relationship
between AOT, R., and LWP. Two months, January and July,
are examined in detail below to analyze the differences in
indirect effect as a function of changes between winter and
summer aerosol and atmospheric conditions in the Arabian
Sea. Changes in these parameters are important, since
previous observations of the aerosol indirect effects have
noted that they are most significant for thick clouds in high

Figure 2. Time series of MODIS AOT and FMF at 0.55 pym
for the Terra overpass time averaged from raw data over the
entire area for each one month period (a). GOCART
generated aerosol optical thickness components between
December 2003 and November 2004 (b). Aerosol compo-
nents shown include, maritime sea salt (MARI), mineral dust
(DUST), total sulfate (SULF), black carbon (BK), and
organic carbon (OC), with total GOCART AOT also plotted.
NCEP relative humidity at 1000, 850, and 700 hPa, total
column humidity (RH) from the ECMWF, and MODIS cloud
fraction (CF) from Terra (c).
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Figure 3. Time series of MODIS cloud optical thickness
and cloud top pressure (a). Correlation between MODIS
cloud liquid water droplet effective radius (R.) and cloud
liquid water path (LWP) and AOT in the Arabian Sea
between December 2003 and November 2004 (b).

moisture conditions, which are more prevalent during the
summer months [e.g., Lohmann et al., 2000].

3.2. Winter

[14] Between January and April, the primary aerosol
species in the Arabian Sea consists of those produced from
anthropogenic pollution containing a high proportion of
sulfates that originate from the Indian sub-continent
[Ramana and Ramanathan, 2006; Quinn et al., 2002]. This
is also evident from available GOCART model (Figure 2b).
Small contributions from dust and organic carbon account
for most of the remainder of total AOT. Sulfates are
hygroscopic and will act as excellent CCN in the presence
of adequate atmospheric moisture. However, atmospheric
humidity is quite low, with total column humidity less than
30% (Figure 2¢). Much of the moisture present is concen-
trated near the surface, with moisture availability decreas-
ing rapidly with heights (700 hPa RH < 20%). The mean
850 hPa vertical velocity of 0.04 Pa s™' indicates subsi-
dence, which can also reduce boundary layer height.
Combined, these conditions act to suppress cloud forma-
tion leading to optically thin clouds. (CTP ~890 hPa,
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COT < 2.0, Figure 3a). Similar, low-thin cloud properties
were observed during the INDOEX project between January
and March 1999 [Ramanathan et al., 2001]. In these
conditions, the indirect effect is not well understood and
satellite based observations may have larger uncertainties
[Lohmann et al., 2000]. The resulting relationship between
AOT and cloud droplet size is positive, with a correlation
coefficient of 0.13 (Figure 3b). The corresponding winter
season (DJF) correlation is similar (0.12). All correlation
statistics are calculated using daily swath-level data during a
particular 1 month period with no spatial or temporal
averaging. Also, data are not binned prior to the calculation
of the correlation statistics provided in Figure 3b.

[15] Figure 4a shows effective radius as a function of
AOT, with data binned in 5 gm ™~ LWP intervals to examine
the effect of cloud thickness on the first indirect effect [e.g.,
Feingold et al., 2003]. (The sample size within each AOT
bin is maximized for the AOT bin just less than the mean
January AOT, with the variability in sample size per bin
rarely exceeding one order of magnitude. This indicates that
no significant sampling biases are being introduced during
the plotting process). In January, cloud thickness is not a
significant factor in the AOT-R. relationship, though
most of the data have LWP values less than 20 gm °.
Correlation statistics computed for LWP < 20 gm~? and
LWP > 20 gm 2, are not significantly different, both being
weakly positive. Spatial correlation between monthly
averaged AOT and R, was also low (Figure la). While
these observations are not indicative of the presence of the
first indirect effect, they are consistent with observations
that more polluted air is often associated with drier, thinner
clouds, due to the continental origin of the air mass
[Brenguier et al., 2003]. Under these conditions, a positive
relationship between AOT and droplet size has been
observed [Peng et al., 2002; Yuan et al., 2007]. It is also
possible that the small, but non-zero, presence of absorbing
BC aerosols leads to warming of the atmosphere, increasing
stability, and reducing cloud cover through evaporation
[Ackerman et al., 2003; Lohmann and Feichter, 2005].
However, this process would also lead to an inverse
relationship between AOT and LWP, which is not observed
here.

[16] Of interest is the relationship between cloud droplet
size and FMF (Figure 4b) in which cloud droplet size
decreases by almost 50% when FMF is greater than 0.8
and LWP is less than 10 gm . FMF values greater than 0.8
indicate that the aerosols are primarily small-mode and
likely anthropogenic in nature [Bellouin et al., 2005;
Kaufman et al., 2005]. This feature was observed during
other winter months (not shown). These aerosols are
likely associated with the “anthropogenic haze” noted by
Ramanathan et al. [2001], which was observed over the
northern Indian Ocean during the winter months of 1999 as
part of the INDOEX project. With the exception of aerosols
with a FMF > 0.8, little evidence of the first indirect effect is
present in January in the Arabian Sea. However, evidence
for the second indirect effect, the reduction of precipitation
efficiency, does exist. Here, we use changes in cloud
thickness as a function of AOT as an indicator of changes
in precipitation efficiency [Albrecht, 1989]. Figure 5a shows
a positive relationship between AOT and LWP, binned into
10% total column relative humidity bins. The correlation
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Figure 4. Scatterplot of MODIS AOT and FMF Versus cloud droplet effective radius for January (a,b)
and July (c,d) 2004. Data are grouped into 5 gm™> LWP bins, with sample size for each bin listed, to
indicate the effect of cloud thickness on the first indirect effect. Linear regression fits are plotted for AOT-

R, relationships.

coefficient is 0.13 for all RH bins, and is positive for RH
bins greater than 10% with correlation coefficient increasing
as a function of RH. Also note that total column relative
humidity never exceeds 60%, corresponding to the low
cloud fraction and thin clouds present at this time. Still,
the increase in LWP as a function of AOT indicates that
aerosols may be reducing precipitation efficiency, allowing
the moisture content of the clouds to increase which is
consistent with observations by Albrecht [1989]. Unfortu-
nately, it has proven difficult to discriminate aerosol from
non-aerosol influenced precipitation from observations,
which would be the most direct measurement of the second
indirect effect. The question as to why this effect was
observed while the first indirect effect was not remains
unclear and requires further investigation.

[17] LWP was also calculated using MODIS cloud optical
depth and effective radius using equation (1), and plotted in
Figure 5a showing an excellent correspondence between the
algorithm-derived and expected LWP values, illustrating the
consistency of the retrieval algorithm for various cloud
properties. Equation (1) also indicates that LWP should be
a linear function of R, for a given cloud optical thickness.
Figure 4b shows that this is indeed the case, but also shows
that the slope of the LWP-R, relationship increases for
thicker clouds, consistent with observations by Nakajima
et al. [1991] and Han et al. [1994] for COT < 15.

3.3. Summer

[18] Between April and May, relative humidity and total
AOT increase, both in response to the onset of the Indian
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Figure 5. MODIS LWP plotted as a function of AOT (filled dots), this time grouped into 10% RH bins,
showing the presence of the second indirect effect for January (a) and July (c) 2004, with linear
regression fits over plotted. LWP values derived from equation (1) are plotted for comparison (open
triangles). For the same months, LWP as a function of cloud droplet effective radius (R.) binned by cloud

optical thickness are also shown (b, d).

monsoon (Figure 2). Average cloud droplet size also
increases in response to the greater amount of moisture
and synoptic forcing available for droplet formation. Evi-
dence for greater average synoptic forcing exists in the
NCEP vertical velocity at 850 hPa. In July an average
upward velocity of —0.05 Pa s~ ! was observed compared to
subsidence of 0.04 Pa s™' recorded during January, which
would also increase the likelihood of deeper (higher COT,
LWP) clouds during this month. The increase in AOT is the
result of the addition of large amounts of dust acrosols to the

region and increased sea salt production from monsoon
enhanced wind speeds, both evident in Figure 1b. The
influx of coarse-mode sea salt and dust aerosols also lowers
overall FMF compared to other months (Figures 2a and 2b).
Unlike the winter months described above, a negative
correlation between AOT and cloud droplet size does exist
between the months of June and August, when total AOT is
maximized, indicating the presence of the first indirect
effect (Figure 3b). The inverse relationship between AOT
and cloud droplets during July is most evident when
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MODIS AOT is greater than 0.4, with the correlation
maximized when LWP is less than 30 gm 2 (Figure 4c).
June and August show similar results with an overall
summer season (JJA) correlation coefficient of —0.22. (A
negative correlation was also observed during the month of
April prior to the increase in AOT and atmospheric humid-
ity, but the reasons for this apparent outlier remain unclear).

[19] This is in stark contrast to January, when a positive
relationship between AOT and cloud droplet size was
observed. However, note that the maximum AOT in January
barely exceeds 0.4, the threshold where the first indirect
effect relationship becomes most evident during the sum-
mer. This threshold is similar to that found by Brennan et al.
[2006] above which the MODO06 cloud algorithm incorrectly
classifies large concentrations of dust aerosols as clouds,
resulting in an underestimation of overall cloud-droplet
radius. However, we are not using the MODO06 product, but
rather the one described by Minnis et al. [2003]. We carefully
analyzed several known dust events and did not find signif-
icant misclassification of dust aerosols as clouds, so we do
not believe aerosol-cloud identification errors to be the
primary reason for the results observed here.

[20] The appearance of the first indirect effect between
June and August corresponds well with the increase in the
maritime component of AOT as defined by GOCART
(Figures 2b and 3b). Given the hygroscopic nature of sea
salt, an increase in its concentration is likely to increase
CCN, enhancing the first indirect effect. The increase in sea
salt is consistent with increasing wind speeds associated
with the Indian monsoon. This, coupled with greater atmo-
spheric moisture and average updraft velocities, allows the
first indirect effect to be more evident in the Arabian Sea
during the summer months. This does not take into account
the increase in mineral dust concentration that also occurs
during this period. Dust aerosols are not generally consid-
ered hygroscopic and as such are not generally considered
good sources of CCN. Recall that dust aerosols are trans-
ported into the Arabian Sea and combine with anthropo-
genic sulfates already present to form the total aerosol
concentration [e.g., Ramana and Ramanathan, 2006]. It is
possible that dust aerosols become coasted with sulfate
material, which is hygroscopic, thus transforming the dust
into excellent CCN [Parungo et al., 1992]. Sulfate coated
dust aerosols have been observed in the Mediterranean Sea,
where both large amounts of dust and sulfate aerosols are
present during certain times of the year [Levin et al., 1996].
Since similar conditions also exist in the Arabian Sea during
the summer months, the presence of sulfate coated dust
aerosols here too is quite likely. GOCART output supports
this hypothesis indicating non-trivial amounts of both
acrosol types (Figure 2b). However, without in situ obser-
vations, the exact effect of dust aerosols in indirect effects in
the Arabian Sea cannot be determined with a high degree of
certainty.

[21] During both January and July, the relationship be-
tween AOT and LWP is positive, though the correlation is
again maximized between June and August (Figures 3b, Sa
and 5c). The larger aerosol concentrations present during
the summer months may also enhance the second indirect
effect as well. As AOT increases, CCN may also increase,
reducing droplet size that in turn can increase the time
required for the collision and coalescence process to pro-
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duce precipitation. As a result, water vapor is trapped within
clouds longer, leading to an overall increase in their size.
Also of interest is that the slope of the summer time LWP-
R, relationships are generally steeper for most cloud optical
thickness bins when compared to January values (Figure 5b
and 5d). This is consistent with the increase in total AOT in
July, which being positively correlated with LWP, would
lead to larger LWP values for a given R, and cloud optical
thickness values. It is also possible that the slightly larger
concentration of BC aerosols observed in January is reduc-
ing the effectiveness of the second indirect effect, though it
still remains clearly positive. However, we currently do not
have the necessary data to test this hypothesis.

3.4. Comparison With Other Regions

[22] To compare the indirect effects observed in the
Arabian Sea with that from other regions, we performed
the same analysis for a pristine region in the south Indian
Ocean (SIO: 20-10°S, 70-80°E) and a heavily polluted
region in the Bay of Bengal (BB: 9—19°N, 85-95°E). In the
pristine region, AOT is generally low (<0.4) and comprised
mainly of maritime sea salt. For both January and July, a
weak negative correlation exists between AOT and cloud
droplet radius, indicating the presence of the first indirect
effect (Figure 6a and 6b). The presence of the first indirect
effect when sea salt comprises a major portion of the total
AOT for this region is consistent with the summer results
for the Arabian Sea, whereby the first indirect effect was
only observed with large concentrations of sea salt were
present. The Bay of Bengal remains heavily polluted
throughout the year, with dust and sea salt concentrations
never reaching the levels observed in the Arabian Sea. Since
aerosol properties in the Bay of Bengal year-round are
similar to those in the Arabian Sea during the winter
months, similar aerosol, cloud property relationships were
expected. Figures 6¢ and 6d indeed show this is the case
with an overall positive correlation between AOT and
cloud droplet radius for both January and especially July.
The South Indian Ocean and Bay of Bengal represent
aerosol regimes where sea salt (SIO) and anthropogenic
aerosols (BB) are the dominant aerosol types. The
changes in the indirect effects observed in the Arabian
Sea correspond well with the differences observed be-
tween the separate aerosol regimes.

4. Discussion

[23] Averaged over the entire year, the correlation be-
tween MODIS AOT and cloud droplet size is essentially
zero in the Arabian Sea, consistent with a satellite-based
analysis conducted by Matsui et al. [2006]. However, the
analysis presented here provides strong evidence for the
presence of the indirect effect in the Arabian Sea, under
certain aerosol and atmospheric conditions. We have shown
that the first indirect effect in particular varies substantially
as a function of changing aerosol types and meteorological
conditions in the Arabian Sea. Under conditions of low,
primarily anthropogenic, aerosol concentrations little evi-
dence for the first indirect effect was found. The combina-
tion of low aerosol concentrations coupled with low
atmospheric water vapor concentrations may be preventing
aerosols from being activated into CCN. This changes when
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Figure 6. Scatterplot of MODIS AOT versus cloud droplet effective radius (R.) for the South Indian
Ocean (SIO: a, b) and Bay of Bengal (BB: c, d) regions for January and July 2004.

the aerosol and moisture concentrations increase substan-
tially as does overall updraft velocity during the summer
months with AOT and R, now having the expected
inverse relationship (Figure 1b). It is the addition of
maritime sea salt resulting from the Monsoon that is likely
associated with the strengthening of the first indirect
effect. However, it is possible dust aerosols being coating
with sulfates already present in the region, which would
also make them excellent CCN, are also partially respon-
sible. Evidence for the second indirect effect is also strong
as it was observed during both seasons, though like the
first indirect effect, it appeared to be stronger during the
summer months.

[24] Preliminary analysis of other regions indicates that
the first indirect effect is more evident on a year-round basis
only 10 degrees south of the region presented here, which is
consistent with observations by Chylek et al. [2006] and
Matsui et al. [2006]. Conversely, the positive relationships
between AOT and cloud droplet radius that was present in
the Arabian Sea during the winter months was also present
in the Bay of Bengal throughout the year, when both have
high concentrations of anthropogenic aerosols. This rein-
forces the notion that indirect effects are highly dependent
on the local aerosol and meteorological conditions present.
Improved and higher resolution observations and modeling
of aerosol speciation would add further insight into the
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effect of aerosols on clouds. Improved understanding of this
variability is necessary to reduce the large uncertainties
present in estimating indirect radiative effect since this
research clearly demonstrates the effect of changing aerosol
characteristics on the indirect effect. Future research will
expand this analysis to many different regions, with differ-
ent aerosol and meteorological conditions to examine the
variation of the indirect effects as a function of these
parameters.
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