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A B S T R A C T

Quantifying aerosol-cloud interaction is one of the most challenging tasks in climate science. Previous studies in the oceanic regions adjacent to the Indian sub-
continent providing evidence of aerosol impacts on cloud properties were mostly confined in the winter season. Here we analyze 15 years (March 2000–February
2015) of MODIS aerosol and cloud products and 10 years (October 2004–February 2015) of OMI absorbing aerosol index (AI) over the Arabian Sea (AS), Bay of
Bengal (BoB) and South Indian Ocean (SIO) to examine the sensitivity of marine water cloud characteristics to changing aerosol loading. Amidst a monotonous
increase in Reff (cloud effective radius) with an increase in LWP (liquid water path) in clean and polluted conditions (an indicator of the meteorological influence), a
smaller Reff at higher AOD (aerosol optical depth) bins demonstrates that aerosol signal is detectable and consistent in LWP range of 150–350 gm−2. Furthermore, a
faster rate of Reff growth with increasing LWP in clean condition and the pattern of change in cloud fraction (fc) with an increase in AOD that cannot be explained by
meteorology alone also provide evidence of the consistency of aerosol indirect effect. Evidence of aerosol semi-direct (decrease of LWP with an increase in AI) is also
conspicuous in the AS and BoB. Our results suggest improved representations of aerosol and cloud processes in the models are required to reduce uncertainty in
regional climate forcing.

1. Introduction

Poor understanding of the cloud feedback on climate is one of the
major sources of uncertainty in climate forcing (Boucher et al., 2013).
The problem remains unresolved due to the large discrepancy in re-
presenting cloud processes in the climate models (Lauer and Hamilton,
2013). Cloud microphysical and macrophysical properties evolve in
response to changes in meteorology as well as aerosols (Wang, 2013;
Rosenfeld et al., 2014; Altaratz et al., 2014). Aerosols serve as the cloud
condensation nuclei (CCN) and therefore impact the cloud properties by
enhancing the cloud albedo (Rc) and lifetime resulting in a negative
forcing (Seinfeld et al., 2016). Absorbing aerosols on the other hand
tend to decrease low cloud cover and liquid water path (LWP), resulting
in a positive forcing (Johnson et al., 2004).

Impacts of aerosols on cloud characteristics via microphysical
pathway are referred to as “indirect effects” (Altaratz et al., 2014). The
aerosol indirect effect was first studied extensively during the Indian
Ocean Experiment (INDOEX) (Ramanathan et al., 2001; Heymsfield and
McFarquhar 2000). Subsequently, systematic studies were launched to
examine the aerosol characteristics across the Indian subcontinent (a
major regional aerosol hotspot) using ground-based measurements
under various network programs such as AERONET (Eck et al., 2012)
and ARFINET (Moorthy et al., 2013), and campaigns (e.g. Satheesh
et al., 2009). In addition, specialized programs such as Continental

Tropical Convergence Zone, CTCZ (Sengupta et al., 2013) and Cloud-
Aerosol interaction and precipitation enhancement experiment, CAI-
PEEX (Kulkarni et al., 2012; Pandithurai, 2012) were launched to in-
vestigate aerosol-cloud interaction in the Indian region. These studies,
no doubt, advanced our understanding about the role of aerosols on
warm rain processes in the Indian region, but they are limited to a
particular season.

To improve the representation of aerosol-cloud interaction in cli-
mate models, we need to ensure the consistency of aerosol signal (that
is observed during the campaigns) over a longer period of time and
larger region because such interaction is highly complex (Fan et al.,
2016; Li et al., 2016). For long-term observations, we resort to satellite
data. Previously, Chylek et al. (2006) analyzed Moderate Resolution
Imaging Spectroradiometer (MODIS) data of five September (clean
condition) and January (polluted condition) over the tropical Indian
Ocean. They observed evidence of aerosol indirect effect for water
clouds in the winter. Dey et al. (2011) have reported a transition from
indirect to semi-direct effect in the Indian Ocean during the dry season
of 2006–2007. These studies clearly showed evidence of aerosol-cloud
interaction, but within the time of the year when aerosols are trans-
ported from the land to the ocean. Recently, Kant et al. (2019a) have
investigated cloud radiative forcing modulation due to aerosol-induced
changes in cloud characteristics over Indian region using satellite data.
Precipitation mediated aerosol-cloud relationships are often called
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‘lifetime effects’, and stem from the hypothesis that changes in the
concentration of aerosols present in clouds can alter precipitation effi-
ciency of clouds, thereby changing the cloud fraction and, hence the
radiative forcing of the climate system (Stevens and Feingold, 2009).
Yet, it is not fully known under what conditions cloud characteristics
are most sensitive to changes in aerosol properties. Stevens and
Feingold (2009) suggested focusing on particular cloud types to obtain
a robust signal of aerosol-cloud interaction.

Here we analyze 15 years (Mar 2000-Feb2015) of satellite-based
aerosol and cloud products to understand the sensitivity of marine
water cloud characteristics viz. cloud fraction (fc), cloud optical depth
(COD), effective radius of cloud droplets (Reff) and liquid water path
(LWP) to aerosol loading. Choice of the oceanic regions adjacent to the
Indian subcontinent was driven by two factors – better accuracy of
cloud and aerosol products of satellites over oceans than over land
(Levy et al., 2013; Platnick et al., 2017) and larger seasonal variation in
aerosol loading over the oceans than over the land (Dey and Di
Girolamo, 2010). The potential importance of aerosol indirect and
semi-direct effects in modulating cloud radiative forcing is also evident
in shallow marine cloud systems (Liu et al., 2017). In this work, we
provide evidence of aerosol indirect and semi-direct effects on marine
water clouds consistently over a long period of time. The next section
describes the satellite data and analysis, followed by interpretation and
discussion of the results in the next section.

2. Approach

2.1. Study area

We focus our analysis over the Arabian Sea (AS) bounded within the
Equator to 20° N latitude and 58–73° E longitude, the Bay of Bengal
(BoB) bounded within the Equator to 20° N latitude and 86–94°E
longitude, and the South Indian Ocean (SIO) bounded within 20°S la-
titude to the Equator and 58–94°E longitude (Fig. 1a) (Google maps,
2019). Aerosol characteristics in these three oceanic regions are quite
different (Dey and Di Girolamo, 2010). While maritime aerosols are
expected in any oceanic region, dust and anthropogenic aerosols are
transported to the AS and BoB seasonally with a larger fraction of dust
loading over the AS relative to the BoB due to its proximity to the
source regions (Dey and Di Girolamo, 2010). This allows us to examine
the sensitivity of marine cloud characteristics to changing aerosol
loading in contrasting aerosol environments. Moreover, the accuracy of

MODIS aerosol and cloud products is better over the ocean than over
the land (Levy et al., 2013; Platnick et al., 2017. Therefore, detection of
the aerosol signal is expected to be easier over the oceanic regions.

2.2. Satellite and meteorological data

MODIS (onboard NASA's TERRA satellite) collection 6 cloud and
aerosol products (Levy et al., 2013) are analyzed in this work. MODIS
products are archived at NASA DAAC website http://disc.sci.gsfc.nasa.
gov/giovanni. MODIS measures the spectral radiance in 36 bands from
visible to thermal infrared wavelengths (0.41 to 15 μm). MODIS cloud
(Platnick et al., 2017) and aerosol products (Levy et al., 2013) are well-
validated and used globally. For retrieving aerosol optical properties
over the ocean the Dark target (DT) algorithm (Tanré et al., 1997). For
this study, daily L3 aerosol optical depth (AOD) and cloud products for
water clouds (i.e. fc, CTP, Reff, LWP and COD) at spatial resolution 1° ×
1° are analyzed. We note that MODIS products have defined uncertainty
range. For example, AOD has an uncertainty range of 0.03 ± 0.05AOD
over the ocean (Remer et al., 2005). The uncertainty of Reff is within the
range of 1–3 μm for optically thick clouds (King et al., 1997; Kant et al.,
2019b), while that of COD is in the range of 10–21% (Minnis et al.,
2004; Sayer et al., 2016).

Absorbing Aerosol Index (AI) from Ozone Monitoring Instrument
(OMI) for the period Oct 2004-Feb 2015 at similar spatial resolution 1°
× 1° are analyzed to quantify absorbing aerosol loading (Torres et al.,
2007). To ensure consideration of marine water clouds in the analysis,
we restrict our analysis to clouds whose top pressure is below than
680 hPa.

We have used ERA-interim data for analysis of meteorological
parameters such as SST (sea surface temperature) and RH (relative
humidity) at 850 hPa (representative of the lower troposphere). ERA-
Interim data (Noh et al., 2016) of resolution of 0.25° × 0.25° are re-
gridded to 1°× 1° to match L3 MODIS products. We examine the be-
havior of fc with an increase in SST and RH to understand the me-
teorological influence and to see if the observed fc-AOD relation could
be explained by meteorology alone (following similar approach of Dey
et al., 2011).

2.3. Analysis to isolate aerosol signal

First, we examine the monthly climatology of aerosol and cloud
properties in these regions by averaging daily data. Cloud albedo (Rc)

Fig. 1. (a) Study region (source: google maps) and (b) Monthly statistics of AOD at 550 nm for marine low clouds over the AS, BoB and SIO. Box plots show 5th and
95th percentile ranges.
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has been calculated from COD following Seinfeld and Pandis (1998):

=

+

R COD
(COD 7.7)c

For identifying the aerosol indirect effect, we take a two-fold ana-
lysis. First, we examine the changes in fc in response to AOD and to
meteorology. We adopt a binned approach where the cloud parameters
for each individual grid are grouped in five AOD bins - AOD < 0.1
(very low pollution), 0.1 < AOD < 0.2 (low pollution),
0.2 < AOD < 0.3 (moderate pollution), 0.3 < AOD < 0.4 (moder-
ately high pollution) and AOD > 0.4 (polluted condition). Though
AOD values are observed as high as> 0.8 in the AS and BoB, we
grouped them in AOD > 0.4 bin to ensure large enough sample size for
each AOD bin; otherwise sample size would have been less at the higher
(> 0.5) AOD bins compared to the lower (< 0.4) AOD bins biasing the
results. Classical cloud physics (Seinfeld and Pandis, 1998) suggests

that Reff increases as a function of LWP because the availability of
moisture would propel cloud droplet growth. We hypothesize that if the
aerosol indirect effect exists, Reff should be smaller at higher AOD bins
at any given LWP because higher aerosol concentrations would lead to
higher CCN inhibiting cloud droplet growth micro physically. There-
fore, we analyze Reff variation at every LWP bin of 50 gm−2 separately
for each of the five AOD bins. Whether at a particular LWP bin Reff at
higher AOD is significantly lower than Reff at lower AOD is examined
with t-test.

The semi-direct effect explains that absorption of solar radiation by
aerosols would increase the temperature of the surrounding air re-
sulting in evaporation of cloud droplets (Hansen et al., 2007). There-
fore, we hypothesize that if semi-direct effect prevails in our study re-
gion, LWP should reduce with an increase in absorbing aerosol loading
provided that the aerosols and clouds are present around a similar al-
titude range. For quantifying absorbing aerosols, we consider three AI

Fig. 2. Monthly statistics of (a) fc, (b) Rc, (c) LWP and (d) Reff for low clouds over the AS, BoB and SIO. Box plots show 5th to 95th percentile ranges.

Fig. 3. Variation of fc with an increase in AOD Error bars are±1σ.
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bins, AI< 1 (less absorbing), 1 < AI<2 (moderately absorbing) and
AI> 2 (highly absorbing).

Inter-relationships of various cloud parameters (described above) in
view of the transition from low to high aerosol loading and from less
absorbing to high absorbing aerosol loading are examined. We do not

resort to “correlation approach” to establish causality, as it is difficult to
disentangle the meteorological signal from the aerosol signal by looking
at the correlation alone (Gryspeerdt et al., 2016; Christensen et al.,
2017; Kant et al., 2019a). We only analyze low clouds to ensure co-
existence of aerosols and clouds in the oceanic regions. The binned

Fig. 4. Variation of Reff (μm) with an increase in LWP (g m−2) at five AOD bins, error bars are± 1σ. The panels from the top represent winter, pre-monsoon, monsoon
and post-monsoon seasons, respectively.
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approach allows us examining the robustness of the aerosol signal if the
relationships appear consistent over a range of AOD and AI bins si-
multaneously with meteorology signal. Though level 2 data would have
provided better spatial resolution, we believe sample size (2,381,280,
1,948,320 and 5,195,520 samples over the AS, BoB and SIO, respec-
tively) analyzed over 15 years period is large enough to detect the
aerosol signal and its consistency.

3. Results

3.1. Climatology of aerosol and cloud characteristics in the oceanic regions
adjacent to the Indian subcontinent

Fig. 1b illustrates 15-year AOD climatology over the study region.
AOD shows strong seasonality over the AS and BoB and is also much
higher than AOD in SIO. AOD over the AS and BoB is dominated by
anthropogenic aerosols transported from the Indian landmass in the
post-monsoon (October–November) and winter (December–February)
seasons by northeasterly winds, while it is dominated by maritime
aerosols and mineral dust transported from the central and west Asian
arid regions in the pre-monsoon (March–May) and monsoon (June–-
September) seasons with a larger dust load over the AS than the BoB
due to its proximity to the source regions (Dey and Di Girolamo, 2010).
During the monsoon, maritime aerosol production is enhanced due to
stronger winds. On the contrary, the aerosol load is very low
(AOD < 0.2) throughout the year over the SIO as it is far away from
the anthropogenic source regions. AOD in the SIO is mostly dominated
by maritime aerosols with the occasional contribution of biomass
burning aerosols transported from the Indonesian archipelago (Duflot
et al., 2011). Higher AAI is observed over the AS and BoB when an-
thropogenic aerosols are transported from the Indian landmass and dust
aerosols are transported from the western arid regions. On the contrary,
low AI is observed throughout the year in SIO as mentioned in Fig. 5.

Monthly climatology of the cloud characteristics (fc, Rc, LWP and
Reff) is displayed in Fig. 2. fc shows larger seasonality over the AS and
BoB than over the SIO (Fig. 2a). During the post-monsoon to winter
seasons, fc over the SIO is higher than over the other two regions. As the
summer monsoon approaches, the ITCZ migrates towards north and fc
starts increasing over the AS and BoB overtaking the SIO. Larger fc over
the BoB compared to the AS during the monsoon season may be at-
tributed to warmer sea surface temperature (SST) in the BoB (Cherchi
et al., 2007). Higher Rc is observed in the SIO during January–May
relative to the other two regions (Fig. 1b). Monthly variation of Rc

depends on COD, which in turn depends on LWP and Reff. Clouds with
larger LWP (having more cloud drops) and smaller Reff reflect more
solar radiation. However, the change in Rc with an increase in LWP and
decrease in Reff is nonlinear (Seinfeld and Pandis, 1998).

The pattern of monthly variation of LWP (Fig. 2c) and Reff (Fig. 2d)

follows the variation of Rc. LWP and Reff in the SIO peak in May–June,
but the seasonal amplitude is subdued. LWP remains in the range
80–100 gm−2 and Reff in the range 18–21 μm in the SIO throughout the
year. Reff in the AS and BoB is in the range 14–19 μm and is smaller than
Reff in the SIO throughout the year, which hints at aerosol indirect effect
as AOD is much lower in the SIO (Fig. 1b). This aspect is discussed in
details in the next sub-section. While LWP is persistently high in the
BoB than in the AS throughout the year, Reff is slightly higher in the BoB
than in the AS only during November–March and are comparable in the
remaining months. Larger LWP is observed during southern hemi-
spheric summer (northern hemispheric winter) in the SIO relative to the
AS and BoB and larger LWP is observed in the BoB than in the AS during
the summer monsoon season.

3.2. Consistency of aerosol indirect effect signal

First, we examine the variation of fc with an increase in AOD over
the three regions (top panel of Fig. 3). Here, fc does not show any sig-
nificant relation with AOD over the SIO. Over the other two oceanic
regions, fc usually increases with an increase in AOD in all the seasons.
However, this increasing trend is not consistent. For example, fc in-
crease for AOD exceeding 0.2 is marginal over the AS (except in the
monsoon season) and BoB. In fact, fc either remains unchanged or de-
creases marginally at higher AOD bins. Previously, Dey et al. (2011)
observed a transition from indirect to semi-direct effect for marine
trade-wind cumulus clouds in the Indian Ocean during the winter
season. If the semi-direct effect prevails, fc should reduce with an in-
crease in absorbing aerosol loading. In the winter season, higher AOD
over the Indian Ocean usually implies an increase in absorbing aerosols
(Dey et al., 2011). In our analysis here, we consider low clouds (i.e.
stratocumulus and stratus along with cumulus). The semi-direct effect is
most dominant for cumulus clouds. Hence, we do not observe a large
decrease in fc at higher AOD bins as observed by Dey et al. (2011),
rather we observe fc flattening out. We discuss the semi-direct effect
separately in the next sub-section. We note that though cloud formation
is favored in polluted regions, the observed-fc relation is only indicative
of aerosol indirect effect and not surety as AOD may be enhanced due to
cloud contamination (Zhao et al., 2009; Christensen et al., 2017). Since
we do not observe a monotonous increase in fc with AOD, the major
influence of cloud contamination is ruled out. However, high fc influ-
enced by meteorology may lead to high AOD (Gryspeerdt et al., 2016).
fc-SST and fc-RH patterns (not shown here) do not show either mono-
tonous increase or consistent pattern across the seasons, suggesting that
meteorology alone cannot explain the observed fc-AOD relation. Hence
we also analyze Reff-AOD-LWP relation in these regions so that both
meteorological and aerosol signals can be detected simultaneously.

One of the key features of aerosol indirect effect is smaller Reff in
polluted condition (Albrecht, 1989), but this must satisfy the criteria
that LWP remains more or less constant. Growth of cloud drops can be
facilitated if moisture availability is abundant and this can partially (or
completely) negate the impact of aerosols on cloud microphysics, where
abundant aerosols present as CCN can reduce the size of cloud droplets,
thereby suppressing the warm-rain process by inhibiting collision and
coalescence process (Squires and Twomey, 1966; Warner and Twomey,
1967; Rosenfeld, 1999). We examine Reff-LWP relation for five AOD
bins (Fig. 4). Five key points emerge from this analysis. Firstly, Reff

increases with an increase in LWP for all AOD bins. Secondly, the rate of
change of Reff as a function of LWP is higher in clean condition (i.e.
lower AOD) relative to the polluted condition. Availability of moisture
at any given LWP bin to an individual cloud drop is larger in a clean
condition relative to the polluted condition as fewer CCNs are expected
in clean condition, thereby enhancing growth at a faster rate. Also, LWP
would reduce if the clouds precipitate.

Polluted clouds with small Reff precipitate less and this would
maintain high LWP at lower Reff thereby flattening the Reff-LWP curve at
higher AOD. Thirdly, Reff is smaller in high AOD not throughout every

Fig. 5. Monthly statistics of AI over the AS, BoB and SIO. Box plots show 5th to
95th percentile ranges.
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LWP bins but only in the range 150 < LWP < 350 gm−2 across the
regions and seasons. However, the range of variation in Reff across AOD
bins is smaller in the SIO where AOD is lower compared to the AS and
BoB. At lower LWP bins, even if fewer CCNs are available in clean
condition, their growth is inhibited. At high LWP bins, no matter how
many CCNs are available, there is enough moisture to facilitate cloud
droplet growth (Sorooshian et al., 2010). In the middle range
(150–350 gm−2), cloud microphysics shows the highest sensitivity to

an increase in aerosol loading. Fourthly, the reduction in Reff at every
LWP bin in the range 150–350 gm−2 with an increase in AOD is not
statistically significant uniformly. The aerosol signal is most prominent
in the post-monsoon to winter seasons. Also, the signal is strong when
AOD increases from<0.1 to the next higher bin in all the seasons.
Further increase in AOD beyond 0.3 does not show a significant de-
crease in Reff in this LWP range. Earlier studies demonstrated cloud
invigoration by aerosol forcing in the Indian monsoon region (e.g.

Fig. 6. Variation of LWP (gm−2) with an increase in AI in the three regions. The panels from the top represent winter, pre-monsoon, monsoon and post-monsoon
seasons. The error bars represent 5th–95th percentile ranges.
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Sengupta et al., 2013; Sarangi et al., 2017), where clouds start growing
vertically rapidly in presence of high aerosol loading as warm rain is
suppressed initially. This would in turn increase Reff, and hence would
compete with indirect effect (where Reff is expected to decrease). Lastly,
the range of variation of Reff across a widely varying LWP is lower in the
winter season relative to the other seasons mainly in the AS and BoB
when the anthropogenic fraction is higher in the aerosol load. All these
results strongly point towards aerosol indirect effect as it is not possible
to explain these observations solely by meteorology or by retrieval ar-
tifacts. In fact, our analysis discloses the meteorological (increasing Reff

with increasing LWP) as well as aerosol (lower Reff at higher AOD across
LWP bins) signals simultaneously.

3.3. Probable evidence of aerosol semi-direct effect

Aerosol semi-direct effect where moisture inside the clouds gets
evaporated due to aerosol-induced heating was first discovered in the
INDOEX (Ackerman et al., 2000), which was conducted in the winter
season over the northern Indian Ocean (covering the AS and BoB). Here
we examine whether the signal of semi-direct effect can be detected in
the other seasons too by analyzing the changes in LWP with an increase
in absorbing aerosols (quantified by AI). First, we report monthly cli-
matology of AI over the three oceanic regions (Fig. 5). AI shows a feeble
seasonality over the SIO with slightly higher AI in the month of October
and November, which may be attributed to biomass burning aerosols
transported from the Indonesian peninsula (Lestari et al., 2014). On the
contrary, the fraction of absorbing aerosols increases over the AS and
BoB during the pre-monsoon and monsoon seasons. Dust is transported
from the Indian desert and middle-eastern deserts to the BoB via IGB
and along the west coastline of India (Dey and DI Girolamo, 2010)
during the pre-monsoon season. Dust is transported to the AS not only
in this season, but it continues in the monsoon season also reaching a
peak in June–July (Dey and Di Girolamo, 2010). Due to the proximity
to the dust source regions, larger AI is observed over the AS compared
to the BoB with SIO showing the least values.

Next, we show the variation of LWP with an increase in AI in all the
three regions in the winter season (Fig. 6). We note that AI> 2 bin over
the SIO has fewer samples than the other two bins and hence the sta-
tistics have low sampling bias. In the pre-monsoon season when the
aerosol load is dominated by dust (that is moderately absorbing), a
similar variation in LWP is observed in all the three oceanic regions. In
the monsoon season also, the signal is visible in the AS and BoB only
and not detectable in the post-monsoon season in any of these regions.
Also, the reduction is larger from AI<1 to 1 < AI<2 bin than from
1 < AI< 2 to AI> 2 bin. This is perhaps because even though AI is
high (implying higher fraction of absorbing aerosols), overall aerosol
loading is too low to have any significant impact that can be dis-
cernible.

4. Discussion and conclusions

In this work, we analyze the variations of marine water cloud
properties (fc, Rc, LWP, and Reff) with an increase in AOD and AAI over
the oceanic regions adjacent to the Indian subcontinent using 15 years
of satellite observations. Though satellite aerosol and cloud products
are more accurate over the oceans than over the land, it is prudent to
discuss a few issues that impact signal of aerosol-cloud interaction.
Liang et al. (2015) have shown that MODIS Reff is biased high in the
tropical oceans. If this is true, the aerosol signal reported here is per-
haps conservative, especially in the AS and BoB during the post-mon-
soon and winter season when the marine water clouds are mostly trade-
cumulus. Secondly, any correlation in aerosol and cloud parameters
may not be causal and can be mediated by meteorology (Gryspeerdt
et al., 2016). Hence rather seeking correlations between AOD and cloud
parameters, we examine the changes in cloud properties (in relation to
each other) with increasing AOD in the continuum. A similar pattern in

each season reveals that aerosol indirect effect signal can be identified
vis-à-vis the meteorological signal simultaneously in the oceans ad-
jacent to the Indian subcontinent. Our study establishes consistency of
aerosol impact on cloud characteristics in the Indian Ocean, which was
previously demonstrated only in the winter season (Heymsfield and
McFarquhar 2000; Ramanathan et al., 2001; Chylek et al., 2006; Dey
et al., 2011). Since we restrict our analysis only to low clouds (CTP
lower than 680 hPa), the signal of cloud invigoration (e.g. Sengupta
et al., 2013; Sarangi et al., 2017) is not possible to detect and hence we
do not show any analysis of CTP-AOD. We also observe probable evi-
dence of the semi-direct effect. The key conclusions are as follows.

1. Cloud properties show stronger seasonality in the AS and BoB than
in the SIO.

2. In the AS and BoB where AOD is> 0.2 throughout the year, Reff is
mostly confined within 14–19 μm, while it is higher (in the range
18–21 μm) in the SIO where AOD remains lower than 0.2.

3. Aerosol second indirect effect (i.e. smaller cloud drop size in pol-
luted condition) is most prominent in the LWP range
150–350 gm−2.

4. Cloud drops grow at a faster rate with an increase in LWP in the
clean condition than in the polluted condition. Aerosol indirect ef-
fect signal saturates after AOD increases beyond 0.3.

5. Aerosol semi-direct effect seems to be evident in the AS and BoB in
all the seasons except the post-monsoon season, when LWP is found
to decrease with an increase in AOD.
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