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Aerosol processes perturb cloud trends over Bay of Bengal:
observational evidence
Sunny Kant 1, Chandan Sarangi1,2,3✉ and Eric M. Wilcox4

Although, the aerosol-cloud interactions and its impact on daily to seasonal radiation/temperature has been well observed over
South Asia in last two decade, the role of aerosol-cloud interactions on cloud occurrence trends (and surface temperature) is yet not
evident. Here, evidence of aerosol-induced control on cloud occurrence trends over the Northern Bay of Bengal (NBOB) during the
monsoon onset period is presented. In last 15 years, increased aerosol emissions over North India have led to an increase in aerosol
loading at an elevated altitude of 1–3 km over the NBOB outflow region in monsoon onset period. This elevated aerosol loading
induces increases the air temperature at 1–2 km altitude and stabilizes the lower troposphere over the region in recent years. The
enhanced atmospheric stability in the region caused low-level cloud occurrences (below 3 km) to increase in recent years by ~20%,
potentially contributing to the observed non-intuitive cooling trends in sea surface temperatures. These aerosol-cloud-climate
observations emphasize the crucial need for improved aerosol representations in coupled ocean-atmosphere models for accurate
predictions of climate change over South Asia.
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INTRODUCTION
Aerosol-Cloud-Radiation-Climate interactions are a significant
source of uncertainty in climate forcing1–4. First, aerosols can
serve as cloud condensation nuclei (CCN) for the formation of
cloud droplets and consequently influence cloud physical proper-
ties by increasing the cloud lifetime, and albedo causing a
negative radiative forcing1,2. Second, the presence of anthropo-
genic absorbing aerosol also tends to induce atmospheric
warming and decrease liquid cloud water path, and cloud cover
due to the semi-direct effect (SDE)5. Many previous studies using
satellite observations and modeling report that cloudiness of low-
level clouds decreases within a polluted boundary layer in
presence of absorbing aerosols leading to a positive radiative
forcing6–9. For instance, the influence of aerosol heating on marine
stratocumulus clouds over the southeast Atlantic Ocean can cause
a SDE of 15Wm−2 using the large-eddy model10. Nonetheless, the
response of low-level clouds to the SDE depends upon the vertical
heating of the aerosol profile6,10. The presence of absorbing
aerosols above the low-level cloud layer results in a decrease in
cloud-top entrainment and consequently low-level cloudiness
increases due to a thickening that induces a negative SDE
forcing9–13. Such a negative radiative forcing due to cloud
adjustments to SDE can largely offset the direct positive forcing
from the presence of absorbing aerosol5,6,10,14,15.
Many sensitivity studies using the climate model found that

increasing absorbing aerosols leads to enhanced global mean low-
level clouds, but a decrease in mid, and high-level clouds13,16,17.
Nevertheless, observational studies with evidence of SDE-induced
enhancement in low-level clouds is rare. For example, Norris18

using the Indian Ocean Experiment (INDOEX) observation
reported only a marginally increasing trend of low-level clouds
in the presence of increased absorbing aerosol loading over the
northern Indian Ocean. That study argued that an increase in the
trend of SST-enhanced evaporation, and hence surface buoyancy,

compensates for any aerosol-induced warming and drying of the
boundary layer. In contrast, an examination of multiple observa-
tions such as surface observations, International Satellite Cloud
Climatology Project, and Indian National Satellite System con-
cluded that the trend of nonoverlapped cumulus clouds is
decreasing over the Indian marine regions consistent with SST
warming and boundary layer stratification19. A Large-eddy
experiment of boundary layer trade cumulus clouds during the
Indian Ocean Experiments (INDOEX) campaign led to the
conclusion that incoming solar radiation absorption by anthro-
pogenic absorbing aerosols decreases boundary layer mixing, and
in-cloud relative humidity, in turn causing a decreasing trend of
low-level cloud cover by 25–40%5. Recent studies have also
demonstrated the signatures of aerosol microphysical effect on
low-level boundary layer clouds over IGP and BOB20,21. However,
the impact of aerosol processes on the marine cloud trends
around South Asia is not clear and robust in our understanding. A
reconstruction of historical aerosols in a general circulation model
over the outflow region of the US during the 1970 to 1990 period
was performed and concluded that the increase in the aerosol
loading over the period enhanced the cloud cover22. This suggests
that pollution outflow regions could be the opportunistic natural
laboratories for observing potential evidence of aerosol-cloud-
temperature climatic associations.
The North Indian sub-continent, especially the Indo-Gangetic

Plain (IGP), is one of the major hotspot regions for global pollution
due to higher emissions of natural, and anthropogenic aerosols23.
During the pre-monsoon months, westerly winds transport
anthropogenic and dust aerosols from the North Indian region
to the Northern Bay of Bengal (NBOB). There has been a ~3–6%
per year increase in aerosol loading over the Bay of Bengal (BOB)
region during the pre-monsoon months24. Evidence from the
COVID-19 pandemic lockdown period suggests that the outflow of
continental (anthropogenic) aerosol contributes to ~20–30% of
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the aerosol radiative forcing over NBOB23 and can also affect the
sea surface temperature (SST) values25. A study of satellite-based
vertical profile of aerosol during the pre-monsoon months over
the BOB found that dust from inland areas also contributes to 22%
of the total extinction of aerosol26. Many previous studies have
shown significant aerosol radiative and microphysical effects over
the NBOB where continental aerosols flow out over the ocean23,27.
For example, an aerosol-mediated atmospheric heating rate
~0.5 K day−1 is observed during the pre-monsoon months over
north-eastern BOB due to the impact of anthropogenic aerosols,
which influences the prevailing regional circulation28. The above
points motivate us to analyze aerosol and cloud cover trends over
NBOB (the outflow region of IGP) in recent decades. Further, it also
instigates the question about can the aerosol-induced cloud
changes (if any) affect the surface temperature/sea surface
temperatures in the region under the widespread sea surface
temperature rise in recent decades.
Here, we systematically examine long-term satellite data and

illustrate robust trends in aerosol-induced low-level cloud cover
enhancement over the NBOB region during the pre-monsoon (i.e.,
March-May) months, which in turn affects the SST trends.

RESULTS
Elevated Aerosol layers in outflow region of BOB
Fig. 1a, b show the spatial distribution of median aerosol optical
depth (AOD) at 0.1° × 0.1° resolution during the monsoon onset
months (MAM) for two 5-year periods representing a prior decade
(i.e., 2005–2009), and a recent decade (i.e., 2015–2019). AOD is
found to be higher in recent years (median value ~0.47) as
compared to the past (~0.37), with an increase of ~27% over the
NBOB (Fig. 1a, b) near the Indian coast of Bay of Bengal. In the
composite of the earlier years, only a few grids with AOD values

above 0.5 are found (Fig. 1a). The number of coastal grids with
AOD > 0.5 increased distinctly and over a substantial area in recent
years (Fig. 1b). The climatological median extinction coefficient
profile observed by CALIPSO follows a parabolic shape variability
w.r.t altitude with peak values at ~1–3 km altitude in both the
present years than in the past years. More interestingly, the
differences in CALIPSO observed extinction coefficient profiles
between the two time periods show that the increase is mainly in
an elevated layer between ~1 and 3 km above sea level. The
elevated layers over the Indian outflow regions over the Bay of
Bengal coast can be explained by the fact that aerosols rise to
higher altitudes as they mix vertically through a deep boundary
layer due to turbulence over the continent and then are
transported horizontally over the ocean as they advect down-
wind29–31. The percentage of increase in the AOD composite
(calculated between altitude of ~1–3 Km) of the recent years
compared to that of the past years is ~30% (Fig. 1c and
Supplementary Fig. 1a). The absorbing aerosol and polluted dust
are increasing at the rates of 6.4 × 10−4 km−1 year−1, and
4.4 × 10−4 km−1 year−1 respectively, while dust is decreasing at a
rate of 7.2 × 10−4 km−1 year−1 between the elevated layer of
1–3 km over the NBOB (Supplementary Fig. 2). In these elevated
layers during the pre-monsoon months, the aerosol is largely a
combination of anthropogenic aerosols and polluted dust2,3,32,33.
The chemical characterization of the aerosol study reported that
percentages of mineral dust, black carbon, and particulate organic
matter contribution over the NBOB region during the pre-
monsoon were 25.93, 3.03, and 10.7%, respectively34,35.
The seasonal median AOD is observed to have gradually

increased from 2005 to 2019 over the NBOB region (Fig. 1d), apart
from 2009 (Supplementary Fig. 2a), which was an abnormally
dusty pre-monsoon year32. Specifically, the AOD is found to be
increasing at a rate of 0.01 year−1 from 2005 till 2019 (Fig. 1d) and

Fig. 1 Composite analysis and trends in aerosol loading over the NBOB. The spatial distribution of median AOD from MODIS/Aqua during
the March to May (MAM) for the period of a 2005–2009 and b 2015–2019. c The vertical of extinction coefficient over the NBOB region for the
period of 2007–2009 and 2015–2019. d The yearly trend in variation of AOD over the NBOB (black box). Standard error values are used for
plotting the error bars and ‘*’ symbol indicates the trend is statistical significance at a 95% confidence level.
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9.6 × 10−4 km−1 year−1 at the elevated layer between ~1 and 3 km
from 2007 to 2019 (Supplementary Fig. 3). The trend of AOD and
extinction coefficient are statistical significance at a 95%
significance level. This increasing trend in elevated aerosol loading
over NBOB during the pre-monsoon months is mostly due to an
enhancement in anthropogenic emissions over the Indian land
mass in recent decades, which are transported via prevalent
westerly winds, and deeper boundary layer heights from Indian
landmass to the NBOB region3,36–38. Consistent with this, Thomas
et al.23 found that a reduction of aerosol loading over IGP by
~10–25% during the COVID lockdowns led to a 20–30% decrease
in aerosol loading in the outflow region over the NBOB.

Thermodynamics of the lower atmospheric stability and
moistening
Next, profiles of the AIRS observed atmospheric temperature and
relative humidity (RH) averaged over NBOB for past period of years
and recent period of years is compared to identify the signatures
of enhanced radiative forcing of the aerosols on the regional
thermodynamics (Fig. 2). Consistent with the AOD enhancement,
the temperature (median of 925 and 850hPa), and RH (at
1000 hPa) of this layer has increased in the recent period
(21.85 °C, and 78%) compared to previous period (21.56 °C, and
76%) over the NBOB region (Fig. 2a, b). Moreover, the spatial
pattern of the enhancement is similar to that of the AOD (Fig. 1a,
b). Positive differences between the recent period and past period
are found for atmospheric temperature (0.29 ± 0.15 °C at 925 and
850 hPa), and RH (2 ± 0.60% at 1000 hPa) over the NBOB region
(Fig. 2a–d). The percentage changes in temperature and RH from
the past period to the recent period are 1.35%, and 2.63%
respectively.

The vertical profiles of the change of both temperature and
AOD from the prior decade to the recent decade show that both
have increased predominantly in the same elevated layer of
~1–3 Km (Fig. 2e). In contrast, RH shows a positive change at the
surface (2%) and a negative change in (as much as −4%) above
the surface to 700 hPa. The profiles of the change in temperature
are opposite with the temperature change lowest at the surface
and greatest at 850 hPa, while the change in RH is greatest at the
surface and lowest at 850 hPa. The specific humidity (SH) profile
rises throughout the column over the NBOB region. The positive
change in SH is highest at 600hPa and lowest at the surface
(Supplementary Fig. 4). The absorbing aerosol heating increases
the temperature at the lower troposphere, causing the saturation
vapor pressure to rise as specific humidity increases, resulting in a
decrease in relative humidity for the same amount of atmospheric
water vapor.
To link these thermodynamic changes with AOD over the NBOB,

we examine the AIRS temperature at different altitudes as a
function of AOD (Fig. 2f). The air temperature increases with
increasing AOD at ~1–2 km i.e., 925 and 850 hPa where the AOD
enhancement is highest. However, there is no significant
dependence of temperature on AOD at other pressure levels
either above 700 hPa or at surface level. The standard deviation of
the temperature of each bin is attributed to intra-seasonal
variation. The values of AOD are sorted in ascending order and
divided into bins of 5 percentiles. As such, the values of lower
tropospheric stability (LTS), expressed as the difference between
temperature at 700 and 925 hPa, is larger during high AOD
loading (for instance LTS ~ 12.63 °C for AOD ~ 0.7) compared to
the same for AOD ~ 0.2 (LTS ~ 12.20 °C). The difference between
temperature of 700 hPa and the surface, 700 and 925 hPa, 700 and

Fig. 2 Composite analysis of lower atmospheric stability and moistening over the NBOB. The spatial distribution of composite median
temperature at ~900 hPa (a, b), and RH at 1000 hPa (c, d) from AIRS during March to May (MAM). The left column is composite median for the
period of 2005–2009 (a, c) and the right column is same for 2015–2019 (b, d), respectively. e The difference between recent and past years of
the temperature and RH vertical profiles. f The association of median temperature (at different levels) and columnar AOD over the NBOB
(black box) region. Standard deviation values are used for plotting the bounded line and error bars.
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850 hPa is 16.35, 12.50, and 9.25 °C respectively for the period of
2005–2019. Thus, the large enhancement in lower tropospheric
stability as aerosol forcing increases due to semi-direct effect is
evident. Enhanced LTS can hinder vertical mixing and causes
moisture trapping near the ocean surface39, which explains our
observations in Fig. 2c, d.
Further, the trend in the temperature (at 925, and 850 hPa), and

RH (at 1000 hPa) over the NBOB region for the period of
2005–2019 has been analyzed (Supplementary Fig. 1b). More
exactly, the trend of AOD is increased by 9.6 × 10−4 Km−1 year−1

at the elevated layer of ~1–3Km from 2007 to 2019 over the NBOB.
The temperature (925 and 850 hPa), and RH (1000 hPa) are
observed to be increasing at the rate of 0.04 ± 0.42 °C year−1, and
0.19 ± 1.42% year−1 over the NBOB from 2005 to 2019. The
increasing trend reveals that there has been a decrease in the
turbulent flux in the mixed layer upward from the surface as
the AOD has increased. The reduction in the turbulent heat flux
has resulted in the surface mixed layer become warmer and
thinner as aerosol radiative heating has increased in the elevated
layer of ~1–3 Km. The decrease in the turbulent kinetic energy of
boundary layer reduces the air entrainment across the inversion of
temperature at the boundary layer top, which leads to larger RH in
the surface mixed layer. As a consequence, cloud develops in a
thicker saturated layer, and consequently, may penetrate above
the top of surface mixed layer (inversion layer), since larger RH
provides extra buoyancy to clouds12. In agreement, our result
suggested that RH at surface (1000 hPa) is higher in the recent
period of years as compared to the past years over the NBOB
region (Fig. 2c, d).

Changing trends in cloud cover and SST over NBOB
Figure 3a, b shows the spatial distribution of cloud fraction
occurrences (CFO) for low-level clouds (cloud top below 680hPa)
at a spatial resolution of 0.1° × 0.1° during the pre-monsoon
months (MAM) during two time periods of prior years (i.e.,
2005–2009), and recent years (i.e., 2015–2019). CFO is calculated
for each grid as the percentage of days during MAM when cloud

fraction was > 0.1. CFO is found to be higher in the recent years
(26.89 days) as compared to the past years (22.66 days), with an
increase of ~19% over the NBOB near the Indian coast of BOB (Fig.
3a, b). Note that the spatial pattern of change in CFO in the study
domain is similar to that seen in case of AOD, i.e., the coastal
region/grids show a distinct and substantial increase in CFO in the
recent years (Fig. 3a, b). Specifically, the enhancement in the
corresponding CFO is ~18–20% (Fig. 3c) which is of same order of
magnitude to the aerosol loading enhancement (~20–30%).
Further, the trends in relative cloud occurrences for all the three

different types of clouds [low-level (CTP > 680 hPa & COD < 100),
mid-level (CTP= 440–680 hPa & COD < 100) and high-level
(CTP < 440 hPa & COD < 100)] is analyzed to understand the
overall changes in cloud climatology over the region. Relative
cloud occurrence (RCO) over each grid of the domain and for each
MAM season year−1 is calculated i.e., CFO of that cloud type
normalized by the total CFO (all cloud types) over each grid. RCO
suggests that middle and high-level cloud occurrence decreased,
and the occurrence of low-level clouds increased (Fig. 3d) as the
extinction coefficient of the AOD trend has increased from 2005 to
2019 (Fig. 1d). Quantitatively, the RCO shows a clear increase in
the low-level clouds in the recent period (75%) as compared to the
prior years (61%). In comparison, there has been a decrease in the
middle, and high-level clouds between the recent years and the
prior years (−15 % and −8% respectively) over the NBOB region
(Fig. 3d). Similar trends in median values of cloud fraction for low,
middle and high cloud composites is also seen (Supplementary
Fig. 6) clarifying that the observed trends in cloud occurrence is
not a result of sampling changes across the years. Supplementary
Figure 5a–c shows the probability distribution functions (pdf) of
CDNC (cloud droplet number concentration), CWP (cloud water
path), and cloud susceptibility (as per Eq. 2) for both the prior
period and the recent period over the NBOB region. The mode
values of pdfs for CDNC (15 cm−3), CWP (26 gm−2), and cloud
susceptibility (0.3) are found to increase slightly during the
present year composite compared to the CDNC (8 cm−3), CWP
(22 gm−2) and cloud susceptibility (0.26) in the past years

Fig. 3 Composite analysis and trends in cloud occurrences over the NBOB. The spatial distribution of median cloud fraction occurrences
(CFO in day) during March to May (MAM) for the period of a 2005–2009 and b 2015–2019. c The difference in CFO over the region between
the two composites: recent and past years. d Relative cloud occurrence (RCO) of low, middle and high levels of clouds over the NBOB (black
box) region.

S. Kant et al.

4

npj Climate and Atmospheric Science (2023)   132 Published in partnership with CECCR at King Abdulaziz University



(Supplementary Fig. 5a–c). However, the change in CDNC values is
not substantial, as previous modeling studies have shown than
CDNC values need to enhance by orders of 5–10 to see substantial
aerosol microphysical effect on small clouds38,40,41. Also, no
change in drizzle rainfall over NBOB region was seen from TRMM
satellite observations (Supplementary Fig. 9c). These points
suggest that although some signals of aerosol microphysical
perturbations are seen, the magnitude of impact was not
consequential. Hence, the observed aerosol-induced cloud trend
changes over NBOB are dominated by aerosol semi-direct effect.
Additionally, Fig. 4a, b illustrate the composite median spatial

distribution of SST (°C) during the past, and recent years. The
climatological median SST values during 2005–2009 were in the
range of 27–31 °C with values increasing from north to south BOB
and west to east BOB. In comparison, the climatological median
SST values during 2015–2019 were enhanced in the entire region
except the northern regions of BOB. Interestingly, the spatial
pattern in the decrease of SST in the study region is corresponding
to the increase observed in the case of AOD, temperature, and
CFO (Fig. 4c). Specifically, the SST decrease between the recent
and past years is in the range of 0.2–0.4 °C over the NBOB region
with mode values observed to be a greater (28.8 °C) during the
past years as compared to the recent years (28.5 °C) over the
NBOB region. Comparatively, the SST values has increased over
the southern BOB region in the range of 0.2–0.8 °C between the
recent years (median= 29.8 °C) and the past years
(median= 29.4 °C). This is further substantiated by similar pattern
in the trends of SST value over the region (Fig. 4d). The SST trends
are decreasing in the NBOB with values of 0.02 °C year−1 and the
same is increasing over the other grids in BOB at a rate of

0.02 °C year−1. Note that the observed trends of robust decrease in
SST in NBOB can be partially contributed by the combined effect
of two effects: the enhanced aerosol direct radiative forcing and
the aerosol-induced enhancement in cloud radiative forcing over
the region (Supplementary Fig. 8).

DISCUSSION
In summary, the present study investigated the aerosol – cloud
interactions using long-term multi-satellite observations during
the pre-monsoon months. We find that aerosol loading is found to
have increased by 27% between the recent decade and the past
decade over the NBOB region. This can be attributed to prevalent
westerly winds and regional transport of pollution which acts to
accumulate anthropogenic aerosols over the NBOB region during
the pre-monsoon season. Specifically, the aerosol loading over this
outflow region is enhanced in an elevated layer between ~1 and
3 km, which is warming the atmospheric in the same layer. The
warming leads to greater atmospheric stability in the lower
troposphere. This can hinder vertical mixing and causes moisture
trapping near the ocean surface6,12,39, which explains the
observed low-level moistening over NBOB. The radiative heating
by the presence of elevated anthropogenic absorbing aerosol
layers enhances the moisture convergence, and hence specific
humidity (Supplementary Fig. 4) in the lower troposphere.
Elevated aerosol-induced heating increases the buoyancy of the
air above the cloud-topped marine boundary layer. The enhance-
ment in buoyancy hinders entrainment of free troposphere dry air
over the cloud top leading to maintaining the relative humidity of
the boundary layer and consequently causing thicker clouds with

Fig. 4 Composite analysis and trends in Sean surface temperature over the NBOB. The spatial distribution of median sea surface
temperature (SST) during March to May (MAM) for the period of a 2005–2009 and b 2015–2019. c The difference in composite median SST
values between current (2015–2019) and past (2005–2009) years. d SST yearly trend from 2005 to 2019.
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higher CWP10. This can explain our results that the low-level CFO is
enhanced along with the increase of anthropogenic aerosol
extinction at an elevated location (Supplementary Fig. 5). Satellite
retrieved increasing trends of low-level cloud cover during the
recent two decades over the outflow region of aerosol to the
Northwest Indian Ocean, Atlantic Ocean, and north Pacific has
been illustrated42–49. However, the influence of aerosol on cloud
trends in those studies are not evident. As far as we know, only
one previous observational study illustrates such strong aerosol-
cloud trend association i.e., over the Southern China outflow
region50,51. In that region, it was found that a decreasing trend of
AOD of ~30% leads to an increase in liquid cloud cover by ~40%
with winter season.
Nevertheless, low-level warm clouds are also highly sensitive to

change in CDNC52, and as these low-level clouds over NBOB are
formed in a polluted boundary layer, aerosol-induced cloud
microphysical processes cannot be ignored19. Previous studies like
Jose et al.20 and Khatri et al.53 has shown the prevalence of anti-
Twomey effect in smaller clouds (smaller liquid water path) over
Northern India and BOB. Note that, the net observed effect of
aerosols on low-level cloud occurrence trends over NBOB (in this
study) could be the combined effect of the two opposite
processes: aerosols induced anti-Twomey effect and elevated
aerosol-induced semi-direct effect (Supplementary Fig. 5). Theo-
retically, the anti-Twomey effect over NBOB should result in a
decreasing trend in low-level clouds over NBOB. In contrast, we
observe a distinct positive trend in the low-level clouds, which
indicates that SDE might be the dominant pathway affecting
cloud trends in this region. Further, a distinct decrease in the
middle, and high-level clouds in the recent years over the NBOB
region is also observed (Supplementary Fig. 7) indicating a strong
influence of semi-direct effect associated lower atmospheric
stability on the cloud trends over this region.
Also, a perpetual challenge with empirical trend studies is

absolute quantification of various process impact under a
changing climate. For example, here, a skeptical argument could
be that the observed aerosol-cloud-SST trend associations would
be due to co-variability in meteorology under climate change. We
discuss the following points in that context. First, modeling studies
tend to show that the changing climate will lead to decreasing
low-level cloud trends in marine conditions6,39,54–56, and enhance-
ment in trends of high cloud occurrences21, which is opposite to
our observations over NBOB. Second, similar to absorbing
aerosols, GHG emissions can also induce lower tropospheric
stability, but SDE-induced lower tropospheric stability has been
found to be ~4 times stronger57, and hence SDE would dominate
the net effect compared to GHG-induced warming6,12,58. In
agreement, many modeling studies have shown a semi-direct
effect induced increasing low-level cloud cover in contrast to
GHG’s effects10,39,54,58–60. Lastly, the large-scale circulation over
the NBOB region has not changed significantly from past years to
the recent period (Supplementary Fig. 9). Nevertheless, the
observed decadal changes and corroborating trends in aerosol,
thermodynamics, and cloud cover are robust, suggesting potential
physical cause-effect relationships. Taken together with the
existing modeling work, our observational analysis is consistent
towards concluding that SDE is an important process in governing
the cloud trends in this region.
However, the detection of aerosol-cloud associations using

satellite data alone has caveats. Residual or unnoticed clouds can
contaminate the area of aerosol retrieval leading to an over-
estimation of aerosol optical depth and consequently affecting the
association between aerosol and cloud properties61. Therefore, in
this study, AOD samples greater than 1.0 were omitted to negate
the impact of the cloud contamination of AOD retrievals, aerosol
humidification, and meteorological co-variability on estimated
quantitative trend magnitudes3,62,63. Nonetheless, our study under-
lines the significant impact of aerosols on potential sea – aerosol –

atmosphere associations and advocates the need of coupled ocean-
atmosphere-chemistry modeling for improved climate understand-
ing over South Asia, which will eventually aid the efforts toward
sustainable development goal on climate action.

METHODS
The Moderate Resolution Imaging Spectroradiometer (MODIS)
instrument onboard the Aqua satellite is one of the main
instruments used for examining the effect of aerosols on cloud
cover. The uncertainty in the MODIS retrieved AOD is
ΔAOD= ± 0.03 ± 0.05AOD and ΔAOD= ± 0.05 ± 0.15AOD over
Ocean and land receptively64,65. The detailed MODIS/Aqua
retrieval product algorithms are discussed in Remer et al.64,65

and Platnick et al.66. Long-term MODIS/Aqua level-2 (Collection
6.1) data with a resolution of 0.1° × 0.1° is used in the present
study for the period of 2005–2019 during the pre-monsoon
months of March through May.
Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation

(CALIPSO) level-3 (version 4–20) tropospheric aerosol profile data
during all-sky conditions are used in this study for the examination
of vertical profiles of the aerosol distribution. The extinction
coefficient profile at 532 nm is used for the assessment of aerosol
optical depth from Cloud-Aerosol Lidar with Orthogonal Polarization
(CALIOP). The detailed algorithm for CALIOP aerosol retrievals and
product information is described in the Garnier et al.67.
The Atmospheric InfraRed Sounder (AIRS) instrument onboard the

Aqua satellite gives vertical temperature and relative humidity (RH)
profiles using the average kernel function algorithms68. The daily
vertical temperature, and RH profiles at six different pressure levels
(i.e., surface, 925, 850, 700, and 600hPa) are used in this study.
MODIS/Aqua measures SST between 1 millimeter and 20 meters
depth beneath the Ocean Surface using the 11-micron infrared
channel. The details of MODIS/Aqua, CALIPSO, and AIRS datasets
used in this study are provided in the supplementary table 1.
Aerosol and cloud data are co-located in time and space. Marine

low-level clouds are constrained from MODIS/Aqua datasets during
the pre-monsoon month using the several screening standards: (a)
AOD (Aerosol Optical Depth) greater than 1.0 are excluded to avoid
the cloud contamination, (b) CTP (Cloud Top Pressure) less than
680hPa are omitted to study the low-level clouds or shallow clouds
only, and (c) Cloud Optical Depth (COD) greater than 23 are excluded
to consider cumulus and stratocumulus clouds only.
MODIS/Aqua level-2 cloud product datasets are used to

compute the cloud droplet number concentration (CDNC; cm−3)
using the equation suggested by Quaas et al.69,70 and Brenguier
et al.71 as

CDNC ¼ ατ
1
2
cr
�5

2
e (1)

which is a combination of Eqs. (10) and (13) in Brenguier et al.71,
where α= 1.37 × 10−5 m−0.5, and τc and re are the COD and cloud
CER respectively. The sensitivity of clouds to aerosol perturbations
is determined by cloud susceptibility. Cloud susceptibility infers
how much a cloud is affected by perturbation in aerosol loading.
To quantify the sensitivity of cloud fraction occurrences (CFO) to
variations in aerosol loading, cloud susceptibility is computed
using the equation recommended by Chen et al.14 and Sorooshian
et al.72. Cloud susceptibility (S) can be conveyed in terms of cloud
occurrence frequency (CFO), and AOD as a proxy of CCN as

S ¼ � ∂lnðCFOÞ
∂lnðAODÞ (2)
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