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Effect of Ocean Warming on Cloud Properties Over India and Adjoining Oceanic Regions

Ructrra Suan' and RoniT SRivasTaval

Abstract—Changes in precipitation pattern have been associ-
ated with global warming and is of more importance particularly
for monsoon dependent regions such as India, which receives
maximum rainfall from south-west monsoon. Indian land mass is
surrounded by ocean from three sides named Arabian Sea (AS),
Bay of Bengal (BOB) and rest of the Indian Ocean (IO) which
makes its climate more sensitive. To understand the effect of global
warming, long term (1960-2017) annually averaged in-situ sea
surface temperature (SST) is studied which shows an increasing
trend (~ 0.11 °C/decade; P < 0.05) with higher variations
(a5 = 0.46; r’gop = 0.43) over AS and BOB whereas compara-
tively lower in magnitude (~ 0.14 °C/decade; P < 0.05) with less
variation (r*;o = 0.74) over I0. Rise in SST could vary evaporation
rate, moisture content, cloud temperature and initial conditions
required for cloud formation. To understand this heterogeneity in
conjunction with seasonal variation, present study correlates cloud
microphysical properties such as cloud effective radius (CER) with
SST and aerosol optical depth (AOD) at high-resolution (1° x 1°)
using linear interpolation method during 2001-2016. Features of
north-east monsoon captures with high (~ 0.006-0.012 kg/kg)
specific humidity at 850 hPa, positive correlation (~ 0.1-0.8) of
SST-CER and negative correlation (~ — 0.1 to ~ — 0.8) of
AOD-CER over BOB which may imply formation of bigger dro-
plets due to presence of more moisture and less AOD. Though
these patches show prominent results, it also shows scattered
interpolation signifying role of other parameters on CER. Findings
would be promising with more parameters, which can be used as an
input data in climate models to understand regional climate
variability.

Keywords: Global warming, uneven precipitation pattern,
cloud microphysical properties, oceanic regions of India.

1. Introduction

Global warming is a natural process in which
radiant energy may transmit, absorb or redirected
(reflected or scattered). Emitted solar radiation gets
absorb by greenhouse gases, which fasten the
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vibration of atmospheric molecules and thus cause an
increase in the temperature. On the other hand, this
generated heat emit as longwave radiation and may
further escape out into the space (Tarbuck et al.
1997). Balance between emission of longwave radi-
ation by Earth’s surface and emission of solar
radiation is important to maintain the temperature of
the earth. But recent increasing anthropogenic activ-
ities have raised a serious concern towards global
temperature rise and hence climate change. In this
warming climate, there are various effects of global
warming such as rise in SST (IPCC 2013), rise in
surface temperature (Nageswararao et al. 2020),
increase in humidity at high pressure levels (surface-
700 hPa) (Chaboureau et al. 1998), certain types of
aerosol (Mitra and Sharma 2002; Aswini et al. 2020;
Budhavant et al. 2020), varying wind speed (Vidhya
et al. 2020; Zheng et al. 2020), more cloud turbulence
(Muhsin et al. 2020), increasing rate of evaporation
and condensation (Bretherton et al. 2013; Feingold
et al. 2010). Such alteration in atmospheric parame-
ters may vary cloud microphysical processes as well
as precipitation patterns. Earlier research studies have
reported that concentration of aerosol, their size as
well as their type have intense impact on earth’s
radiation budget (IPCC 2001, 2007; Andreae et al.
2005; Mukherjee et al. 2020; Schill et al.
2020).Moreover, optical properties of aerosol-scat-
tering and absorption also play an important role as it
causes direct radiative forcing. Also aerosols of
hygroscopic nuclei mostly help to form cloud droplet
by triggering condensation process through hetero-
geneous nucleation. In-situ and satellite measurement
data together reported that aerosols transported by
pollution, may indirectly alter size distribution of
cloud droplets and hence cloud microphysical prop-
erties (Lohmann and Feichter 2005; Chylek et al.
2006; Shika et al. 2020; Eck et al. 2020). Rising
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aerosol concentration due to anthropogenic activities
may increase cloud droplet number concentration and
decrease size of cloud droplet at fixed liquid water
content, which may also affect precipitation effi-
ciency (Twomey 1977; Andreae 1995; Ansari et al.
2020; Harrison et al. 2020). Along with this, their
emission sources (i.e. natural and anthropogenic)
vary with spatial and temporal distribution, which
might be changing cloud microphysical properties in
presently driving climate change (Ramanathan et al.
2001; Kaskaoutis et al. 2011; Tiwari et al. 2015).
Thus, role of aerosol is important to know about
variation in cloud microphysical properties, which in
turn may help to understand cloud formation pro-
cesses as well as rainfall patterns.

Clouds are source of precipitation and depending
on atmospheric conditions, it produce different forms
of precipitation such as rain, snow, hail and sleet. The
equatorial region in the tropics receives precipitation
mostly in the form of rain, as this region is highly
governed by a large amount of heat which usually
keeps it warm (Su et al. 2017). Earlier study has
shown that SST governs precipitation pattern in
tropical as well as in subtropical regions (Trenberth
and Shea 2005). Rise in SST may increase rate of
evaporation which in turn vary moisture content in
the atmosphere as availability of moisture plays an
important role to understand cloud microphysical
properties and hence precipitation pattern. Such
studies are quite sensitive for a country like India,
situated in northern tropical region and surrounded
with ocean from three sides-Arabian Sea from west,
Bay of Bengal from east and remaining Indian Ocean
from south, which makes its climate more diversified.
Earlier studies have reported from The Indian Ocean
Experiment (INDOEX) field programs, high polluted
aerosol with high concentration of cloud condensa-
tion nuclei (CCN) (> 1500/cm’) were observed over
Arabian Sea and Bay of Bengal, whereas its con-
centration gets weaken (< 200/cm’) over rest of the
Indian Ocean (Gabriel et al. 2002). Thus, Arabian Sea
and Bay of Bengal are usually influenced with high
concentration of CCN as compared to remaining
portions of Indian Ocean, which also have seasonal
dependency (Tiwari et al. 2016). Hence, study of
activation of aerosol, concentration of CCN, type of
CCN as well as meteorological conditions may help
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to understand spatial-temporal properties of cloud,
their processes and precipitation pattern.

During pre-monsoon season, Arabian Sea gets
influenced by dust storms mainly coming from mid-
dle-east and southwest Asia which may strongly vary
concentration of aerosols (Babu et al. 2008; Prijith
et al. 2013; Kaskaoutis et al. 2014). Various studies
reported that highest mean seasonal aerosol loading
gets influenced over Arabian Sea and Bay of Bengal
during June—August, mainly due to dust storm
(Satheesh et al. 2010). Major influence of dust par-
ticles especially mineral dust becomes important due
to its interaction with water vapor in the atmosphere,
which may alter hygroscopic nature of nuclei and
hence their capability to form clouds (Tang et al.
2016). Mineral dust not only act as CCN but also as
ice condensation nuclei, which also affects rate of ice
nucleation in cloud. It has been explicitly studied in
forming clouds as well as in climate models (Demott
et al. 2010). During post-monsoon season, Arabian
Sea is influenced by aerosols especially due to
anthropogenic sources transporting from north-west
part of Indian subcontinent (Tiwari et al. 2016).
Researchers during Integrated Campaign for Aero-
sols, Gases and Radiation Budget (ICARB), showed
that availability of aerosol is mainly associated with
advection from western India and west Asia espe-
cially over Bay of Bengal (Badarinath et al. 2009).
Moreover, Bay of Bengal consists fine mode aerosol
mainly emitted from local land regions. Satellite
retrievals also helped to show seasonal and inter-an-
nual variation of aerosols over Arabian Sea and Bay
of Bengal (Tiwari et al. 2016). Not only seasonal
changes, but concentration of CCN, its nature as well
as meteorological conditions play a significant role in
varying cloud formation processes and hence cloud
microphysical properties (Peng et al. 2002).

Various studies have been conducted over oceanic
regions of India, which show long term SST with
increasing trends may be due to global warming (Rao
and Goswami 1987; Haroon and Afzal 2012; Push-
panjali et al. 2014). This warming signal may increase
moisture content in the atmosphere, which may differ
cloud microphysical properties and hence rainfall
patterns over Indian subcontinent. Moreover, it is an
agriculture dominant country and almost 60% of its
population depends on agriculture for their livelihood
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which contributes approximately 15.7% of India’s
Gross Domestic Product (GDP) (Aggarwal et al.
2010). About 700 million rural population of India
directly and indirectly depends on climate sensitive
sectors and also on natural resources for their liveli-
hood (Sathaye et al. 2006). Monsoon is a seasonal
reversing wind accompanied by south-west monsoon
over most of the regions of India which pro-
vides ~ 70% of the annual mean precipitation
(Kripalani et al. 2003; Turner and Annamalai 2012;
Menon et al. 2013). This shows that high dependency
of monsoon and its geographical location both plays a
crucial role towards rainfall over India. Along with
this, rising warming signals also contribute to vary
various source conditions of cloud formation processes
such as SST variabilities, changing rate of evapora-
tion—condensation, concentration as well as type of
cloud condensation nuclei and availability as well as
amount of moisture content in the atmosphere. Such
changes may alter cloud microphysical processes and
hence rainfall patterns. Such changes in cloud pro-
cesses can be well understood with the help of cloud
microphysical property such as CER, which would
determine the averaged size of cloud droplets (Zeng
et al. 2014). The prime aim of this study is to see the
impact of global warming on cloud properties, which
in turn would affect cloud microphysical processes and
hence cloud formation processes and rainfall patterns.
So firstly, present study focuses to see long-term trend
of SST over Indian Ocean to know the effect of global
warming. Further study investigate the role of SST
variabilities on moisture content with the help of SST-
CER correlation. Like SST, alteration in AOD also
influence the size distribution of cloud droplets. Thus,
along with SST-CER correlation, study of AOD-CER
correlation is also expected to show promising results
to understand the impact of changes in SST as well as
aerosol amount on size of cloud droplets.

2. Data and Methodology

2.1. Moderate Resolution Imaging
Spectroradiometer (MODIS) Data

The Moderate Resolution Imaging Spectrora-
diometer (MODIS) is an imaging radiometer
launched by The National Aeronautics and Space
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Administration (NASA) aboard the Terra (EOS AM)
satellite in 1999 as well as aboard the Aqua (EOS
PM) satellite in 2002. It can capture data in 36
spectral bands covering a wide spectral range from
visible to thermal infrared bands (0.40-14.38 pm)
which gives atmospheric, oceanic and terrestrial
information (Savtchenko et al. 2004; Remer et al.
2005). Among them, visible and infrared bands help
to determine cloud optical and microphysical prop-
erties (Saud et al. 2016). MODIS usually detects mid
and high level clouds but usually finds difficult to
capture low-level clouds. It has ability to detect
optically thin clouds (< 14) and also can estimate
clouds whose layer thickness is less than 1 km (Chan
and Comiso 2011, Pincus and National Center for
Atmospheric Research Staff 2019). For the selected
study region, it is observed that almost all types of
cloud are present over Indian Ocean but study would
highly depend upon observation capabilities of
MODIS (Dey et al. 2015). Specifically, mid and
high-level cumulus and stratus type of clouds would
be easily accessible by MODIS, whereas clouds
undetected by MODIS will be missing in the present
study. MODIS detect clear and cloudy conditions of
each pixel depending on spatial variability (Acker-
man et al. 1998). To get clear cloud pixel, two
independent algorithms are applied to retrieve aerosol
properties: deep blue method over land and dark
target method over ocean. Ocean datasets are
retrieved from the bands ranging from 0.47 to
2.13 pm (Remer et al. 2005). AOD of 0.55 pm using
dark target method is usually used as it is a reliable
wavelength reported for various climate studies as
well as chemistry models (Kinne et al. 2003; Levy
et al. 2007, 2010). Along with AOD, CER was also
taken from MODIS which retrieve data at three near
infrared bands (1.6 um, 2.1 pm and 3.7 pm). CER of
3.7 um band is comparatively better as it is mini-
mally affected by cloud inhomogeneity and also
absorbs solar radiation strongly (Rosenfeld et al.
2016). This band gives the information about the
average size of water droplets from the top part of
clouds, with a vertical penetration depth while other
two bands—1.6 and 2.1 um which contain more
irradiance from lower cloud layers (Painemal and
Zuidema 2011). Using bidirectional solar reflectance
and near infrared absorption, CER gets retrieve with
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the help of bi-spectral technique (Nakajima and King
1990). Cloud retrieval method of MODIS has advan-
tage of differentiating liquid and ice phase to represent
warm and cold cloud. On the other hand, it fails to
collect only reflected irradiance of clouds and lacking
in collecting vertical profile data (Tang et al. 2014).
The error in MODIS retrieved CER is approximately
less than 0.1 pm which has cloud optical thickness of
50 (King et al. 1997). Also, MODIS retrieved AOD
has an expected error of + (0.03 + 0.05A0D) over
ocean (Remer et al. 2005). Present study uses level 3
monthly averaged data of AOD and CER from
MODIS/Terra during 2001 to 2016, at spatial resolu-
tion of 1° x 1° from Giovanni online portal which is
developed and maintained by the National Aeronau-
tics and Space Administration, Goddard Earth
Sciences Data and Information Services Center
(Acker and Leptoukh 2007; Giovanni 2019).

2.2. Centennial In Situ Observation Based Estimates
(COBE) SST2 Data

The COBE data set is a spatially interpolated SST
product available from 1850 to 2012 and was bias-
adjusted up to 1941 using bucket correction (Ishii et al.
2005). Available COBE-SST2 measurements are
buoy-based measurements which consists of pressure
based sensors deployed beneath the water in fixed
mounted locations. As pressure at the surface of water
generates perturbation, the placed sensor measures it
and attenuated with original pressure. The more
attenuated the pressure, the smaller the wavelength
of perturbation (Buoy 2019; Hirahara et al. 2014). This
measurement of SST consists of ship and buoy
observations only, which was gridded using optimal
interpolation and prior to that was subjected for quality
control. A typical SST measured by a ship has an
uncertainty of about 1-1.5 K whereas a drifting buoy
has a typical uncertainty of around 0.1-0.7 K (Rey-
nolds et al. 2002). It conducts weather and climate
research to observe as well as to understand earth’s
physical environment and also to improve weather and
climate predictions on global to local scales.

Here long term (1960-2017) in situ data of SST is
used to see the effect of global warming over Arabian
Sea, Bay of Bengal and rest of the Indian Ocean.
Monthly variation gridded long-term SST data is used
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from web portal of the National Centers for Envi-
ronmental Prediction (NCEP), Physical Science
Division (PSD) at spatial resolution of 1° x 1°
(COBE-SST2 2017). Further monthly averaged sea-
sonal data is used which also gets verified by various
earlier studies (Ishii et al. 2005). Uncertainties in
large scale average is considered to be small and has
comparatively minor importance. SST data has large
scale sampling uncertainty of about 0.01-0.02 °C
during the year 1960-2000, which is usually small
(Kennedy 2014).

2.3. Modern-Era Retrospective Analysis
for Research and Applications (MERRA-2)
Model Data

The MEERA-2 is a NASA atmospheric reanalysis
data, made using an upgraded version of the Goddard
Earth Observing System Model, Version 5 (GEOS-5).
It is able to use newer microwave sounders, hyper-
spectral infrared radiance instruments as well as other
data types. All data collections from MERRA-2 are
provided on the same horizontal grid. This grid has
576 points in the longitudinal direction and 361
points in the latitudinal direction, corresponding to a
resolution of 0.625° x 0.5°. It uses observation-
based precipitation data as forcing for the land
surface parameterization. This approach is similar
to the gauge-based precipitation forcing developed
for MERRA-Land (Reichle and Liu 2014). The
forcing precipitation is not purely gauge observa-
tions, as it tapers back to MERRA-2 model generated
precipitation. Monthly averaged data (2001-2016) of
specific humidity at 850 hPa is used from Giovanni
online data portal which is developed and maintained
by the National Aeronautics and Space Administra-
tion, Goddard Earth Sciences Data and Information
Services Center-NASA GES DISC (Acker and Lep-
toukh 2007; Giovanni 2019). Specific humidity is
studied at 850 hPa to actually know the availability
of moisture to CCN for cloud formation. Variation in
moisture content at 850 hPa may affect droplet size
distribution and hence cloud formation processes.
Also, it has not been studied at other pressure levels
as humidity is itself a highly varying parameter and
analysis of it at all pressure levels is not required for
the proposed study.
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2.4. Study Area

The Intergovernmental Panel on Climate Change
Fifth Assessment Report (IPCC ARS) reported that
90% of the heat due to global warming has been
gathering in the oceans during last four decades
(Rhein et al. 2014). It has been observed that this heat
gets partially transferred which may cause the Indian
Ocean as the warmest ocean among the major oceans
and thus plays a critical role in regulating the climate
and variability of the Asian monsoon as well as the
dynamics over the tropical belt. Moreover, it is also
reported that the warming trend over the Indian
Ocean is a major player in influencing the overall
trend of the global mean SST. During the past
century, it is observed that the western Indian Ocean
(5° S-10° N, 50° E-65° E) has warmed up tremen-
dously which reaches up to the SST values of the
warm pool. During 1901-2012, it is observed that the
western Indian Ocean shows continuous warming
since the start of twentieth century but attains an
increasing rate after 1950s. For the rest of the Indian
Ocean including warm pool region (20° S-20° N, 70°
E-100° E), the warming gets pronounced only after
1950s (Roxy et al. 2014). Recent study reported that
western Indian Ocean gets relatively cool while the
rest of the Indian Ocean gets warmer including warm
pool (with SST > 28 °C) during summer, which in
turn would affect the annual mean SST (Roxy et al.
2015). The discovery of this dipole mode that
accounts for about 12% of the sea surface tempera-
ture variability in the Indian Ocean—and in its active
years, also causes severe rainfall in eastern Africa and
droughts in Indonesia (Saji et al. 1999). Recent
research study has reported that the Indo-Pacific
warm pool (IPWP) 25° S-25° N and 40° E-130° W
has warmed up substantially during the past century.
The IPWP is considered to be the largest region of
warm SSTs of the earth, highest rainfall and is
fundamental to global atmospheric circulation and
hydrological cycle. Changes in IPWP is due to
natural as well as human contributions since 1950s
simulated by climate model simulations using opti-
mal fingerprint technique. Greenhouse gas forcing is
found to be the dominant cause of the observed
increases in IPWP intensity and size, whereas natural
fluctuations associated with the Pacific Decadal

Effect of Ocean Warming on Cloud Properties Over India and Adjoining Oceanic Regions 5915

Oscillation have played a smaller yet significant role.
Human-induced changes in the [IPWP have important
implications for understanding and projecting related
changes in monsoonal rainfall, and frequency or
intensity of tropical storms, which have profound
socioeconomic consequences (Weller et al. 2016).
This shows that Indian Ocean has lot of heterogene-
ity, which may alter source conditions for cloud
formation processes. To understand this heterogene-
ity at high resolution, present study divides Indian
Ocean into three parts as (a) Arabian Sea (AS) (9° N—
19.07° N, 57.57° E-72.86° E), (b) Bay of Bengal
(BOB) (6.33° N-15.82° N, 82° E-97.38 °E) and
(c) Rest of Indian Ocean (IO) (5.80° N-60° S, 50.62°
E-94.92° E) (Fig. 1). Long-term high spatial resolu-
tion studies will show the significant trends of SST
over AS, BOB and IO can be expected with these
divided regions.
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Figure 1
Study regions a AS, b BOB and c¢ rest of 10 for SST variation
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3. Results and Discussion

Rise in SST due to advancement in global
warming may alter source conditions of cloud for-
mation, which in turn may affect cloud and rain
formation processes. So to see the changes in cloud
properties it is important to study variation in SST.
Hence a long-term (1960-2017) annually averaged
in situ SST data has been studied over oceanic
regions of India, as mentioned in Figs. 1 and 2).
Though SST show fluctuations over all the study
areas but it shows an increasing trend with high
confidence (P < 0.05). This P-value of < 0.05 shows
more than 95% of level of confidence interval. It
confirms the effect of global warming over the study
regions, as the data of SST is comparatively large
with 53 years. SST over AS (between 26.79 and
28.23 °C) and BOB (between 27.66 and 29.10 °C)
shows an overall rise of about 0.11 °C/decade
(P < 0.05), whereas IO (between 18.82 and
19.89 °C) shows an overall rise of about 0.14 °C/
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decade (P < 0.05). All the SST trends have P-value
less than 0.05, which shows that justifications used to
interpolate values are more than 95% true. Along
with P test, a non-parametric test named Mann—
Kendall test is implemented to strengthen SST trends
over AS, BOB and IO as it is commonly used to
analyze long-term trends of meteorological variables
(Kendall 1948; Gilbert 1987). This test do not assume
any kind of distribution in the data as well as is
insensitive for sudden missing data and thus can fit
long-term trend systematically. Here, absence/pres-
ence of trend in the data is considered to be the null/
alternate hypothesis. Same as P test, here Mann—
Kendall test was also performed at 95% significance
level. Using this test, Mann—Kendall statistic ‘S’ is
obtained by calculating the difference between the
number of positive and negative differences. In
addition to it, Kendall’s Tau coefficient ‘T’ measures
the strength and direction exist between two mea-
sured variables and it ranges from + 1 (indicates
increasing trend) to -1 (indicates decreasing trend).

29
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Figure 2

Long-term (1960-2017) annual temporal variation of in-situ SST over AS, BOB and rest of 10 for the regions as defined in Fig. 1
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Further, existence of the trend is governed with the
help of standard test statistic ‘Z’. Earlier research
studies have reported that all these parameters of M—
K test help to analyze long-term trends of climatic
variables (Tabari et al. 2011; Gocic and Trajkovic
2013; Wang 2020; George and Athira 2020). For AS,
S is 7.75 x 10* (i.e. positive) which depicts rise in
SST with time. Same as S, values of t (0.47) and Z
(5.19) are also positive which altogether rejects null
hypothesis and hence confirms an increasing trend at
P < 0.05. Same as AS, BOB/IO also interprets sim-
ilar kind of positive values for all these parameters,
which are S (7.95 x 10%/1.12 x 10°), t (0.48/0.67)
and Z (5.33/7.49) and thus represents that SST rises
with time from 1960-2017. Thus observed SST
trends over the study region shows a high confidence
and thus obtained results are highly reliable. High
rate of increase of SST is observed over 10, may be
due to presence of warm pool region in IO as com-
pared to BOB and AS. Also the region selected for 10
is bigger that includes some portions of northern
tropical region, southern tropical regions and south-
ern mid-latitude regions as compared to selected
smaller regions of AS and BOB that include some
portions of northern tropical region only.

Lower values of > (r2AS = 0.46 and rzBOB =0.43)
signify more fluctuations in SST over AS and BOB
whereas higher value of r° (rzlo = 0.74) is observed
due to less SST variations in IO. This variation in r?
values signifies that 1O is warming faster than AS and
BOB, as it has the effect of warm pool region and 10
is also comparatively a bigger region which has less
number of influencing parameters. On the other hand,
selected AS and BOB may have more number of
influencing parameters as they are located nearer to
land surface. There are various factors such as pres-
ence of certain types of aerosol, difference in
atmospheric pressure and temperature, warming
effect of high surface temperature on ocean, inter-
action of atmosphere and ocean surface, variation in
wind speed, temperature difference between surface
and deep ocean waters, may affect SST more over AS
and BOB as compared to I0. Though these oceanic
regions are varying in nature as well as having dif-
ferent geographic locations but their long term annual
trends show almost same rise of about 0.1 °C/decade
with high confidence interval of >95% and
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P < 0.05, which is may be due to the warming
climate.

Results have shown that long-term variation in
SST is different over AS, BOB and 10, which shows
that SST exhibit spatial and temporal changes. All the
SST trends show an increasing trend and thus depict
that SST rises year by year (Fig. 2). Along with
temporal variation, spatial variation of SST can be
studied with the help of linear interpolation at a grid
of 1° x 1° to understand the impact of global
warming over oceanic regions of India (35° N-70° S,
45° E-95° E) (Fig. 3). Along with high resolution
grid to grid interpretation, present study also show
averaged seasonal variation [i.e. pre-monsoon
(March, April and May), monsoon (June, July,
August and September) and post-monsoon (October,
November and December)] from 2001-2016 (IMD
2010).

Linear interpolation of SST helped to show sea-
sonal variation which is clearly seen in Fig. 3. Higher
temperature covers more area of tropical belt during
pre-monsoon (Fig. 3a). On the other hand during
monsoon, temperature declines with coverage of area
(Fig. 3b) and for post-monsoon again patches of high
temperature is visible over tropical regions (Fig. 3c).
Tropical belt is capture with high temperature
(20-30 °C) as compared to mid-latitude and polar
regions (0-20 °C) (Fig. 3). High temperature over
tropical regions may consist of more amount of
moisture due to high rate of evaporation, whereas it
decreases over mid-latitude regions followed by Polar
Regions. As present study aims to perceive seasonal
variability of SST on moisture content, linear inter-
polation of specific humidity at 850 hPa is studied at
a spatial resolution of 1° x 1° to know availability of
moisture for CCN over oceanic regions of India (35°
N-70° S, 45° E-95° E) (Fig. 4). Usually rise in SST
is linked with vapor content in the atmosphere
through high rate of evaporation. This may initiate
cloud formation processes faster over ocean as it is
the primary source of water vapor and almost 70% of
the cloud forms over ocean (ISCCP NASA 2019;
Earth observatory NASA 2020).

Along with seasonal distribution, tropical regions
have more SST and specific humidity as compared to
mid-latitude regions and polar regions which is
clearly captured in Figs. 3 and 4. On the other hand,



20

Lattude(

3
Longitude(’E)

70

R. Shah and R. Srivastava

75

Longitude(°E)

Pure Appl. Geophys.

EY 0

Longitude(°E)

Figure 3
Color shading denotes grid wise linear interpolation of sea surface temperature (°C) at a spatial resolution of 1° x 1° during 2001-2016 for
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Figure 4
Color shading denotes grid wise linear interpolation of specific humidity (850 hPa) (kg/kg) at a spatial resolution of 1° x 1° during
2001-2016 for a pre-monsoon, b monsoon and ¢ post-monsoon are shown over oceanic regions of India (35° N-70° S, 45° E-95° E)

low specific humidity and high SST is found over
western Arabian Sea during pre-monsoon and post-
monsoon that could be probably due to presence of
low-pressure areas and strong winds (Raju et al.
2005). High specific humidity over tropics is due to
high temperature, which in turn may increase rate of
evaporation as well as condensation (Figs. 3, 4). Now
more amount of liquid water droplets would get
distributed among available CCN which may affect
cloud microphysical properties. Present study cap-
tures monsoon activities with high specific humidity
(~ 0.01-0.018 kg/kg) over Arabian Sea, Bay of
Bengal and southern tropical region which may
increase size of cloud droplets through condensation,
if concentration of CCN remains constant (Figs. 4b,
c). As mentioned, present study focuses to see the
effect of SST variabilities on size of cloud droplets by
taking specific humidity and AOD into consideration.
Study of such parameters may help to understand

cloud microphysical processes and their properties as
well, under the effect of global warming. Hence, to
interpret the role of SST on CER, seasonal correlation
of SST-CER is studied at a spatial resolution of
1° x 1° with the help of linear grid wise interpolation
over oceanic regions of India (Fig. 5). Seasonal SST-
CER correlation plots show scattered pattern which
means both these parameters have dependency of
other parameters too, else it could be of uniform
pattern. There are various factors affecting SST-CER
correlation such as variation in SST, type of CCN,
concentration of CCN, concentration of cloud dro-
plets, change in CER, etc. Interpolation of correlated
values consist of two types of patches-positive cor-
relation and negative correlation. Positive correlation
between SST and CER signifies that SST and size of
cloud droplets are dependent on each other, whereas
negative correlation depict that they have no mutual
dependency (Wilks 2016). Further, lead-lag analysis
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Figure 5
Color shading denotes grid wise linear correlation coefficients (r) begtween SST and CER during 2001-2016 for a pre-monsoon, b monsoon
and ¢ post-monsoon. Positive (~ 0.1 to ~ 0.8) and negative (~ — 0.1 to ~ — 0.8) correlation patches of SST-CER are shown over oceanic
regions of India (35° N-70° S, 45° E-95° E). Black dots indicate the robustness of the interpolated correlation data derived from satellite with
95% significance level

is performed between correlation values of SST/AOD
and CER which may depict strengthen positive and
negative correlation. In Fig. 5, linear interpolation
between SST and CER is shown and further to
investigate the role of SST on CER, seasonal varia-
tion of aerosol concentration would be taken into
consideration.

Studies have reported that concentration of aero-
sol is maximum during pre-monsoon, minimum
during monsoon and moderate during post-monsoon
over Bay of Bengal. On the other hand, Arabian Sea
highly
troughs and thus has higher concentration of aerosol
compared to Bay of Bengal during all the seasons
(Srivastava et al. 2012; Chen et al. 2017; Nizar and
Dodamani 2019). Also, southern tropical and mid-
latitude regions has less influence of aerosol and
hence its impact can be neglected while SST-CER
correlation study (MISR NASA 2019, Sikka 2018).
During pre-monsoon, most of the Arabian Sea and
Bay of Bengal show negative correlation from ~ —
0.1 to ~ — 0.8, which implies less moisture and
higher CER (Figs. 4a, 5a). This could be possible
when high concentration of aerosol (as in pre-mon-
soon) or specific types of hygroscopic nuclei are
present. On the other hand, most of the southern
tropical region get interpolated with positive
(~ 0.1-0.8) correlation which signifies the formation
of bigger cloud droplets may be due to more moisture
(Figs. 4a, 5a). Same as southern tropical region,
southern mid-latitude region also gets interpolated

is influenced with south-west monsoon

with positive correlation from ~ 0.1 to ~ 0.8,
which depicts less moisture and smaller cloud dro-
plets (Figs. 4a, 5a). These positive patches show
linear dependency of moisture on CER, irrespective
of aerosol loading, as these regions occupy low
amount of aerosol and thus can be supposed to be a
constant variable. Signature of south-west monsoon is
captured with positive correlation (~ 0.1-0.8) of
SST-CER (Fig. 5b). This positive correlation depicts
more moisture and bigger CER, considering least
amount of aerosol concentration (Fig. 4b). Even the
aerosol loading is less but concentration of CCN
would be enough for moisture to form water cloud
droplets with higher CER. As said earlier, availability
of moisture over mid-latitude region might be enough
to form small cloud droplets and thus captured with
positive correlation (~ 0.1-0.8) (Figs. 4b, 5b). Dur-
ing post-monsoon, correlation
from ~ — 0.1 to ~ — 0.8 over Arabian Sea which
implies less moisture and big cloud droplets, by
assuming moderate amount of aerosol (Figs. 4c, 5c).
On the other hand, effect of rising SST to increase
CER is clearly captured with positive correlation
(~ 0.1-0.8) for retreating monsoon over Bay of
Bengal as well as at higher longitudes of southern
tropical regions (Fig. 5c). This dependency of SST on
CER matches with high specific humidity depict the
monsoonal effect (Fig. 4c. Also it helped to show the
effect of warming signal on averaged size of cloud
droplets, irrespective of their concentration. Hence,
impact of high specific humidity is seen mostly by the

negative varies
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presence of bigger cloud droplets, which clearly
states that moisture content has its impact on size of
cloud droplets (positive correlation). On the contrary,
less moisture tend to form big cloud droplets form
and this could be possible due to presence of various
types of CCN which further needs to be studied.
However, interdependency between SST and CER is
clearly visible over Indian Ocean but probably due to
insufficient data, it is statistically weak at 95% sig-
nificance level. Along with this, lead—lag analysis
shows high value (0.02/0.02) for lead and low value
(0.01/0.01) for lag during pre-monsoon/monsoon,
which in turn depicts that positive correlation is more
significant than negative correlation. On the other
hand, the lead value is 0.01, which is smaller than lag
value (0.02) and thus it shows that negative correla-
tion is significant during post-monsoon.

SST or moisture content may has more prominent
role towards size of cloud droplets as compared to
AOD. Even if concentration of aerosol or CCN is
low, amount of moisture play its major role on CER
and that is important for the present study (Peng et al.
2002; Chylek et al. 2006). Any variation in CER
would vary other cloud microphysical properties,
cloud formation processes as well as rainfall. Thus to
study the dependency of AOD on CER, linear grid
wise interpolation is done seasonally over oceanic
regions of India at a spatial resolution of 1° x 1° and
explained on the basis of lead-lag analysis (Fig. 6).

Positive correlation of AOD-CER implies more
AOD and larger CER over most of the Indian Ocean
may be due to high aerosol concentration during pre-
monsoon season (Fig. 6a). Most of the Arabian Sea
and Bay of Bengal show positive correlation
(~ 0.1-0.8) of AOD—CER which implies high con-
centration of aerosols and big cloud droplets, that can
be termed as a reverse secondary effect of aerosol or
anti-twomey effect (Twomey 1974; Ma et al. 2018)
(Fig. 6a). These positive correlation matches with
negative correlation (~ — 0.1 to ~ — 0.8) of SST-
CER, which indicates bigger cloud droplets and less
moisture may be due to presence of various types of
CCN (Figs. 4a, 5a). Similarly, southern tropical
region also interpolate with positive correlation
(~ 0.1-0.8) of AOD-CER but with availability of
more moisture as compared to Arabian Sea and Bay
of Bengal (Figs. 4a, 6a). This excess amount of

Pure Appl. Geophys.

moisture might be enough for various types of CCN
to form bigger cloud droplets. South-west monsoonal
features are captured with positive correlation
(~ 0.1-0.8) of AOD-CER, which implies more
aerosol and higher CER (Fig. 6b). Bigger cloud
droplets in monsoon is may be due to more moisture,
as captured with positive correlation (~ 0.1-0.8) of
SST-CER (Figs. 4b, 5b). Thus, it shows a gradual
shift in cloud droplet size distribution towards higher
droplet diameters might be due to increasing specific
humidity. In mid-latitude regions, availability of
aerosol and specific humidity are less as compared to
tropical regions which in turn tends to form small
cloud droplets and thus captured with positive cor-
relation (~ 0.1-0.8) of SST-CER and AOD-CER
(Figs. 4b, 5b, 6b). During post-monsoon, most of the
Arabian Sea interpolates with positive correlation
(~ 0.1-0.8) of AOD-CER, which matches with
negative correlation (~ — 0.1 to ~ — 0.8) of SST-
CER and thus depict big droplets due to more number
of aerosol and less moisture may be due to presence
of specific types of aerosol (Figs. 4c, 5c, 6¢). During
this season, onset of retreating monsoon has depen-
dency of moisture on CER though have less number
of aerosols as captured with negative correlation
(~ —0.1 to ~ — 0.8) of AOD-CER and positive
correlation (~ 0.1-0.8) of SST-CER over BOB
(Figs. 4c, 5c, 6¢). Thus correlation patches of AOD—
CER clarifies the role of AOD on CER, which is also
scattered and signifies dependency of other parame-
ters along with SST and AOD. This is also observed
with lead-lag analysis of AOD-CER for monsoon
and pre-monsoon as the lead and lag values (0.01) are
almost same, which shows that the correlation is
nearly insignificant. For post-monsoon, the lead value
(0.01) is smaller than lag value (0.02) which shows
that negative correlation is more significant. Inter-
dependency of such parameters at high resolution
may help to know their impact on averaged size of
cloud droplets. Such high spatial resolution study
may help better to know the effect of global warming
on various parameters such as activation of aerosols
as well as availability of moisture content in the
atmosphere which would help to understand cloud
microphysical processes, their properties, precipita-
tion pattern and hence regional climate variability.
Further, this study needs to be verified with more
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Figure 6
Color shading denotes grid wise linear correlation coefficients (r) be%ween AOD and CER during 2001-2016 for a pre-monsoon, b monsoon
and ¢ post-monsoon. Positive (~ 0.1 to ~ 0.8) and negative (~ — 0.1 to ~ — 0.8) correlation patches of AOD-CER are shown over
oceanic regions of India (35° N-70° S, 45° E-95° E). Black dots indicate the robustness of the interpolated correlation data derived from
satellite with 95% significance level

number of parameters such as type of aerosol which
would help to strengthen these correlation results
under the effect of global warming.

4. Summary

Global warming is gradual increase in average
temperature of the earth. Rise in SST is one of the
effect of global warming which shows an increasing
trend over selected regions of AS, BOB and rest of IO
with the help of long -term (1960-2017) in situ
annual averaged SST data. Though these oceanic
regions have different geographic location but on an
average have same rising rate (i.e. ~ 0.1 °C/decade)
using Mann—Kendall test, which is may be a reflect-
ing effect of global warming. As most of the cloud
forms over ocean, these warming signals may affect
cloud microphysical processes and hence cloud
microphysical properties such as CER. Present study
focused to understand the source conditions of cloud
microphysical processes at a spatial resolution of
1° x 1° along with seasonal variation over oceanic
regions of India during 2001-2016 with the help of
linear grid wise interpolation method. These inter-
polated patches have positive as well as negative
correlation and is further analyzed with the help of
lead-lag analysis. Rising SST may lead to increase
moisture content and hence the size of cloud droplets,
if aerosol concentration do not change with time.
Signature of south-west monsoon as well as north-

east monsoon were captured with positive correlation
(~ 0.1 to ~ 0.8) of SST-CER, implies more mois-
ture and higher CER again by assuming AOD as
constant over AS and BOB respectively. Generally
correlation does not change with spatial distribution
but present grid to grid study region shows hetero-
geneity in SST-CER correlation during pre-monsoon,
monsoon and post-monsoon. This dissimilarity in
correlation is may be due to less number of param-
eters and less number of data points at each grid. To
understand this non-uniformity in correlation patches,
present study also focuses to see the role of AOD on
CER, which also show heterogeneity and thus indi-
cates that there might be role of other parameters too
at regional scale affecting the size distribution of
cloud droplets. During monsoon, less aerosol popu-
lated mid latitude region show positive correlation
(~ 0.1 to ~ 0.8) of AOD-CER and SST-CER
which implies formation of small cloud droplets may
be due to availability of moisture. Hence, SST-CER
and AOD-CER correlation study signifies that both
AOD and SST are efficient drivers to trigger cloud
formation processes. This type of correlation study
may play a significant role in understanding cloud
microphysical properties, impact of global warming
on cloud microphysical properties, their formation
processes and hence precipitation patterns. Moreover
studies on nature of aerosol are still sparse, more data
on aerosol type may strengthen these results. Though
these results are preliminary, more data and more
parameters would help to build better statistics and
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hence observed results could be more promising.
Such study may help to understand regional climate
variability and can be used as an input data in climate
feedback models which further may help to improve
simulation techniques and hence precipitation

pattern.
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