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Abstract— The relationship between aerosol optical depth
(AOD) and cloud parameters has been analyzed over
different Indian regions recognized as sources regions of
different aerosol emissions. Moderate Resolution Imaging
Spectroradiometer (MODIS) derived aerosol optical depth
(AOD) and Cloud parameters such as cloud optical depth
(COD), cloud effective radius (CER), Cloud top pressure
(CTP), Cloud top temperature (CTT) from MODIS Terra
was used in the study. AOD loading was higher over
Northern region as compared with Southern regions of
India. Over the other regions regional scale meteorological
facts such as regional transport processes and local
atmospheric circulation have impact on the trends. This
study also examined the temporal changes to understand
the relationship between AOD and cloud parameters.
From the results, a positive correlation was found between
AOD and CF and a negative correlation was found
between AOD and CTT, CTP. COD was found increase
with increase in AOD in those regions dominated by wet
deposition processes of moisture absorbing aerosols. The
correlation between AOD and COD was found to be
positive except South India (R4). Similarly, the correlation
between AOD and CER was also found to be positive
except some regions (North- East India (R1), East India
(R2)).

Keywords— Aerosol, clouds, decadal trend

l. INTRODUCTION

Aerosol-cloud interaction has been a less understood
phenomenon and it alters the earth’s radiation budget in a
significant scale. Aerosols indirectly influence the climate by
acting as cloud condensation nuclei (CCN). Aerosol cloud
interaction is quantified as Aerosol indirect effect (AIE),
which results in enhancement in cloud albedo and increase in
cloud lifetime (Twomey, 1977; Albrecht, 1989). While most
of the studies report positive indirect effect (Increase in cloud
radius with increase in aerosol), many studies have reported
the opposite effect also in different part of the world (eg. Yuan
et al. 2008). Aerosol -cloud interaction is reported to influence

large scale systems such as monsoons (Panicker et al. 2010;
Manoj et al. 2012). The aircraft-based cloud aerosol
interaction and precipitation enhancement experiment
(CAIPEEX) carried out has provided a deep insight into
aerosol- cloud mechanism over Indian region (Kulkarni et al.
2012). Konwar et al. (2012) has shown the depth of aerosol
control in warm clouds over Indian region. Harikrishnan et al.
(2015) has shown that dust aerosols induce indirect effect on
warm cloud over Arabian sea region. Leena et al. (2022) has
studied the influence of physio-chemical properties of aerosols
on cloud microphysics. Pandithurai et al. (2012) and Anil et al.
2016) has reported that the dispersion effect can significantly
offset the indirect effect. Panicker et al. (2016) proposed a
method to estimate the forcing arising due to aerosol-cloud
interaction over Indian region. The impact of aerosol-cloud
interaction on monsoon depression was studied and was found
that size of cloud condensation nuclei is instrumental in
activation and suppression of rainfall (Raja et al. 2020).

Many studies report the spanning of cloud cover over different
Indian regions (eg: Ali et al. 2022). Different studies report the
variation of cloud properties in different regions ( eg: Bera et
al. 2022; Leena et al. 2022). However, Studies on different
properties of aerosols and its influence on clouds are sparse
over Indian region. In this scenario, the present paper is
intended to examine the variation of cloud properties with
respect to changes in AOD over six different regions of India,
which has been identified as source regions of various aerosol
emissions.

1. DATA AND METHOD

To study the trends and correlations, we choose six regions
(North-East India, Indo-Gangetic Plain, South India, West
India, North-West India, East India) (Habib et al., 2006;
Panicker and shaima. 2022) of India dominated by emissions
from different sources. North-East India (R1; 24-20 °N; 88-97
°E ) and East India (R2; 15-21 o N; 81-88 °E ) was dominated
by biomass burning, Indo-Gangetic Plain (R3 22-28 °N; 81-
88E ), South India (R4; 8-12 °N; 75-81 ° E), West India (R5;
18-24 °N; 66-74 ° E ) dominated by fossil fuels and North-
West India (R6; 24-32 °N;62-78 ° E) dominated by desert dust



International Journal of Engineering Applied Sciences and Technology, 2026
Vol. 10, Issue 11, ISSN No. 2455-2143, Pages 06-13
Published Online March 2026 in IJEAST (http://www.ijeast.com)

(Panicker et al. 2010). The map of selected locations are
available elsewhere (Habib et al., 2006; Panicker and shaima.
2022).

MODIS (Terra) aerosol product Level 3 1° monthly 550 nm,
area averaged time series aerosol optical depth (AOD) is
utilized in the study. Cloud parameters such as Cloud
fraction(CF), Cloud optical depth(COD), Cloud effective
radius(CER), Cloud top pressure(CTP), and Cloud top
temperature(CTT) also from MODIS Terra with spatial
resolution of 1"used in the study. The linear regression method
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has been used to calculate the trends in different aerosol
optical properties.

1. RESULTS AND DISCUSSIONS

A. Seasonal variation in aerosol optical depth (AOD)-
The large aerosol burden over India are mainly attributed due
to: (i) Large source of local dust that tends to be lofted under
hot and dry conditions, (ii) Smoke from agricultural burning,
(iii) Anthropogenic pollution and (iv) Long range transport
from deserts in Asia and Africa..
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Fig 1. Seasonal variation of AOD over selected study region for the period of 2000-2019.

Major source of fine-mode aerosol is likely to be secondary
aerosol formed from emission such as SO, with contribution
from BC. Fig 1. shows the seasonal mean variation in AOD
from 2000 to 2019 over the selected study regions as
mentioned in section 2. Using monthly data, seasonal mean for

the four seasons ie., Winter (December-January-February
(DJF)), Pre-Monsoon (March-April-May (MAM)), Monsoon
(June-July-August-September (JJAS)), Post-Monsoon
(October-November (ON)) has been obtained. Indo Gangetic
Plains (IGP) has a tendency to retain pollution within the
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region during winter and Monsoon. Marine air masses prevail
over much of southern India, surrounded in the east, west, and
south by oceans; hence, cleaner air is generally expected over
this region compared to others. While Eastern India is likely to
be highly influenced by what happens over IGP, Northern
India is unlikely to be influenced by the emissions from the
rest of India. We see the highest AOD over the IGP, followed
by North-West India, East India, West India, North-East India
and South India (Fig 1). The AOD loading is higher in
northern India compared to the southern region. In summer
months (MAM) we can see higher AOD over South India and
North-East India suggested that transport of mineral dust from
Arabian by westerly winds. In the post-monsoon season, the
southwesterly winds weaken and reduce the dust transport to
the Indian subcontinent.

B. Trends in Cloud Parameters over the Study Regions—

The trends in aerosol parameters over the selected regions were
reported by Panicker and Shaima (2022). It is found that the
enhancement in aerosol trend has decreased in the second

decade (2010-2019) compared to first decade in (2000-2009)
most of the above selected regions. Up on analyzing the trends
in cloud properties, Over North-East India(R1), the trend in
CF, CER and COD increased from -0.547% to 1.491% , -
0.157% to -0.103% and -0.022% to 0.0802% respectively
during the above decades and the trend in CTP and CTT
decreased from 0.184% to 0.0412% and 0.082% to - 0.0003%
respectively (table 1). Similarly in South India (R4) also the
trend in CF showed a decrease of -0.0181% during 1st decade
and 0.0378% during 2nd decade. Trend analysis of Cloud
Fraction (CF) (Table 1) showed an increase of 0.526% during
the 1st decade and a decrease of -0.247% during 2nd decade
overR2. ie., the trend was about 0.773% lower in the 2nd
decade than the 1st decade. Cloud Effective Radius (CER)
showed an increase of 0.184% during 1st decade and the value
is reduced to -0.169% during 2nd decade (Table 1). The COD
trend showed an increase of 0.648% during 1st decade and -
0.413% during 2nd decade over R4. CTP showed an increase
of 0.382% during 1st decade, while during 2nd decade it was -
0.0739% over R4 (Table 2).

Table 1: CF, CER and COD trend from 2000-2009 and 2010-2019 over selected study regions.

Sl. Decadal increase/decrease
No. CF CER COD

1%decade | 2" decade | 1¥ decade | 1" decade | 1% decade | 2" decade
R1 -0.547% 1.491% -0.157% -0.103% -0.022% 0.0802%
R2 0.526% -0.247% 0.184% -0.169% 0.422% 0.539%
R3 0.550% 0.900% 0.440% -0.081% 0.183% 0.264%
R4 -0.0181% 0.0378% 0.155% -0.255% 0.648% -0.413%
R5 1.455% 0.422% 0.303% -0.441% 1.708% -0.191%
R6 2.717% 0.278% 0.315% -0.589% 1.635% -0.533%

Over the IGP (R3), trend analysis of Cloud Fraction (CF)
(Table 1) showed an increase of 0.550% during the 1*' decade
and an increase of 0.900% during 2™ decade. ie., the trend was
about 0.350% higher in the 2™ decade than 1% decade. Cloud
Effective Radius (CER) showed an increase of 0.114% during
1% decade and to be decreased to -0.081% during 2™ decade
(Table 1). Similarly, the COD also increased from 0.183% to

0.264% during these decades (Table 2). The other parameters
like Cloud Top Temperature (CTT) (Table 2) and Cloud Top
Pressure (CTP) (Table 2) showed an increase of 0.074% and
0.107% during 1* decade and 0.512%, and -0.0786% during
2" decade respectively. le., the trend decreased in the 2™
decade than in the 1% decade.

Table 2: CTP and CTT trend from 2000-2009 and 2010- 2019 over the selected study regions

Sl Mo. Decadal increase/decreaze

CTF CTT

1** decade 279 decade 15t decade 279 decade
Bl 0.184% 0.0412% 0.0818% 0.000313%
BRI 0171% 0207% 0.0221% 0.0720%
B3 0.107% D0786% 0.0735% 0.0512%
B4 0382% 0.0739% 0.0254% 0.0173%
B3 0281% 0252% 0.0333% 0.043%
B6 0.358% 0.0383% 0.0074% 0.05379%

Over the North-West (R6) and West Indian (R5) region the
trend in all cloud parameters shows a decreasing trend during
these decades except CER in both regions and CTT over R6.
CTT over R6 showed an increase of 0.0653% from 1% decade

to the 2" decade. Over RS, trend analysis of Cloud Fraction
(CF) (Table 1) showed an increase of 2.717% during the 1%
decade and a decrease of 0.278% during 2™ decade. ie., the
trend was about 2.439% lower in the 2" decade than 1°"
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decade. Over R5 the trend decreased from 1.455% to 0.422%
during these decades. Cloud Effective Radius (CER) showed
increasing trend of 0.315% during 1% decade and the value is
reduced to -0.589% during 2" decade and CER was 0.303%
during 1% and -0.441% during 2" decades.(Table 1). Over R5,
the other parameters like COD, CTT and CTP showed an
increase of 1.708%, -0.0335% and -0.252% during 1% decade
and decreased to -0.191%, 0.252% and 0.043% during 2"
decade respectively. le., the trend decreased in the 2™ decade
than in the 1% decade, while over R6 COD decreased from
1.635% to -0.533% and CTP decreased from -0.358% to -
0.383% during these decades (Table 2).

C. Relationship between AOD and cloud parameters—
Relationship between AOD and CF,CER and COD

Cloud fraction (CF) showed a strong correlation with AOD
(Table 3). CF found to increase with AOD in all the regions.
During first decade (2000-2009), the observed correlation
coefficients were 0.247, 0.546, 0.419, 0.393, 0.825, and 0.234
in the 1st decade and during second decade the coefficients
decreased in all regions, except region R5 and R6 (0.0732,
0.234, 0.186, 0.0346, 0.835 and 0.338 in R1, R2, R3, R4, R5
and R6 respectively). The positive correlation is mainly due to
the dust and burning particle injected in to the atmosphere due
to urban, industrial, anthropogenic activities with the influence
of meteorological conditions (Kumar. 2013). R5 is the home
of very large industries, which includes foundries, chemical
factories, textile plants as well as coal-fired thermal power
plants and also emission from vehicles. Next to R5 the highest
correlation was observed over R2 followed by R3, R4, R1
where biomass burning particles and fossil fuel burning
particles are dominant and the lowest Correlation observed
over R6 where desert dusts were dominant. Due to such
increase in aerosol concentration, the cloud cover and CF
increases and therefore, aerosol concentration changes the
cloud properties (Wright et al., 2010).

During the first decade for the five regions out of six regions
in India showed a positive correlation (R1, 0.389;R2,
0.338;R3,0.095; R5, 0.694; R6, 0.159) between AOD and
COD. R4 region showed a negative correlation (r =-0.099)
(Table 3). During second decade four regions out of six
regions showed positive correlation (R1, 0.524; R2, 0.072;R5,
0.691; R6, 0.166;) other 2 regions showed less significant
correlation (R4, -0.006; R3, -0.008). The reason for the
positive correlation could mainly be due to the wet deposition
processes of moisture-absorbing aerosols over the region. The
negative correlation between AOD and COD could be
influenced hydrophobic absorbing aerosols from biomass
burning over R4. On the other hand, the dark aerosol in and
above the cloud may also decrease the cloud reflectance
observed by the satellite, which the satellite retrieval interprets
as a decrease in COD (Nyasulu.et.al, 2020).

In the first decade, the three regions out of six regions in India
a positive correlation (R3,0.205; R4,0.300; R5, 0.125) has
been found between AOD and CER. For R1 and R2 and R6 a
negative correlation (r = -0.013, -0.046, -0.204 ) was noticed
(Table 3). During the second decade also the trend remained
the same and a negative correlation was observed in the same
regions (R1, -0.190; R2, -0.280; R6, -0.150). High positive
correlation between AOD and CER over R4 could be due to
the presence of organic soluble particle from biomass burning
and giant CCN. The positive correlation may also be due to
hygroscopic aerosols, which are favorable for cloud formation,
contributed by sea salts and also due to coarse mode aerosol
resulting from transport of dust particle over R3 and R4. Also
aerosol dominated by fine particle with sufficient amount of
water vapor that would increase the chance of particle hitting
and blending, leading to positive correlation (Huang et al.,
2020). However, the negative correlation is leading to typical
aerosol indirect effect events leading due to more absorbing
aerosols the regions (Panicker et al. 2010).

Table 3: Correlation between AOD and CF, CER and COD over selected study regions in India during 2000-2009 and 2010-

2019.

Sl.no. Correlation Coefficient (R)

CF CER COD

1% Decade [2" Decade |[1% Decade |2" Decade|1% Decade |2"™ Decade
R1 0.247 0.0732 -0.013 -0.190 0.389 0.524
R2 0.546 0.234 -0.046 -0.280 0.338 0.072
R3 0.419 0.186 0.205 0.005 0.095 -0.008
R4 0.393 0.0346 0.300 0.011 -0.099 -0.006
R5 0.825 0.835 0.125 0.054 0.694 0.691
R6 0.234 0.338 0.204 -0.150 0.159 0.166
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Relationship between AOD and Cloud Top Pressure and
Temperature

A negative correlation was found between AOD and CTP in
both decades over 5 regions (R1,-0.303; R2,-0.527; R3,-
0.428;R4,-0.343; R5,-0.764) except R6 (R6, 0.531) in 1%
decade and a decreased negative correlation in the second
decade ( R1,-0.168; R2,-0.181; R3,-0.110; R4,-0.045;R5,-
0.786; R6,-0.656) except over R5 (Table 4). The correlation

between CTP and AOD also found to decrease during the 2™
decade. The correlation was higher over R5 in both decades
and was lower over R1 during 1% decade and over R4 in 2™
decade. This negative correlation in CTP w.r.to increase in
aerosol may be due to the increasing cloud life time as a result
of suppression of precipitation which further leads to the
change in cloud albedo and cloud top pressure (Balakrishnaiah
etal.,2012).

Table 4: Correlation between AOD and CTT and CTP over selected study regions in India during 2000-2009 and 2010-2019

Sl.no. Correlation Coefficient (R)

CTT CTP

1% Decade 2" Decade 1% Decade 2"
R1 -0.291 -0.146 -0.303 -0.168
R2 -0.474 -0.106 -0.527 -0.181
R3 -0.410 -0.114 -0.428 -0.110
R4 -0.305 -0.004 -0.343 -0.045
R5 -0.640 -0.706 -0.764 -0.786
R6 -0.053 -0.080 0.531 -0.656

Cloud top temperature (CTT) is the temperature at the cloud
top level and plays an important role in the net earth’s radiation
budget. CTT also followed the same trend as of CTP with a
negative correlation wr.to AOD in both the decades in all the
regions (Table 4). (R1,-0.291; R2,-0.474; R3,-0.410; R4,-
0.305; R5,-0.640; R6,-0.053 in 1% decade R1,-0.146; R2,-
0.106; R3,-0.114;R4,-0.004; R5,-0.706; R6,-0.080 in 2™
decade ) Enhancement in aerosols (anthropogenic aerosol)
changes the cloud top temperature and humidity profile and
there by changes the cloud top temperature (Sekiguchi et al.,
2003). The results of AOD vs CTT and CTP are in general
showing -ve relation illustrates an increase in aerosols are not
bringing out high clouds over the regions.

V. CONCLUSION

e Over North-East India(R1), the trend in CF, CER and
COD increased from -0.547% to 1.491% , -0.157% to -
0.103% and -0.022% to 0.0802% respectively during the
above decades and the trend in CTP and CTT decreased
from 0.184% to 0.0412% and 0.082% to - 0.0003%
respectively.

e Cloud fraction (CF) showed a strong correlation with
AOD. CF increases with AOD in all the regions. The
positive correlation is mainly due to the dust and burning
particle injected in to the atmosphere due to urban,
industrial, anthropogenic activities etc. R5 is the home of
very large industries and very high correlation observed.
Next to R5 the highest correlation observed over R2
followed by R3, R4, R1 where biomass burning particles
and fossil fuel burning particles are dominant and the

10

lowest Correlation observed over R6 where desert dusts
were dominant.

e The correlation between CER and AOD found to be
positive in general over all regions (except R1 and R2 and
R6 in second decade). The positive correlation may also be
due to hygroscopic aerosols, which are favorable for cloud
formation, contributed by sea salts and also due to coarse
mode aerosol resulting from transport of dust particle.

e COD was found to increase with increase in AOD in those
regions dominated by wet deposition processes of
moisture absorbing aerosol particularly, from biomass
burning. Also absorbing aerosols, which don’t grow with
moisture lead to an increase in COD. The less correlation
between AOD and COD could be influenced by reduced
anthropogenic activities, change in seasonal circulations
and other meteorological factors.

e CTP was observed to be increased with decrease in AOD.
ie., CTP decreased in most of the regions as AOD
increased (Except R6 in 1% decade). The correlation was
higher over R5 and lower over R1 during 1% decade and
during 2" decade correlation was highest over R5 and
least over R1 because the emissions were higher over R5
and lower over R1 during these decades. Over R4 very
less negative correlation observed. This negative
correlation may be due to the increasing cloud lifetime.
Also the cloud top pressure decreases there too with AOD,
because the cloud effective radius increases with a
decreasing cloud top pressure.

e The correlation between AOD and CTT was observed to
be negative as CTT increased with decrease in AOD. Here
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the correlation was higher over R5 due to high fossil fuel
emissions and lower over R1 and a very less correlation
observed over R6 during 1% decade. Similarly during 2™
decade also the highest correlation was observed over R5
and the least was observed over R2. Also, a very less
correlation was found in R4 and R6. AOD vs CTT and
CTP are in general showing negative relation means,
increase in aerosols are not bringing out high clouds.
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