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Abstract

MODerate  Resolution  Imaging  Spectroradiometer  (MODIS)  retrieved  aerosol  and
cloud products  at  the  nine  selected stations  over  Western Himalayan and Deccan
Plateau regions were inferred to bring out their salient features and to investigate
aerosol–cloud interaction. Annually, Ångström exponent (AE) decreases with aerosol
optical depth (AOD) while in winter it increases with AOD at most of the stations.
Results bring out positive and/or negative association between AOD and almost all
the  cloud  parameters  over  the  selected  stations.  Aerosol  indirect  effect  (AIE)  is
quantified for fixed liquid water path (LWP) bins ranging from 1 to 350 g/m2  at an
interval of 25 g/m2 for three categories of stations, viz., CAT‐H, CAT‐M, and CAT‐L
based on heavy, moderate, and low aerosol loading, respectively. AIE is negative at
CAT‐H (−0.04 ± 0.14), while it is positive at CAT‐M (0.01 ± 0.07) and CAT‐L (0.10 ± 0.48).
During  winter,  negative  AIE  has  been  observed  for  all  three  categories.  In  pre‐
monsoon,  the  majority  of  LWP bins  (86% at  CAT‐H and 60% at  CAT‐M) showed
positive AIE, while about 71% of LWP bins indicted negative AIE at CAT‐L. However,
during monsoon about 63–71% of LWP bins showed negative AIE at these categories.
Study elucidates the influence of factors like cloud type, cloud dynamics/thermody‐
namics on aerosol–cloud interactions.

Keywords: aerosol–cloud interaction, aerosol indirect effect, aerosol optical depth,
Twomey‐effect, liquid water path

1. Introduction

Atmospheric aerosols have been found to affect the earth's climate in many characteristic ways
[1, 2]. They can affect the energy balance of the earth–atmosphere system by producing a direct
or indirect change in the weather and climate system [3]. The direct interaction of aerosols
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involves both scattering and absorption of radiation, and the relative importance of these
processes depends on their chemical composition, refractive index, and size distribution [4, 5].
The indirect effect of aerosols on climate occurs by modifying the cloud optical properties [6].
Thus, the concentration, size, and composition of aerosols which can act as cloud condensation
nuclei determine the cloud properties, evolution, and development of precipitation [7]. Aerosols
modify cloud properties and precipitation via a variety of mechanisms with varying and
contradicting consequences [8].

Cloud interactions with aerosols are hypothesized to be critical to understanding the climate
change since clouds play a pivotal role in controlling incoming and outgoing radiation [9]. A
large number of studies showed that the anthropogenic aerosols change clouds and their
optical properties [4, 10, 11]. Atmospheric aerosols change the concentration and size of the
cloud droplets which in turn lead to a change in cloud albedo, its lifetime and thereby affect
the precipitation [6, 12]. Also, the reduction in cloud effective radius due to the increase in
cloud droplet number concentration (CDNC) leads to the increase in cloud lifetime. The
possible repercussion of this process is to decrease the rate of surface evaporation which results
in stable and drier atmosphere as a result of the reduction in cloud formation [12]. Anthropo‐
genic aerosols influence mixed‐phase clouds in a number of ways and needs comprehensive
study to understand the precise phenomenon. A great number of studies were conducted on
the possible modification of cloud properties via the interaction with atmospheric aerosol
particles, as this may lead to important changes in the Earth's climate. Biomass burning
aerosols have been shown to affect clouds through both microphysical and radiative mecha‐
nisms [7, 13]. Biomass burning, from both deforestation and annual agricultural burning, is
the largest anthropogenic source of such particles in the Southern Hemisphere. Biomass
burning aerosols are hygroscopic and can serve as cloud condensation nuclei [14, 15]. More
recently, satellite analyses have revealed a persistent correlation between cloud fraction and
aerosol optical depth in regions influenced by marine aerosol, smoke, dust, and industrial air
pollution [4].

The first indirect effect known as the Twomey effect produces the reduction in cloud effective
radius due to the increase in aerosol loading for fixed liquid water path (LWP). Opposite of
this effect (i.e., as aerosol loading increases cloud effective radius also increases) were observed
over some parts of the world in certain environmental conditions [16]. The Twomey effect and
Albrecht effect (i.e., lifetime effect) facilitate cooling of the atmosphere by increasing cloud
optical depth (COD) and cloud fraction (CF), respectively [17]. This causes a reduction in the
net solar radiation at the top of the atmosphere and hence at the surface. Several other studies
have pointed out that the aerosol–cloud interactions are not determined by aerosols alone, but
the regional meteorological conditions can play a significant role in this relationship [18].
Comparison of the modeled results and MODerate Resolution Imaging Spectroradiometer
(MODIS) retrievals for aerosol indirect effect investigated by Myhre et al. [10] and Storelvmo
et al. [18] showed a negative correlation between AOD and cloud effective radius (CER) while
a positive correlation was observed between AOD and cloud optical depth (COD).

Extensive studies were conducted on various mechanisms of cloud properties through the
interaction of atmospheric aerosol particles with cloud parameters which further influence the
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earth's climate. It was found that at low AODs, cloud optical depth (COD) increases with
increasing AOD while COD decreases with increasing AOD at higher AODs. This increase
was attributed to a combination of microphysical and dynamical effects, while the decrease
was due to the dominance of radiative effects that thin and darken clouds [19]. The AOD and
cloud fraction correlation increases for those regions which have more particulate matter due
to dust, biomass, industrial, and domestic activities [20].

In the present study, we have analyzed 11 years of MODIS aerosol and cloud products at the
selected stations over Western Himalayan (75°E–80°E; 29°N–33°N) and Deccan Plateau (73°E–
75°E; 16°N–19°N) regions. The selected stations over these regions comprised of (1) Dharma‐
shala (DSL), (2) Mandi (MND), (3) Shimla (SML), (4) Ludhiana (LDN), (5) Patiala (PTL), (6)
Muzaffarnagar (MZR), (7) Pune (PUN), (8) Satara (STR), and (9) Kolhapur (KPR) (abbreviated
hereinafter as DSL, MND, SML, LDN, PTL, MZR PUN, STR, and KPR, respectively). Western
Himalaya is desert dust dominated region while Deccan Plateau is dominated by fossil fuel
and biomass burning. The study deals with the spatiotemporal variations of the MODIS
retrieved aerosol and cloud products at the nine selected stations over Western Himalayan and
Deccan Plateau regions to bring out their salient features. The data were also employed to
investigate aerosol–cloud interaction and to quantify the aerosol indirect effect (AIE) over these
regions.

2. Topography of study region

The Deccan Plateau is a large region that covers most of South Central India. The average
elevation is 1000–2000 feet (305 and 610 m) above sea level along the northern sections of the
region and 2000–3000 feet (610 and 915 m) in the southern section. Red loam or sandy loam
soil usually overlies the granites and metamorphic rocks resulting in less fertile and less
moisture retentive soil than found in the North Deccan region. The region slopes generally
eastward allowing the drainage to flow toward the Bay of Bengal. Water in the rivers fluctuates
considerably during the monsoon and the dry seasons. Their only source of water is the
monsoon rains unlike rivers flowing out of the Himalayas that have year‐round moisture from
snow packs in the high mountains. In the winter or dry season, many of the rivers throughout
the South Deccan become almost dry and are useless for irrigation. Also, some of the rivers
flow through well‐incised valleys, allowing little space for a flood plain and making it nearly
impossible to direct water for irrigation onto the adjoining uplands. The climate is generally
semi‐arid with <35 inches (89 cm) of rainfall. Ironically, the Western Ghats are only 30–40 miles
(48–64 km) away with annual precipitations exceeding 100 inches (254 cm).

In the Indian part of the Western Himalayas the surface weather elements, like precipitation
and temperature, are intensely governed by local topography and local atmospheric circula‐
tions. The different altitude and orientation of the Himalayan ranges give rise to different
thermo dynamical and dynamical forcing. Topography, heterogeneity, and land use variability
are the characteristics of Western Himalayas (WH). Western disturbances (WDs), embedded
in large‐scale westerlies are responsible for winter precipitation, mainly snow, in WH. The
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interplay of topography with WDs determines orographic precipitation over the Himalayan
region.

3. Data products and methodology

Satellite observations have advantages over the ground‐based measurements, in that, they
provide information over the larger spatial domain [21]. The MODIS was designed with
aerosol and cloud remote sensing in mind [22]. The MODerate Resolution Imaging Spectror‐
adiometer (MODIS) aboard the Terra (launched in 1999) and Aqua (launched in 2002) monitors
the earth–atmosphere system twice daily over a given location. It is sun‐synchronous and near
polar orbiting satellite with a circular orbit of 705 km above the surface. MODIS has 36 bands
ranging from 0.4 to 14.4 µm wavelengths with three different spatial resolutions (250, 500, and
1000 m) and views the Earth with a swath of 2330 km, thereby providing near‐global coverage
on daily basis, with equatorial crossing local time of 10:30 am and 1:30 pm for Terra and Aqua,
respectively (http://modis.gsfc.nasa.gov/).

Among the hundreds of products derived from MODIS‐measured radiances are a suite of
aerosol products [23] and another set of cloud products [24], including aerosol optical depth
(AOD), cloud top pressure, and cloud fraction. Often, the AOD is used as a proxy for the cloud
condensation nucleus (CCN) concentration. The reliability of this proxy depends on the
uniformity of the aerosol size, composition, vertical distribution, but may in many cases be
used as a first approximation. The MODIS data are available at different processing levels,
level 1.0 (geolocated radiance and brightness temperature), level 2.0 (retrieved geophysical
data products) and level 3.0 (gridded points) [24]. MODIS uses infrared bands to determine
the physical properties of cloud in relation to cloud top pressure and temperature, and visible
and near‐infrared bands to determine optical and microphysical cloud properties [23, 25]. For
water vapor, the retrieval the near‐infrared region is adopted.

For this study, simultaneously retrieved datasets from MODIS (Terra) for the period 2000–2010
were used. Terra MODIS level_3 (C_005) monthly data products of aerosol optical depth
(AOD), Ångström exponent (AE), cloud fraction (CF, day), water vapor (WV, above cloud),
cloud effective radius (CER, liquid), liquid water path (LWP), and cloud optical depth (COD,
liquid) were retrieved over the study region. As shown in Figure 1, the study regions were
divided into 1° × 1° grid box centered at (1) DSL (32°16′ N; 76°23′E), (2) MND (31°43′ N; 76°58′
E), (3) SML (31°06′ N; 77°13′ E), (4) LDN (30°55′ N; 75°54′E), (5) PTL (30°20′ N; 76°25′ E), (6)
MZR (29°28′ N; 77°44′E), (7) PUN (18°31′ N; 73°55′ E), (8) STR, (17°42′ N; 74°02′ E), and (9)
KPR(16°42′ N; 74°16′ E).

For the estimation of aerosol indirect effect (AIE) on the basis of the observed AODs, we
grouped the selected stations into different categories viz., CAT‐H (heavy aerosol loading),
CAT‐M (moderate aerosol loading), and CAT‐L (low aerosol loading). The MODIS (Terra)
level_3 (C_005) daily data products of AOD, LWP, and CER were retrieved for this estimation,
and analysis was performed over each category and as well as over each station keeping the
fixed LWP constraint. The retrieved LWP and CER were divided into 14 different bin sizes.
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AIE was estimated for different seasons and for the entire study period 2000–2010 by evolving
a linear least square fit to the plot between CER and AOD at fixed LWP and using the following
equation [26],

  lnAIE 
ln

= - e

a

d r
d t (1)

Here, re is the cloud effective radius (CER) for fixed LWP and τa is the AOD. The degree of
significance of AIE and correlation coefficients of linear regression fit has been also determined
over the selected stations using two‐tailed t‐tests at 90 and 95% of confidence level. The
correlation coefficients between AOD and other parameters (AE, CF, COD, CER, LWP, and
WV) for 11 years data at each station are given in Table 2, and seasonal correlations of these
parameters are given in Table 3. In these tables, the doubly underlined correlation coefficients
are significant at 0.05 level (95% confidence level) while singly underlined correlation
coefficients are significant at 0.1 level (90% confidence level) and the rest are less significant.

Figure 1. Study regions selected based on the dominant aerosol sources over India.
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4. Results and discussion

4.1. Spatial climatology of aerosol optical depth

The spatial distribution of the monthly mean AODs for the period 2000–2010 at a wavelength
550 nm has been derived and is plotted in Figure 2. It reveals that the aerosol loading (i.e.,
AOD) have considerable influence on the atmosphere over Western Himalayan, Deccan
Plateau regions, and their associated stations viz., DSL, MND, SML, LDN, PTL, MZR, PUN,
STR, and KPR. The spatial distribution of AOD depicts occurrence of consistently high AODs
(∼0.7) over the Western Himalaya. It was found that the long‐range transport of desert dust
from the Arabian Peninsula contributes to the net regional aerosol loading with the marked
increase in AOD over the Himalayan region in pre‐monsoon months [27]. Over the Himalayan
region, dust transport reaches up the slopes of the Himalayas and is further vertically elevated
to higher altitudes because of the strong westerly pre‐monsoon winds coupled with enhanced
convection and pressure gradient resulting from large topographic differences [27]. High
AODs have also been observed over the Ganga basin, situated in the Northern part of India
[28]. The prevalence of high AODs over the Northern India is attributed to dense population
density, the presence of heavy industries in the region, and the transport of desert dust from
the nearby the Thar Desert in Rajasthan [29–31]. The spatial gradient of AOD shows an increase
from the southern part of the Indian subcontinent to northern part up to the Himalayas [28].
Comparatively, AOD values over Deccan Plateau region (∼0.35 to 0.4) are lower than WH
region which can attribute to the anthropogenic activities, like the industrial region [32].

Figure 2. Spatial variation of monthly mean AOD550 nm during 2000–2010.
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4.2. Seasonal variation of AOD

The mean seasonal variation of AOD550 nm wavelength was derived by considering MODIS
(Terra) retrieved AODs over Western Himalayan and Deccan Plateau regions (i.e., stations
associated with these regions) for the period of study. The resulting mean seasonal variation
of AOD, for the period 2000–2010, elucidated in Figure 3, reveals a statistically significant
seasonal variation of AODs during monsoon and other seasons. The seasonal mean AODs,
given in Table 1, show that AOD was lowest during winter (0.29 ± 0.05) and highest during
monsoon (0.60 ± 0.25) followed by pre‐monsoon (0.42 ± 0.10) at all the stations. Higher AODs
during the monsoon may be because of the hygroscopic growth of water‐soluble aerosols and
transport of larger sized aerosols (dust and sea salt) during favorable wind conditions [29].
Also, the ensemble mean monsoon AOD may be high due to limitations on the numbers of
data points which were very few, because of the prevalence of overcast conditions (cloudy in
nature) during most of the days. The similar increase in AOD during pre‐monsoon and
monsoon season has previously been reported for Indian Subcontinent [28].

Figure 3. Seasonal variation of MODIS retrieved AOD550 nm during the period 2000–2010.
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Station wise, LDN, PTL, and MZR in Western Himalayan region depict higher mean AODs
over the period 2000–2010 as compared to the other investigated cities viz., PUN, STR, and
KPR in Deccan Plateau region. AODs at LDN, PTL, and MZR in pre‐monsoon were found to
be 0.53, 0.51, and 0.54, respectively, whereas the corresponding winter AODs at these places
were found to be 0.35, 0.34, and 0.45, respectively. On the other hand, over PUN, STR, and KPR
stations, AODs were found to be 0.30, 0.36, and 0.32, respectively, in pre‐monsoon and 0.24,
0.26, and 0.23, respectively, during winter. Analysis indicates that the AODs generally increase
from lower latitude to higher latitude [32]. The occurrence of high AODs at LDN, PTL, and
MZR is due to their close proximity to the Thar Desert where frequent dust storms occur during
pre‐monsoon months. In addition, the presence of higher temperatures tends to hold more
water vapor favoring aerosols to grow in size causing higher AODs at these sites. Aerosol
loading over the studied region is low after the monsoon season as rainfall washes out most
of the aerosol concentration [33]. The post‐monsoon season shows a continuation of the trend
observed for AOD distribution in winter.

Stations Seasonal mean AOD and standard deviation

Winter Pre‐monsoon Monsoon Post‐monsoon

Dharmashala 0.25 (±0.04) 0.37 (±0.11) 0.51 (±0.19) 0.31 (±0.07)

Mandi 0.22 (±0.04) 0.36 (±0.13) 0.49 (±0.20) 0.26 (±0.07)

Shimla 0.23 (±0.03) 0.37 (±0.11) 0.51 (±0.20) 0.28 (±0.07)

Ludhiana 0.35 (±0.05) 0.53 (±0.17) 0.86 (±0.37) 0.55 (±0.14)

Patiala 0.34 (±0.06) 0.51 (±0.16) 0.81 (±0.34) 0.51 (±0.13)

Muzaffarnagar 0.45 (±0.07) 0.54 (±0.17) 0.82 (±0.30) 0.70 (±0.14)

Pune 0.24 (±0.05) 0.30 (±0.05) 0.43 (±0.23) 0.24 (±0.06)

Satara 0.26 (±0.06) 0.36 (±0.05) 0.51 (±0.24) 0.25 (±0.05)

Kolhapur 0.23 (±0.06) 0.32 (±0.06) 0.46 (±0.20) 0.25 (±0.05)

Table 1. MODIS (Terra) derived mean seasonal AODs at the selected stations over Western Himalaya and Deccan
Plateau Region during 2000–2010.

4.3. AOD and Ångström exponent (AE) correlation

Figure 4 shows the monthly mean composite plots of AOD and AE (α) for the selected stations
in the Western Himalayan and Deccan Plateau regions during 2000–2010. Also, Table 2
displays the correlation coefficients of linear regression analysis between AOD and AEs. It is
clear from both Table 2 and Figure 4 that the MODIS retrieved AODs and AEs are either
inversely or positively correlated and the correlations are significant at 95% confidence level
at all the locations. It can be noticed that during monsoon season, AE is negatively correlated
with AOD with 95% confidence level while in winter it shows positive correlations with AOD
at all the stations. The positive correlation of AE with AOD was observed at the locations STR
and KPR during pre‐monsoon and at MZR, PUN, and KPR during post‐monsoon season. This
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kind of behavior may be attributed to the hygroscopic growth of the aerosol particles produc‐
ing a significant shift in aerosol size spectrum which in turn can substantially influence the
magnitude of the Ångström exponent. More particularly, the change in the ratio of small to
large particles can also bring about a change in the Ångström exponent. A dry particle of
anthropogenic origin may have a Ångström exponent which is 60% higher than a particle with
a growth factor of 1.6, which illustrates that hygroscopic growth, can substantially impact the
Ångström exponent [10]. It may be possible that high AOD during pre‐monsoon is due to the
increase in the size of the humidified aerosols present near the cloudy area.

Figure 4. Monthly mean composite plots of AOD and AE over the selected stations in the Western Himalayan and Dec‐
can Plateau regions during 2000–2010.

Stations AE CF COD CER CWP WV
DSL −0.48 0.53 −0.07 0.19 0.09 0.74

MND −0.43 0.57 0.12 0.22 0.23 0.75

SML −0.39 0.57 0.02 0.24 0.17 0.74

LDN −0.54 0.60 0.05 0.19 0.16 0.66

PTL −0.50 0.61 0.03 0.23 0.14 0.71

MZR −0.31 0.54 −0.03 0.23 0.09 0.67

PUN −0.26 0.57 0.34 0.19 0.43 0.37

STR −0.60 0.60 0.40 0.33 0.48 0.37

KPR −0.52 0.60 0.43 0.23 0.49 0.38

Correlation coefficients bolded are significant at 0.05 level (95% confidence level), while italicized are significant at 0.1
level (90% confidence level) and the rest are less significant.

Table 2. Correlation coefficients of the linear regression analysis between AOD against AE and cloud parameters at
each station for the period of 2000–2010.
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The Ångström exponent is an approximate measure of the aerosol particle size distribution;
smaller the Ångström exponent larger is the size of the particles [34]. Figure 4 reveals that there
is a decrease in Ångström exponent values with increase in the AODs at all sites. Higher values
of α indicate a sharper aerosol size spectrum. It clearly shows the dramatic transformation in
the aerosol spectra, from high accumulation mode domination during September through
February months (revealed by values of α > 1.0 and steep AOD spectra) to increased coarse
mode domination (α < 1.0) during March through June–July months. Lower values of AE
clearly indicate that the dominance of coarse‐mode aerosols which affirms the influx of
transported coarse‐mode dust aerosols from the Arabian Desert and the Thar Desert [31, 35].

4.4. Interaction between AOD and cloud parameters

The MODIS provides an enormous amount of data which is valuable for understanding how
aerosols influence clouds [10]. Aerosols are highly variable in space and time with different
properties, characteristics, and concentrations. It is this peculiar nature of aerosols along with
prevailing the meteorological conditions that brings in a complicating factor and makes the
aerosol–cloud interaction a complex phenomenon. Rain formation depends on the number
concentration of aerosols in atmospheric pollution and is unaffected by low pollution;
however, during heavy pollution episode, rainfall is significantly reduced. Aerosols act as ice
nuclei and cloud condensation nuclei. The presence of small condensation nuclei in the
atmosphere can initiate the suppression of heterogeneous freezing with the result that many
small droplets remain liquid below the homogeneous freezing temperature [36]. However,
most of the observational studies are based on specified cases from which it is difficult to
determine as to which effects are more significant and dominant and thus their long‐term
implications remain unknown [37].

In the present work, an attempt has been made to understand and quantify the influential role
of AOD on cloud parameters by analyzing correlations amongst them on spatial scale and by
estimating AIE for the nine selected stations. The results are highlighted in the following sub‐
sections through the use of spatial correlation. In addition, we have estimated the seasonal
correlation coefficients for each parameter at the selected stations as well as for the entire period
of 2000–2010. The aerosol–cloud relationship has also been studied using the monthly mean
composite plots for 11 years of data so used.

4.4.1. Influence of AOD on cloud fraction

The co‐variation plot of AOD550 nm and CF during the period 2000–2010 has been constructed
over the selected nine sites in the Western Himalayan and Deccan Plateau region in India, and
the results are displayed in Figure 5. Also, linear regression correlation coefficients for the plots
of AOD550 nm against AE and MODIS‐retrieved cloud parameters viz., CF, COD, CER, CWP,
and WV have been estimated for the selected time period of 11 years on a seasonal basis. The
resulting data are shown in Table 3 which reveals that the satellite retrieved cloud fraction
data shows a strong positive correlation with AOD550 nm at all the selected locations in the
respective study regions. The present results are found to be consistent with those reported by
Myhre et al. [10] and Kaufman et al. [4]. Interestingly, the correlation coefficients at heavy
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columnar aerosol loading locations (AOD ranging between 0.59 and 0.65), i.e., LDN, PTL, and
MZR and at relatively low columnar aerosol loading locations (AOD ranging between 0.31
and 0.36), i.e., PUN, STR, and KPR are more or less similar. It is important to note here that the
Western Himalayan region is desert‐dust dominated region due to its proximity to Thar Desert,
whereas Deccan Plateau region is dominated by anthropogenic activity in the form of indus‐
trial/vehicular pollution and biomass burning. Consequently, the occurrence of higher
correlations between AOD550 nm and CF in these anthropogenically, biomass burning and
desert‐dust dominated aerosol regions indicate that the meteorological factors significantly
influence this relationship [32]. Recently, it is found that the increasing aerosol concentration
leads to increase in cloud cover and showing that the aerosol concentrations change the cloud
properties [38]. This is because regions of low atmospheric pressure have more tendency to
create conditions necessary for cloud formation by accumulating aerosol particles and water
vapor [39].

Figure 5. Monthly mean composite plots of AOD and CF at the selected stations in the Western Himalayan and Deccan
Plateau regions during 2000–2010.

The monthly mean composite plots of AOD and CF during the period 2000–2010 (Figure 5)
show that the CF increased with AOD at all locations throughout the entire period of study.
The CF and AOD variations demonstrate an out of phase correlation during the winter season
for the Western Himalayan stations. Also, the relationship becomes negative in the months of
July and August as CF increased with a decrease in AOD. The magnitudes of the seasonal
correlation coefficients between AOD and CF, given in Table 3, signify that the CF increases
with AOD at all the station (except SML; negative correlations) during winter (DSL = 0.24,
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MND = 0.14, LDN = 0.65, PTL = 0.47, MZR = 0.58, PUN = 0.42, STR = 0.65, KPR = 0.74), pre‐
monsoon (DSL = 0.31, MND = 0.34, LDN = 0.77, PTL = 0.74, MZR = 0.79, PUN = 0.30, STR = 0.10,
KPR = 0.20) and monsoon(DSL = 0.51, MND = 0.49, LDN = 0.63, PTL = 0.61, MZR = 0.48, PUN 
= 0.46, STR = 0.53, KPR = 0.41) seasons. Myhre et al. [10] have found that the decrease of CF
with increasing AOD occurs mainly for low AODs (below ∼0.3) and also reported an increase
in AOD with an increase in RH due to the swelling of hygroscopic particles which are near to
the clouds. The cloud cover also exhibits a weak negative correlation with the potential
temperature lapse rate, and vertical shear of the horizontal wind in the middle atmosphere
[40]. This gives rise to shift in aerosol size distribution with smaller particles coming into optical
range while larger particles moving out of it [41]. Positive correlations between CF and AOD
appear to be the reflection of this effect. This increase may be due to the complexity of the
domain, the type of land surface (albedo), the choice (classification) of aerosol mixtures applied
in the MODIS retrieval for that particular area, the impact of meteorology on aerosol transport,
and the aerosol chemistry. Kaufman et al. [4] mentioned that the cloud cover increases with
increase in aerosol concentrations and found that the cloud properties change as a result of
variations in large‐scale atmospheric circulation and also affect aerosol concentrations. For
example, regions of low atmospheric pressure are convergence zones that tend to accumulate
aerosols and water vapor, thus generating conditions favorable for cloud formation [42].

Station Parameters Winter Pre‐monsoon Monsoon Post‐monsoon
DSL AE 0.215 −0.580 −0.687 −0.136

CF 0.248 0.316 0.519 −0.184
COD 0.285 −0.344 −0.058 −0.228
CER −0.184 −0.243 −0.367 0.317
LWP 0.187 −0.452 −0.233 −0.071
WV 0.243 0.795 0.573 0.399

MND AE 0.106 −0.589 −0.617 −0.179
CF 0.138 0.345 0.494 −0.274
COD 0.295 −0.156 −0.027 −0.283
CER 0.078 −0.140 −0.221 0.330
LWP 0.259 −0.266 −0.141 −0.128
WV 0.070 0.774 0.598 0.466

SML AE 0.057 −0.571 −0.659 −0.192
CF −0.044 −0.299 −0.342 0.406
COD 0.114 −0.157 −0.159 −0.212
CER −0.044 −0.299 −0.342 0.406
LWP 0.116 −0.265 −0.325 0.004
WV 0.274 0.791 0.507 0.515

LDN AE 0.062 −0.796 −0.607 −0.483
CF 0.659 0.779 0.636 −0.361
COD 0.177 −0.057 0.205 −0.221
CER −0.451 −0.027 −0.122 0.220
LWP −0.077 −0.037 0.0596 −0.087
WV 0.577 0.855 0.262 0.445

PTL AE 0.122 −0.750 −0.645 −0.352
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Station Parameters Winter Pre‐monsoon Monsoon Post‐monsoon
CF 0.471 0.747 0.614 −0.371
COD 0.356 −0.104 −0.158 0.085
CER −0.446 −0.144 −0.238 0.523
LWP 0.144 −0.123 −0.331 0.262
WV 0.596 0.848 0.449 0.378

MZR AE 0.172 −0.686 −0.436 0.438
CF 0.575 0.795 0.484 −0.243
COD 0.352 −0.108 −0.121 0.0099
CER −0.634 −0.280 −0.169 0.392
LWP −0.025 −0.168 −0.237 0.220
WV 0.383 0.851 0.493 0.481

PUN AE 0.674 −0.206 −0.478 0.165
CF 0.428 0.306 0.469 0.409
COD −0.210 0.124 0.222 0.131
CER 0.180 −0.349 0.518 −0.054
LWP −0.096 0.007 0.320 0.074
WV 0.097 0.171 −0.432 0.340

STR AE 0.694 0.113 −0.628 −0.136
CF 0.656 0.100 0.533 0.434
COD −0.055 0.004 0.364 0.173
CER −0.323 −0.181 0.400 0.083
LWP −0.143 −0.132 0.458 0.195
WV 0.127 −0.090 −0.565 0.426

KPR AE 0.704 0.128 −0.575 0.049
CF 0.742 0.206 0.418 0.583
COD −0.052 0.026 0.389 0.235
CER −0.260 −0.027 0.185 −0.105
LWP −0.159 −0.055 0.430 0.272
WV 0.322 0.017 −0.303 0.465

Correlation coefficients bolded are significant at 0.05 level (95% confidence level), while italicized are significant at 0.1
level (90% confidence level) and the rest are less significant.

Table 3. Same as in Table 2 but for different seasons during the period 2000–2010.

4.4.2. Association between AOD and cloud effective radius

The cloud effective radius (CER) is the weighted mean of the size distribution of cloud droplets
in the atmosphere. CER (defined as the ratio of the third to the second moment of a droplet
size distribution) is one of the key variables that are used for calculation of the radiative
properties of liquid water clouds [43]. Analysis of the present data reveals that the CER and
AOD values are positively correlated at all the locations during the study period 2000–2010
(Table 2). These findings are found to be consistent with the results of Yuan et al. [44] which
manifested that the direct correlation between AOD and CER may be due to various artifacts
as well as aerosol swelling, partial cloudiness, atmospheric dynamics, cloud three‐dimensional
(3D), and surface influence effects. Hygroscopic aerosols grow in size as a consequence of
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moisture uptake from water vapor. The size and the refractive index of the aerosol change due
to the hygroscopic growth of the aerosols resulting in the subsequent increase in AOD [26].
For example, aerosols which are in close proximity to the cloud swell more because of the
higher moisture content present near the cloud producing larger AOD. Simultaneously, deeper
clouds tend to have larger droplets than shallower clouds.

On the other hand, Figure 6 shows that CER values are found to be lower in pre‐monsoon
months (0.4–0.6) and higher in monsoon months (0.8–1.3). Results clearly indicate that the
Western Himalayan and Deccan Plateau regions receive maximum rainfall during the
monsoon months. Bhawar and Devara [45] carried out the similar study over Pune and found
that increase in CER produces an increase in COD which could result in more rainfall and vice‐
versa. The present results, on the seasonal scenario (shown in Table 3), also reveal that the CER
is negatively correlated with AOD during winter and post‐monsoon seasons at most of the
stations. Analysis of the MODIS retrievals indicates that the negative/positive correlation of
CER with AOD is not determined by aerosol–cloud interaction alone. Instead, the regional
meteorological conditions, as well as aerosol type, clouds dynamics, and thermodynamics of
the atmosphere, can play the significant role in this relationship.

Figure 6. Monthly mean composite plots of AOD and CER at the selected stations in the Western Himalayan and Dec‐
can Plateau regions during 2000–2010.

4.4.3. Effect of AOD on liquid water path

Results displayed in Table 2 for the correlations between AOD and cloud parameters depict
occurrence of relatively high positive correlations between AOD and LWP at PUN, STR, and
KPR [correlation coefficient (R) ranging between 0.43 and 0.49] than that at DSL, MND, SML,
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LDN, PTL, and MZR [correlation coefficient (R) ranging between 0.09 and 0.23] during 2000–
2010. This indicates that the increase of LWP with AOD is consistent with the previous studies
of Yuan et al. [44]. It suggests that the assumption, i.e., the first indirect effect is not always
valid [44]. However, it should be noted that the MODIS LWP is not an independent measure‐
ment but estimated from the respective values of COD and CER.

Monthly variation of AOD and LWP for the study period (Figure 7) and their seasonal
correlation analysis (Table 3) points out that the sign of correlation (negative/positive) changes
from season to season and from place to place indicating spatiotemporal variability in these
correlations. In winter, LWP decreases with increasing AOD at the stations LDN, MZR, PUN,
STR, and KPR while it increases with AOD at DSL, MND, SML, and PTL. In pre‐monsoon, at
all the stations (except PUN), LWP was found to decrease as AOD increased. During monsoon,
LWP decreases with AOD at stations DSL, MND, SML, PTL, and MZR while it increases with
AOD at LDN, PUN, STR, and KPR. For the post‐monsoon season, at the stations DSL, MND,
and LDN, a negative relationship was observed between AOD and LWP while it was positive
at the stations PTL, MZR, PUN, STR, and KPR. The possible reason behind the reduction of
LWP during winter, pre‐monsoon, monsoon, and post‐monsoon seasons may be warming of
clouds due to the dust aerosols, absorbing incoming solar radiation thereby increasing
evaporation of cloud droplets leading to the reduction of LWP, i.e., the so‐called semi‐direct
effect [46].

Figure 7. Monthly mean composite plots of AOD and LWP at the selected stations in the Western Himalayan and Dec‐
can Plateau regions during 2000–2010.

Statistical analysis shows that during 2000–2010, about 45 and 11% of the correlation coeffi‐
cients at the selected stations were significant at 95 and 90%, respectively. During winter, about
56% of the correlation coefficients at the selected stations were consistent with the existing
hypothesis (i.e., the negative relationship between AOD and LWP). At the majority of the
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stations, during pre‐monsoon, negative correlations between AOD and LWP were found to be
prevalent for about 89% of the cases, out of which 13% were significant at 95% level. In
monsoon, about 56% of the correlation coefficients showed an inverse relationship between
AOD and CER; of these about 40% correlation coefficients were significant at 95% confidence
level. In all, about 67% of correlation coefficients displayed inconsistency with the Twomey
effect and about 33% of the correlation coefficients showed consistency with Twomey effect
out of which about 33% of the correlation coefficients were significant at 90% level.

4.4.4. Correlation between AOD and water vapor

Atmospheric water vapor content is an important component of the global climate system and
plays an important role in the radiation balance of the earth–atmosphere system [47]. It is the
basic and crucial component for the cloud formation. Investigation of the possible changes in
column water vapor in association with aerosols may be of considerable importance to give
insight into the aerosol impact and speed of hydrological cycle [10]. MODIS retrievals provide
column water vapor (CWV) in the clear sky and cloudy or above clouds individually. In the
present study, we have used CWV above cloud data retrieved from Terra for the period of
2000–2010. The correlation coefficients were determined at each station situated in both
Western Himalayan and Deccan Plateau regions during the period 2000–2010. Analysis
(shown in Table 2) reveals that at higher latitudes, AOD, and WV have strong positive
correlation than at lower latitudes. Strong positive correlations were found over DSL (0.74),
MND (0.75), SML (0.74), LDN (0.66), PTL (0.71), and MZR (0.67), whereas relatively low
correlation was observed over PUN (0.37), STR (0.37), and KPR (0.38).

Figure 8. Monthly mean the composite plot of AOD and WV at the selected stations in the Western Himalayan and
Deccan Plateau regions during 2000–2010.
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The seasonal correlations between AOD and WV (Table 3) reveal that AOD and WV have a
strong positive correlation (>0.6) over Western Himalayan region and moderate correlation
(0.4–0.6) exist at Deccan Plateau region during the pre‐monsoon, monsoon, and post‐monsoon
seasons. There was no significant correlation (<0.32) between AOD and WV during the winter
season at all the stations, since the dust aerosols were less common or even absent during
winter, consequently, less WV was observed.

Low AOD values in winter, a global feature, is attributed to the removal of aerosols due to
monsoon rains and decreased aerosol input due to a colder ground surface. Additionally, the
less hygroscopic growth of aerosols due to low WV content may lead to relatively lower AOD
values [48]. Also, the decrease in WV with AOD may be a consequence of the increased aerosol
loading, since more particles act as cloud condensation nuclei (CCN) followed by an increase
in cloud droplet number concentration. Moreover, hygroscopic particles uptake more moisture
and this altogether leads to a decrease in WV. It is interesting to note that at the stations PUN,
STR, and KPR an abrupt increase in LWP (see Section 4.4.3) was observed during JUN to AUG
leading to rapid increase in CER (see Section 4.4.2) and hence the COD. This also supports our
hypothesis that WV must have been utilized for the droplet formation thereby decreasing WV.
Statistical analysis reveals that at all the selected station's correlation coefficients between AOD
and WV during 2000–2010 showed positive AOD‐WV relationship, and all the correlation
coefficients were significant at 95% level. Seasonally, about 89% of the correlation coefficients
at the selected stations evidenced positive correlations in all the seasons. Out of these, about
66 and 16% of correlation coefficients are significant at 95 and 90% confidence level, respec‐
tively.

The relation between aerosol and WV has an implication for the radiative forcing both
through direct and indirect mechanisms [9]. EL‐Askary and Kafatos [49] have found that
aerosols cause a reduction in cloud droplet size and hence lead to suppression of the pre‐
cipitation. The direct effect results in radiation scattering due to an increase in aerosol par‐
ticle size, accompanied by the uptake of WV. The black cloud episode is comprised mainly
of anthropogenic pollutants acting as cloud condensation nuclei leading to the formation of
WV cover. The present analysis demonstrates the presence of high WV over locations
where high AOD is observed (Figure 8).

4.5. Estimation of aerosol indirect effect

The aerosol indirect effect has been estimated using Eq. (1) under fixed LWP as the constraint.
For this, magnitudes of LWP are divided into 14 different bins at an interval of 25 g/m2 viz. 1–
25, 25–50, 51–75, 76–100, 101–125, 126–150, 151–175, 176–200, 201–225, 225–250, 251–275, 276–
300, 301–325 and 326–350 g/m2 each. Aerosol indirect effects was estimated seasonally as well
as for the entire study period 2000–2010 at each category, and the results are shown in Figures 9
and 10, respectively. The two‐tailed t‐test has also been carried out for determination of the
significance of aerosol indirect effect at 90 and 95% confidence levels which are indicated by
gray color solid bar and black color solid bar in these figures, respectively.
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Figure 9. Aerosol indirect effect (AIE) in different LWP bins at different aerosol loading groups H, M, and L during
2000–2010. The range of bin number against LWP is as follows: (1) 1–25; (2) 26–50; (3) 51–75; (4) 76–100; (5) 101–125; (6)
126–150; (7) 151–175; (8) 176–200; (9) 201–225; (10) 226–250; (11) 251–275; (12) 276–300; (13) 301–325 and (14) 326–350
gm‐2. (Blue color bars represent AIE significant at 95% of confidence level, Red color bars represent IE significant at
90% of confidence level and rest are less significant).

Figure 9 illustrates the AIE for different LWP bins at each category during 2000–2010. It also
reveals that during 2000–2010, the average values of AIE at each category (CAT‐H, CAT‐M,
and CAT‐L) were ‐0.04 ± 0.14, 0.01 ± 0.07, and 0.10 ± 0.48, respectively. About 71% of LWP bins
predicted negative AIE at CAT‐H, out of which 20% of the LWP bins were found to be
statistically significant at 95% level. At CAT‐M, about 57% of LWP bins exhibited negative AIE
out of which about 38% of the LWP bins were significant at 95% level. AIE at CAT‐L was
observed to be less prominent as compared to other two categories. About 57% of LWP bins
at CAT‐L depicted negative AIE out of which 25 and 13% of LWP bins were significant at the
level of 95 and 90%, respectively.

Figure 10. Same as in Figure 9, but for seasonal AIE. (Upper panel represents AIE for CAT‐H, middle panel shows AIE
for CAT‐M and lower panel indicates CAT‐L.) (Blue color bars represent AIE significant at 95% of confidence level, Red
color bars represent IE significant at 90% of confidence level and rest are less significant).
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Station Winter Pre‐monsoon Monsoon Post‐monsoon

DSL −0.008 (60%) 0.141 (54.55%) 0.049 (53.85%) −0.067 (63.64%)

MND −0.143 (100%) 0.156 (85.71%) 0.118 (75%) −0.068 (75%)

MSL −0.045 (71.43%) 0.030 (77.77%) 0.043 (75%) −0.146 (83.33%)

LDN 0.15 (80%) 0.13 (100%) −0.023 (75%) 0.07 (80%)

PTL −0.11 (100%) 0.09 (100%) 0.05 (55.55%) −0.09 (50%)

MZR 0.10 (60%) 0.23 (83.33%) 0.04 (62.5%) −0.04 (66.66%)

PUN −0.121 (100%) −0.091 (60%) 0.003 (55.56%) 0.024 (50%)

STR −0.057 (72.72%) −0.013 (50%) −0.057 (63.63%) −0.008 (75%)

KPR 0.038 (60%) 0.106 (83.83%) −0.250 (60%) −0.058 (85.71%)

Percentage of cases of positive/negative AIE are given in parenthesis.

Table 4. The seasonal average value of AIE for fixed LWP during 2000–2010.

Seasonal AIE at each category was estimated and is presented in Figure 10 which shows that
during winter, LWP bins at all the three categories demonstrated prominent anti‐Twomey
(negative AIE) effect, out of which 25, 80, and 50% of the LWP bins were significant at 95%
level for CAT‐H, CAT‐M, and CAT‐L, respectively. In pre‐monsoon, LWP bins showed positive
AIE at CAT‐H (86%), and CAT‐M (60%) while at CAT‐L about 71% of LWP bins elucidated
negative AIE. At CAT‐H, CAT‐M, and CAT‐L, in monsoon, the percentage of LWP showing
positive AIE were found to be about 60, 75, and 58%, respectively. In post‐monsoon, about 71,
70, and 63% of LWP bins showed negative AIE for CAT‐H, CAT‐M, and CAT‐L, respectively.
Seasonal means of AIE for fixed LWP at each station were also estimated for the period of 2000–
2010, and the results are given in Table 4. It reveals that majority of the stations showed the
occurrence of negative AIEs during winter (about 67%) and post‐monsoon (about 78%),
respectively. However, on an average 78 and 67% of the stations revealed the occurrence of
positive AIEs in pre‐monsoon and monsoon seasons, respectively.

The estimation of AIE at each category and at each station indicates that the sign of AIEs
changes with space and time (season). The main reason behind this positive or negative nature
of the AIE could be linked with changes in circulation pattern and associated long‐range
transport of air masses containing different types of aerosols from the different sources [16].
For example, the mixing state of the black carbon, i.e., whether it is located in the interstitial
aerosol, or included within the cloud droplets, can influence the resulting cloud droplet
population and optical properties and the black carbon aerosol can change sign of the radiative
forcing from negative to positive [6]. Additionally, dust plume existing under the cloud can
influence the direct, indirect, and semi‐direct effect [50]. However, there are several other
factors along with meteorological conditions that could contribute to the observed changes in
indirect effect [51].
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5. Conclusions

MODIS satellite retrievals were used to investigate the spatiotemporal variations of MODIS
retrieved aerosol and cloud products over Western Himalayan and Deccan Plateau regions.
The data were also employed to study aerosol–cloud interaction and to quantify AIE over
these regions for fixed LWP bins. The major conclusions of the present study are as fol‐
lows:

• The analysis of MODIS retrieved aerosol and cloud products, the interrelation between
cloud between aerosol parameters and the estimation of the AIE reveal that the aerosol–
cloud relationship as well as AIE changes magnitude and sign both with space and time
(season). The change in the atmospheric circulation patterns, in‐flux/out‐flux of different
types of aerosols and varying prevalent meteorological conditions may be the reason
behind this positive/negative aerosol indirect effect. Analysis of MODIS retrievals further
revealed that the aerosols can change microphysical properties of clouds. However, it is
evident that such changes are not determined by aerosols alone as there may be several
contributing factors.

• At all the stations, during 2000–2010, the sign of AE‐AOD correlation exhibited spatio‐
temporal variability. During winter, AE was positively correlated with AOD while during
monsoon the correlation was negative with 95% of significance level at all the stations. In
pre‐monsoon, the majority of the stations (78%) showed inverse AE‐AOD relationship, out
of which about 86% of the correlations were significant at 95% confidence level. The
changeover in the sign of AE‐AOD correlation may be attributed to the hygroscopic growth
of the aerosol particles producing a significant shift in aerosol size spectrum which in turn
can substantially influence the magnitude of the AE.

• Monthly variation of AOD and LWP for the study period and their seasonal correlation
analysis points out that the sign of correlation (negative/positive) changes from season to
season and place to place indicating spatiotemporal variability in these correlations.
Reduction in LWP with AOD during winter, pre‐monsoon, monsoon, and post‐monsoon
seasons may be attributed to the warming of the clouds due to the dust aerosols. Dust
aerosols absorb the incoming solar radiation resulting into increase in cloud layer
temperature, thereby enhancing evaporation of cloud droplets leading to the reduction of
LWP, i.e., the so‐called semi‐direct effect.

• Estimated values of AIE showed that the average values of AIE during 2000–2010, at each
category (CAT‐H, CAT‐M, and CAT‐L) were ‐0.04 ± 0.14, 0.01 ± 0.07, and 0.10 ± 0.48,
respectively. About 57–71% of LWP bins revealed negative AIE at each category. During
winter, prominent anti‐Twomey effect (with 25–80% of significance level) was observed in
all the three categories. In pre‐monsoon, 86% (at CAT‐H) and 60% (at CAT‐M) of LWP bins
showed positive AIE while about 71% (at CAT‐L) of LWP bins exhibited negative AIE
values.
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