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Abstract
The prevailing meteorological conditions that influence the advection and diffusion of the atmosphere govern the distribution of
atmospheric particles from its sources. The present study explores the spatiotemporal distribution of atmospheric aerosols over
the Indian subcontinent (5°–40° N, 65°–100° E) and its dependence on the prevailing meteorological conditions. Eleven years
(2002–2012) of Aerosol Optical Depth (AOD) obtained from the Moderate Resolution Imaging Spectroradiometer (MODIS)
along with meteorological parameters extracted from reanalysis data are analysed at monthly timescales. Wind speed, wind
divergence and planetary boundary layer height (PBLH) are studied as parameters for advection and diffusion of atmospheric
aerosols. The result shows higher aerosol loading during the monsoon season with increased spatial variability. Wind speed and
divergence correlate with AOD values both over land (R = 0.75) and ocean (R = 0.82) with increased aerosol loading at higher
wind speeds, which are converging in nature. Owing to the varied climatology of the Indian subcontinent, land and ocean areas
were classified into subregions. Analysis was carried out over these subregions to infer the influence ofmeteorological conditions
on aerosol loading. Results are indicative of a distinct characteristic in the prevailing meteorological conditions that influence the
distribution of certain aerosol types. Further, the PBLH was analysed as an indicator of atmospheric diffusion to infer its
importance in aerosol distribution. The results indicate that PBLH explains almost 30 to 90% of the total variance in AOD over
the subregions which is particularly evident during the winter and pre-monsoon seasons.
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Introduction

Aerosols are suspended solid or liquid particles in the Earth’s
atmosphere. Though short-lived, their presence is always felt
in the atmosphere due to numerous anthropogenic and natural
sources. Wind advects these particles from their sources ren-
dering a heterogeneous distribution over the globe. The com-
plex interaction of these atmospheric particles with solar radi-
ation has acknowledged their importance in radiation budget

and hence climate dynamics. Unlike the greenhouse gases,
aerosols cause a reduction in solar radiation reaching the
Earth’s surface through a variety of complex radiative and
microphysical processes (Schwartz 1996; Ramanathan et al.
1990; Guleria and Kuniyal 2013; Guleria and Kuniyal 2016).
Depending on their size, they may absorb and/or scatter
longwave and shortwave radiations (Chylek and Coakley
1974; Penner et al. 2001). As cloud condensation nuclei, they
also influence cloud lifetime and cloud microphysics such as
quantity, phase and size (Twomey 1977; Seinfeld and Pandis
2006; Li et al. 2017). These interactions suppress precipitation
and tend to spin down the hydrologic cycle (Ramanathan et al.
1990). Besides these atmospheric interactions, aerosols are
also associated with adverse impact on human health (Hoek
et al. 2002; Pope et al. 2004; WHO 2013; Fuzzi et al. 2015)
and agriculture (Ainsworth and Long 2004).

The Indian summer monsoon (June–September) which can
be perceived as a gigantic convection system produced by
differential seasonal heating of the continental and the sur-
rounding oceanic areas contributes about 80% of the average
annual rainfall in India. With a profound influence of aerosols
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even on this large-scale circulation (Wang 2004; Ramanathan
et al. 2005; Lau et al. 2008), it is important to understand the
spatiotemporal distribution of atmospheric aerosols. Remote
sensing of aerosols using satellite and ground-based sensors
perceived the spatial and temporal distribution of aerosols
over the globe. Being the second most populated country
and a host of varied geographic features, India experiences
differential aerosol loading from numerous natural and anthro-
pogenic sources. In general, northern India (20°–30° N) is
subjected to heavier aerosol loading when compared to south-
ern India. The Indo-Gangetic Plains (IGP) in northern India is
the major hotspot of aerosol loading (Washington et al. 2003;
Dey 2004; Gautam et al. 2009a, b). Dust aerosols transported
from the Thar Desert in western India and eastern Pakistan
mixed with regional anthropogenic aerosols are the major
contributors to IGP aerosol loading (Pease et al. 1998;
Prospero 2002; Singh et al. 2004). Spatial gradients in aerosol
loading are also observed with the difference in topography
such as near the foothills of Himalayas (Gautam et al. 2009a,
b). The Indian Ocean bordered by the densely populated
Indian mainland is a good example of aerosol transportation
from polluted continental areas to relatively cleaner ocean
areas. The Arabian Sea in the west and the Bay of Bengal to
the east show varied aerosol distribution depending on pre-
vailing meteorology and proximity to sources (Rajeev et al.
2000; Kalapureddy et al. 2009; Kaskaoutis et al. 2009, 2010;
Badarinath et al. 2010).

The spatial and temporal distribution of aerosols strongly
depends on the distribution of sources/sinks and how these
interact with transport. Aerosol transportation and its distribu-
tion are also governed by the prevailing meteorological con-
ditions (Zhao et al. 2010). Meteorological parameters such as
wind speed and direction, temperature, relative humidity and
precipitation determine the extent of vertical redistribution and
long-range transport of atmospheric particles. Thus, depend-
ing on these parameters, aerosols may accumulate or disperse
in a region (Cheng et al. 2007). Many studies have been car-
ried out to understand the influence of weather conditions on
the distribution of particles in the atmosphere (Tanner and
Law 2002; Ding et al. 2004; Zheng et al. 2015; Kaskaoutis
et al. 2017). Moorthy and Satheesh (2000) explored the influ-
ence of wind speed on daily AOD at Minicoy in the Arabian
Sea and found an exponentially increasing relationship.
Though this remote island is influenced by continental aero-
sols during certain months, the exponential relation is mainly
attributed to higher wind speeds contributing to marine aero-
sol production.

Using reanalysis wind data and MODIS aerosol product,
Aloysius et al. (2008) showed that wind convergence over the
Ganga basin is the major factor causing heavy aerosol con-
centration. Further, they used the flux-continuity equation to
estimate the transported aerosols and then the aerosols source/
sink strength over the Ganga basin. Not only the advection of

aerosols by wind and its redistribution based on convergence
but also the diffusion of these particles during their residence
in the atmosphere is an important parameter. The meteorolog-
ical conditions that are unfavourable for diffusion causing air
pollution in an urban environment were presented by Ziomas
et al. (1995). Wang et al. (2016) investigated the influence of
atmospheric diffusion conditions on air quality in China.
Daily PBLH, surface wind speed and precipitation were used
as indicators for air stagnation, describing the atmospheric
diffusion capability. Their results showed that favourable at-
mospheric diffusion conditions contributed to approximately
40% of the total decreased concentrations during winter.

The aforementioned literature (Ziomas et al. 1995;
Moorthy and Satheesh 2000; Rajeev et al. 2000; Tanner and
Law 2002; Ding et al. 2004; Cheng et al. 2007; Aloysius et al.
2008; Zhao et al. 2010; Zheng et al. 2015; Wang et al. 2016)
suggests the importance of prevailing meteorological param-
eters in regulating the transport of atmospheric particles. This
provides knowledge in improving the prediction of aerosol
concentration over the globe. For a developing economy like
India, anthropogenic aerosol sources are rising owing to ur-
banisation and industrialisation. This necessitates the under-
standing of spatial redistribution of aerosols from their
sources. Various literature (Moorthy and Satheesh 2000;
Aloysius et al. 2008; Chitranshi et al. 2015) have studied the
influence of meteorological parameters such as wind speed,
direction and divergence on aerosol distribution over the
Indian subcontinent. But these parameters are indicative of
atmospheric advection, whereas the diffusion of atmospheric
particles is also an important factor (Ziomas et al. 1995; Quan
et al. 2013; Wang et al. 2016). The present study tries to
investigate the influence ofmeteorological parameters indicat-
ing both advection (wind speed and divergence) and diffusion
(PBLH) on spatiotemporal distribution of aerosols over the
Indian subcontinent and the adjacent Indian Ocean.

Meteorological parameters such as wind speed, divergence
and PBLH from reanalysis data are studied for their possible
influence on AOD obtained from MODIS data. The
BIntroduction^ section provides an overview of the various
literature. The BData and methodology^ section describes
the data and methodology used in this study. In the BResults
and discussion^ section, the spatiotemporal climatology of
aerosols and the meteorological parameters are discussed.
The variation of AOD with meteorological parameters over
different regions of the study area is also discussed in this
section followed by the implications of the results and a sum-
mary of major conclusions in the BConclusions^ section.

Data and methodology

The data used and the methodology adopted for the study are
described in this section. The study considers the region
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between 5° N to 40° N and 65° E to 100° E bounding the
Indian mainland and adjacent oceans for 11 years from 2002
to 2012.

Aerosol data

Though point measurements provide a refined view of aerosol
characteristics on a local scale, they are not necessarily repre-
sentative of regional concentration. In this regard, satellites
were established to be a decent tool to understand the broad
spatiotemporal properties of aerosols and their accompanying
effects from global to local scales (Misra et al. 2015). Terra
and Aqua satellites on-board the Moderate Resolution
Imaging Spectroradiometer provide global observations of
AOD (Levy et al. 2010; Hsu et al. 2013). These observations
provide daily insight into the global distribution of aerosol
columnar content. MODIS AOD products have been exten-
sively validated by numerous researchers (Tripathi et al. 2005;
Choudhry et al. 2012; Sayer et al. 2013; Misra et al. 2015).
Monthly average AOD (550 nm) from Collection 6.1, level 3
AOD products (1° × 1°) derived from Terra’s MODIS mea-
surements, is used in this study (Platnick et al. 2017). To
ascertain the contribution of different aerosol types, the reanal-
ysis dataset from the Modern-Era Retrospective analysis for
Research and Applications, version 2 (MERRA 2; Gelaro
et al. 2017) have been used. The AOD at 550 nm from dust
(DU), sea salt (SS), black carbon (BC), organic carbon (OC)
and sulphate (SU) aerosols are derived from themonthlymean
aerosol diagnostics dataset (GMOA 2015b).

Meteorological data

The corresponding meteorological analyses implemented in
this paper are based on the results of meteorological reanalysis
products provided by the National Centre for Environmental
Prediction (NCEP, Reanalysis 2), https://www.esrl.noaa.gov/
psd/data/gridded/data.ncep.reanalysis2.pressure.html). For a
complete understanding, we consider both the upper-air and
surface circulation patterns. Wind field at various vertical
levels was extracted from the NCEP Reanalysis data set on a
2.5° × 2.5° latitude/longitude grid on a monthly basis. As the
PBLH has strong diurnal variation, its value during the time of
passage of Terra over the Indian subcontinent was extracted at
a spatial resolution of 1° × 1° from the MERRA 2 dataset
(GMOA 2015a). Since the wind fields were available at 2.5°
resolution, the present study was done at 2.5° × 2.5° with all
data resampled to this resolution.

Methodology

The present study first focusses on the spatiotemporal distri-
bution of 550 nm AOD and then analyses various meteoro-
logical parameters to investigate their possible influence. As

evident from the literature, the atmospheric transportation and
the distribution of aerosols are governed by advection and
diffusion. Thus, wind speed and divergence are used as indi-
cators for advection, whereas the PBLH is used as an indicator
of atmospheric stability and hence atmospheric diffusion.
Eleven years (2002–2012) of aerosol climatology during the
winter (January–February), pre-monsoon (March–May),
monsoon (June–September) and post-monsoon (October–
December) season is presented in this paper. Spatial plots of
mean seasonal AODwas derived frommonthly AOD over the
Indian subcontinent bounded between 40° and 5° north lati-
tudes and 65° and 100° east latitudes. The mean seasonal
AOD for each grid was derived from the AOD for a month
m in the year y(AODm, y) in a given season for that particular
grid as:

AODseason ¼
∑
n

m¼1
AODm;y

n
ð1Þ

where n is the total number of months ofMODIS data during a
given season over all the 11 years of data. Pixels with missing
data values during the period were left as no data pixels. As
the land areas inhibited higher aerosol loading in comparison
to the oceanic areas, all the proceeding analyses were carried
out separately over the land and ocean. Temporal variation of
AOD was plotted from the spatially averaged AOD

AODmonth

� �
for each month over the land and ocean separate-

ly as:

AODmonth

� �
¼ ∑AOD

n
ð2Þ

where AOD is the AOD value at each pixel with data value
and n is the total number of pixels with data value over the
land or ocean in that particular month. Each pixel was classi-
fied as land if 50% or more area of the pixel corresponded to

land or else as the ocean. Temporal variations of AODmonth for
over 132 months starting from January 2002 are presented in
this study. To study the monthly spatial variation of AOD,
standard deviations were also plotted along with eachmonthly
values. This represents the spatial variations of AOD during
each month.

Meteorological parameters derived from reanalysis data
were then analysed.Monthly values of zonal (u) andmeridional
(v) wind components were extracted at different vertical levels
and the resultant wind speeds were calculated for every 2.5° ×
2.5° pixel. To account for the inflow and outflow of air masses,
the wind divergence was also studied. The wind divergence
was computed from the horizontal wind components as
described by McNoldy (2004) using the formula

Divergence ¼ ∂u
r cosφ∂λ

þ ∂ v cosφð Þ
r cosφ∂φ

ð3Þ
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where φ and λ are latitude and longitude and r is the Earth’s
radius. Similar to the wind speed, the wind divergence was also
computed at different vertical levels at the same spatial resolu-
tion. As the horizontal length scale of each grid (≈ 277 km) is
much larger than the vertical perturbations over the land (≈
10 km), this equation is applied both over the land and ocean.
Temporal variation of these meteorological parameters and
their correlation with AOD was then investigated.

The Indian subcontinent being a host of varied climatology
is further divided into subregions for further analysis. The
whole Indian region is thus subdivided into seven subregions.
The division is in accordance with Ramachandran and
Cherian (2008) where he classified the region according to
its geographic location. The locations and their bounds are
shown in Fig. 1. Correlation analysis was then carried out over
each subregion between AOD and each of the meteorological
parameters. For the correlation analysis, only those grids
where collocated values were available for each parameter
were considered. These values of wind speed, divergence
and PBLH were then sorted as a function of AOD and aver-
aged to create a total of 50 scatter points. These values were
then used for multiple regression analysis to ascertain their
contribution to aerosol loading.

As the Indian subcontinent hosts a variety of aerosol types,
AOD values for sea salt aerosol (SS), dust aerosol (DU), or-
ganic carbon aerosol (OC), black carbon aerosol (BC) and
sulphate aerosol (SU) were derived from the MERRA-2
dataset to analyse the contribution of different aerosol types

to the total AOD. The total AOD (AODTotal) values could
roughly be fitted using the equation

AODTotal ¼ DUþ BCþ OCþ SSþ SU ð4Þ

Thus, the contribution of each aerosol type (AODs) can be
calculated as

AODcontribution ¼ AODs

AODTotal
ð5Þ

The contribution of each aerosol type in difference meteo-
rological conditions is analysed. In addition to this, propor-
tional reduction in error (PRE; Judd et al. 2009) was also
calculated from the residuals of regression analysis.

PRE ¼ ∑E Bð Þ2−∑E Að Þ2
∑E Bð Þ2 ð6Þ

where E(B) is the residual in a model excluding PBLH and
E(A) is the residual in a model involving all the three param-
eters. The PRE helps to identify the contribution of PBLH in
defining the variations in AOD.

Multiple trajectories at different locations over the land and
ocean were computed using the PC-Windows-based NOAA
HYSPLIT model (Stein et al. 2015; Rolph et al. 2017). The
locations over the land and ocean were selected based on the
aerosol loading and 4-day multiple backward trajectories were
computed at different vertical levels. As the Terra overpasses
the study region around 12:00, trajectories were calculated

Fig. 1 Location of different
subregions in the study area
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starting at every 12:00 for a year. The daily NCEP reanalysis
data with a resolution of 2.5° × 2.5° was used for this analysis.
Trajectory frequencywas then computed from these 365 back-
ward trajectories to investigate further how frequently the air
masses are drawn from a region. The frequencies are comput-
ed over an arbitrary grid over the computational domain by
counting the number of trajectory intersections over each grid
cell and normalising by the number of trajectories. Further,
trajectory clusters for the highest loaded month for these loca-
tions were also computed. Both the locations experienced
highest AOD loading duringMay 2011 and trajectories during
this month were clustered to show potential aerosol transport
pathways.

Results and discussion

Spatial distribution of AOD

Before investigating the link between aerosol concentra-
tion and prevailing meteorological conditions, it is neces-
sary to study its spatiotemporal distribution over the re-
gion. The spatial distribution of AOD highlighting the spa-
tial variability over the Indian subcontinent is presented in
Fig. 2. As mentioned in the literature (Washington et al.
2003; Dey 2004), the dominance of aerosols over northern
India especially the IGP is visible. Heavy aerosol loading
over the Thar Desert in western India and eastern Pakistan
is transported over northern India along the IGP and is
eventually spread over the Bay of Bengal in the eastern
Indian Ocean. Thus, a vivid picture of aerosol transporta-
tion from the arid regions is depicted. Similar to the obser-
vations by Gautam et al. (2009a, b), a significant reduction
in aerosol concentration in contrast to IGP is observed over
the foothills of the Himalayas and the Tibetan Plateau.
Such spatial gradients with topographical differences are
also visible over the Aravali, Eastern Ghats and the
Western Ghats mountain ranges. Apart from the IGP, cer-
tain regions of central India (19° N, 76° E) show high
aerosol loading when compared to the surrounding areas.
It is interesting to note that these regions are bounded by
the Western Ghats to the west and south, Satpura ranges to
the north and the Eastern Ghats to the east. Hindrance to
flow caused by the surrounding mountain ranges
transporting aerosols to higher altitudes near its foothills
could be a factor for increasing the aerosol loading.

The influence of continental aerosols on the adjacent
oceanic regions can be inferred as most of the heavier
aerosol concentrations are observed along the coast and
weaken as the distance from the land increases. Over the
Bay of Bengal, aerosol loading along the east coast can be
seen as an extension of the IGP aerosol loading. Thus,
most of the aerosols are dust mixed with anthropogenic

aerosols from IGP (Guttikunda et al. 2003; Monkkonen
2004). Though not as heavy as the east coast, the west
coast shows wider aerosol loading over the Arabian Sea.
Apart from the continental sources, the oceanic regions are
also influenced by marine traffic (Nair et al. 2008). The
Indian coastline spanning over 7500 km houses 12 major
and 200 minor ports. These ports handle about 95% of
India’s trading by volume and 68% by value (Ministry of
Shipping 2016). Ship-borne measurements from the
Integrated Campaign for Aerosol, Gases and Radiation
Budget (ICARB) reported a significant increase in aerosol
abundance from heavy shipping in the oceanic region (Nair
et al. 2008). Anthropogenic aerosol loading over the ad-
joining ocean region in the west coast of India was also
shown by Srivastava et al. (2016). Thus, marine traffic
along with continental aerosols is responsible for aerosol
loading over the oceanic regions. Though a general picture
of the seasonal climatological mean of AOD is depicted in
Fig. 2, there also exists annual variations in spatial distri-
butions. The dependence of such distributions on the cli-
matological conditions is discussed in BMeteorological
characteristics over regions of high and low AOD^
Section.

Owing to increased aerosol sources of natural and anthro-
pogenic origin, land areas are heavily loaded in comparison to
the surrounding ocean. Not only the distribution of sources but
also the variety topography influences the aerosol distribution
over land, whereas such influences are absent over the ocean.
The results indicate that average AOD values over land (0.40)
are almost 30% more than those over the ocean (0.30) for the
11 years under consideration.

Temporal distribution of AOD

Apart from the spatial variability, there also exists a tem-
poral variation in AOD. The spatial averages over land and
oceanic regions were calculated for each month. This en-
ables to study the temporal changes in average aerosol
concentrations. The monthly variation in the average daily
AOD over land and ocean along with the standard devia-
tion is given in Fig. 3. Both land and ocean show a strong
seasonal variation of AOD with increased aerosol loading
during the monsoon months of June, July and August.
Standard deviations about the monthly spatial means are
also plotted to show its spatial variation. It can be observed
that there is not only an increase in average AOD but also
an increase in the spatial variability among the pixels dur-
ing the monsoon season. This suggests that the increased
aerosol loading during the monsoon season is concentrated
in particular locations. The AOD over the oceanic areas is
substantially lower than those over land areas. Moreover,
the oceanic areas also experience less spatial variability as
shown by the standard deviation bars.
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Meteorological characteristics

Given the spatiotemporal distribution of AOD, knowledge
about the variations in meteorological characteristics is re-
quired to link their relationship. Thus, the monthly variation
in the meteorological parameters such as wind speed and di-
vergence are presented in this section.

Wind speed

Due to the vertical gradient of horizontal wind speed in the
atmosphere, the wind speeds at different vertical levels have
been studied. The temporal distribution of the average wind
speed at different vertical levels over land is shown in Fig. 4a.
Though the wind speed increases with altitude, there is a sim-
ilar seasonal pattern up to 850 hPa with higher wind speeds
during the monsoon season similar to the AOD distribution. It
is also observed that during the monsoon season, the differ-
ence in wind speeds at the different levels increases compared
to that in other months similar to the variation in the standard
deviation of AOD. Thus, the monsoon season witnesses stron-
ger wind speeds with distinct vertical gradients. The wind
speed over the ocean is relatively higher compared to that over
land but shows a similar seasonal variation (Fig. 4b). This is
due to the lesser surface roughness over the oceanic areas.

Unlike land, the ocean shows similar patterns in wind speed
even up to 700 hPa.

Divergence

Wind divergence is indicative of the accumulation or disper-
sion of atmospheric particles in a region. Temporal distribu-
tion of wind divergence at different vertical levels is shown in
Fig. 5. Over the land (Fig. 5a), divergence during the winter
season decreases towards the summer and eventually becomes
convergence (negative divergence) during the monsoon sea-
son. Similar to wind speed, the divergence over the land up to
a height of 850 hPa shows similar patterns. Unlike land, the
ocean experiences increasing divergence during the monsoon
season (Fig. 5b). Overall, the wind speed and divergence over
the land and ocean are characterised with seasonal variations
with the monsoon season witnessing higher wind speeds with
converging air masses over the land and diverging air masses
over the ocean.

Variation of AOD with meteorological parameters

Having said that both AOD and meteorological parameters
such as wind speed and divergence exhibit seasonal variation,
their correlation was investigated. Figure 6a shows the month-
ly variation in AOD along with wind speed over the land.
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Wind speed and AODs show similar temporal variation with
higher values during the monsoon season. Thus, AOD values
over land increase with an increase in wind speed. The varia-
tion of AOD along with wind divergence is shown in Fig. 6b.
The monsoon season with higher AOD values is characterised
by negative wind divergence. A multiple regression analysis
of wind speed and divergence with AOD using the 11 years of
monthly data (132 data points) shows a good correlation as
indicated by the correlation coefficient (R). The correlation
varies at different vertical levels with a maximum of 0.75 at
850 hPa.

Over the ocean, a more vivid relationship is observable.
AOD and wind speed (850 hPa) exhibit a higher correlation
(R = 0.82), whereas a clear divergence can be seen during the
monsoon season (Fig. 7). This increased correlation is due to
the relatively pristine ocean areas which are loaded mostly by
transported continental aerosols in comparison to the numer-
ous aerosol sources over the land.

Both land and ocean show an increasing correlation of
wind speed and AOD at higher vertical levels with a maxi-
mum occurring at 850 hPa. This expresses the importance of
wind direction and air mass trajectories with different areal
influence. This was further investigated by running multiple
backward trajectories at different vertical levels. Previous
studies have also used trajectory analysis to infer the sources
and locations of aerosols (Nair et al. 2008; Giles et al. 2011;
Kedia et al. 2014). The frequency of backward trajectories at

near surface (1000 hPa) andmid-tropospheric (850 hPa) levels
over the land and ocean was plotted (Fig. 8a–d). The locations
for computing trajectories were decided from among regions
of heavy aerosol loading. Thus, over the land, a location at
IGP (26° N, 83° E) and, over the ocean, a location near east
coast (20° N, 88° E) were selected as shown in Fig. 8. Though
both near surface (Fig. 8a) and mid-tropospheric (Fig. 8b)
trajectories show similar frequencies over IGP, the 850 hPa
trajectories are more frequently driven from the arid regions
such as the Thar Desert. Thus, the 850 hPa trajectories not
only accounts for surface aerosol movement but also for the
elevated mid-tropospheric aerosols from farther areas. Over
the ocean, there is more frequency of winds blowing from
the adjacent land areas at 850 hPa when compared to
1000 hPa (Fig. 8c–d). To further validate the importance of
mid-tropospheric wind, multiple backward trajectories at
these locations were carried out for the month with the highest
aerosol loading. Both the locations experienced highest AOD
during May of 2011. Daily backward trajectories during this
month were clustered and the results are presented in Fig. 9. It
is evident that the trajectories at 850 hPa are driven from the
arid regions bringing in dust aerosols and resulting in heavier
aerosol loading. Over the ocean, the backward trajectories at
1000 hPa are confined over the ocean, whereas the 850 hPa
are driven over the land surface. Thus, an increase in correla-
tion with altitude can be inferred as the trajectories extending
to land masses contributing to most of the oceanic aerosols.
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divergence at 850 hPa over the land from 2002 to 2012
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Meteorological characteristics over regions of high
and low AOD

Apart from the seasonality in overall aerosol loading, there is
also evidence of large spatial variability as seen in previous
sections. This suggests that the increased aerosol loading over
the Indian subcontinent is concentrated to particular locations
within the region. Thus, aerosol concentrations were analysed
to understand its dependence on meteorological conditions.
For this purpose, the land and oceanic regions were classified
into subregions, and the variation of meteorological parame-
ters with AOD was analysed. As the literature suggests the
importance of atmospheric diffusion in aerosol redistribution,
PBLH has also been studied as an indicator of atmospheric
stability. Thus, wind speed, divergence and PBLH were
analysed as an indicative parameter for atmospheric advection
and diffusion.

The figures showing the seasonal variation of wind speed,
divergence and PBLH with AOD over the subregions are
provided as supplementary files. The trends of each parameter

along with the P value is summarised in Tables 1, 2, and 3.
The northwest subregion has been omitted due to a large
amount of missing data. The parameters exhibit distinct pat-
terns not only over different subregions but also over the same
subregion during different seasons. For example, the wind
speed over the south subregion shows a decreasing trend with
increasing AOD during the winter, whereas the monsoon wit-
nesses increasing wind speed with AOD. Thus, winter season
over the south subregion is characterised by heavier aerosol
loading over regions of lower wind speed, whereas regions
with high wind speed experience heavier aerosol loading dur-
ing monsoon. This is because the Indian subcontinent hosts
different aerosol types with each aerosol type having different
climatology.

The AOD over the subregions experience varying contri-
butions from each aerosol type during the seasons. The con-
tribution of each aerosol type towards the total AOD over the
subregions during different seasons is shown in Table 4. The
south subregion during the winter season is characterised by
significantly decreasing PBLH, significantly increasing

Fig. 8 Trajectory frequency for
2013 over the land and ocean at
different vertical levels
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divergence and significantly decreasing wind speed with in-
creasing aerosol loading. Thus, the south subregion during the
winter experiences heavier aerosol loading in locations with
lower PBLH and low wind speed which is diverging.
However, it should be noted that the winter season has larger
contribution from SU, BC and OC aerosols (84%) and less
contribution from DU and SS aerosols (16%). AOD variation
during the pre-monsoon is characterised by decreasing PBLH
but is not significant as in winter. The wind divergence is
increasing and is coupled with an increasing wind speed.
The contribution of DU and SS aerosols (38%) during this

season is increased drastically along with a decrease in SU,
BC and OC aerosols (62%). The variation of PBLH complete-
ly reverses with a significantly increasing trend with AOD
during the monsoon season. Though the wind divergence dur-
ing the monsoon is increasing as in the previous seasons, the
wind speeds are significantly increasing with AOD. The con-
tribution of DU and SS aerosols during this season is in-
creased to 47% of the total AOD. Thus, there exists a pattern
wherein lower PBLH and low wind speeds aid SU, BC and
OC aerosols and higher PBLH and increased wind speeds aids
DU and SS aerosols. This pattern can also be seen during the

Fig. 9 Trajectory cluster for May 2011 over the land and ocean at different vertical levels
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post-monsoon season. Though not significant, the PBLH and
wind speeds experience decreasing trends with AOD and are
characterised by lower contribution by DU and SS aerosols
(12%) and larger contribution from SU, BC and OC aerosols
(88%).

The west subregion during the winter season is
characterised by increasing PBLH, insignificant but increas-
ing divergence and significantly increasing wind speed with
increasing aerosol loading. This is similar to the conditions
over the south during the monsoon season and exhibits similar
contributions of aerosol types. With increasing PBLH and
higher wind speeds, the DU and SS aerosols contribute about
35% of the total AOD. The increase in PBLH and wind speed
becomes significant during the pre-monsoon season and re-
sults in an increased contribution from DU and SS aerosols
(72%). Though the wind speed continues to be significantly
increasing, the PBLH and wind divergence show a decreasing
trend during the monsoon season. As a result, the contribution
of DU and SS aerosols (63%) can be seen to deteriorate. As
the post-monsoon season approaches, the wind speeds be-
come insignificant with significantly decreasing PBLH. As a
result, the season witnesses decreased contribution from DU
and SS aerosols (24%) when compared to the previous sea-
sons. The results contribute more validity to the dependence
of aerosol types on meteorological condition wherein lower

PBLH and low wind speed aid SU, BC and OC aerosols and
higher PBLH and increased wind speed aid DU and SS
aerosols.

Similar patterns can also be observed over the north
subregion. The winter season is characterised by decreas-
ing PBLH, significantly increasing convergence and insig-
nificantly varying wind speed with increasing aerosol load-
ing. With decreasing PBLH and converging wind, the DU
and SS aerosol contributions are low (23%) compared to
other seasons. The PBLH and wind speed during the pre-
monsoon season becomes significantly increasing with
AOD, and as expected, the contributions of DU and SS
aerosols are drastically increased (59%). The PBLH con-
tinues to be significantly increasing during the monsoon
season but the wind speed though increasing becomes in-
significant. This is reflected as a decrease in DU and SS
aerosol contribution (46%). As the post-monsoon ap-
proaches, the PBLH becomes decreasing with decreased
contribution from DU and SS aerosols (18%). Similar pat-
terns can be observed over the central, east and north-east
regions. Thus, in general, over the land, higher PBLH and
higher wind speed support DU and SS aerosols, whereas
lower PBLH and low wind speed support SU, BC and OC
aerosols. This may be because increased wind speed and
higher PBLH results in increased surface wind stress and

Table 1 Trends in wind speed
over the subregions during each
season

Region Winter Pre-monsoon Monsoon Post-monsoon

Trend P value Trend P value Trend P value Trend P value

S − 3.25 0.01 0.78 0.17 4.81 0.01 − 3.44 0.01

W 0.25 0.82 6.33 0.01 3.38 0.01 0.46 0.41

N 0.27 0.63 3.26 0.01 0.86 0.03 1.44 0.01

C − 1.83 0.12 − 1.28 0.22 2.93 0.01 − 0.30 0.68

E 0.04 0.95 − 1.54 0.01 − 0.80 0.10 2.11 0.01

NE − 0.14 0.79 − 2.17 0.01 0.78 0.20 − 1.37 0.06

AS − 0.57 0.43 − 0.77 0.08 3.14 0.05 − 3.78 0.01

BoB 0.34 0.76 0.95 0.20 2.75 0.06 − 1.14 0.28

Table 2 Trends in wind
divergence over the subregions
during each season

Region Winter Pre-monsoon Monsoon Post-monsoon

Trend P value Trend P value Trend P value Trend P value

S 8.80 0.01 4.41 0.01 2.24 0.23 0.83 0.72

W 7.97 0.21 7.02 0.10 − 6.51 0.01 3.97 0.12

N − 14.3 0.01 − 6.00 0.08 − 4.65 0.01 − 8.34 0.01

C − 23.9 0.01 − 3.26 0.33 − 4.68 0.09 − 22.10 0.01

E − 8.83 0.01 0.15 0.95 − 13.40 0.01 − 6.37 0.01

NE − 4.13 0.45 − 4.98 0.01 − 1.81 0.31 − 27.02 0.01

AS 21.15 0.01 8.50 0.01 − 24.31 0.01 3.32 0.27

BoB 22.23 0.01 0.34 0.81 − 20.63 0.01 33.76 0.01
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an unstable atmosphere with increased turbulence in turn
supporting DU and SS aerosol production.

The oceanic regions show a different character. Both the
AS and BoB are characterised by significantly decreasing
PBLH with increasing AOD during the winter and pre-
monsoon seasons. Thus, the increased aerosols concentrate
over relatively stable atmospheric regions over the ocean.
The contribution of SS aerosols (approx. 20%) remains low,
whereas the continental aerosols have a higher contribution to
the total AOD. These continental aerosols are mostly
transported from the adjacent land areas and concentrate over
stable oceanic regions with lower PBLH. As the monsoon
season approaches, the wind speeds start to increase causing
an increase in SS contribution both over the AS and BoB
(39% and 41%).

Both the land and oceanic regions depict the importance of
prevailing meteorological conditions in aerosol distribution. It
is evident that not only the advection but also the diffusion of
atmospheric particles is an important factor in aerosol distri-
bution as indicated by the influence of PBLH. Further, the
influence of atmospheric diffusion is quantified by evaluating
the PRE of a multiple linear regression model. The results are
tabulated in Table 5. The inclusion of PBLH in addition to
wind speed and divergence shows significant PRE in most of

the cases. This is visible during the winter and pre-monsoon
seasons. Higher temperature during the pre-monsoon season
results in an unstable atmosphere with more influence on
AOD. The PBLH during this season explains almost 30 to
90% of the variance in AOD over various regions. However,
the PRE during the monsoon and post-monsoon seasons are
lower and are due to the substantial reduction in the spatial
variation of PBLH during these seasons. Thus, the atmospher-
ic diffusion influences aerosol distribution especially during
the winter and pre-monsoon seasons.

Conclusions

In the present study, spatiotemporal distribution of AOD over
the Indian subcontinent and the surrounding Indian Ocean (5°
N to 40° N and 65° E to 100° E) was studied to understand the
possible influence of prevailing meteorological conditions.
Eleven years (2002–2012) of MODIS AOD data along with
wind speed, wind divergence and PBLH were investigated as
parameters for advection and diffusion of atmospheric parti-
cles. These parameters derived from reanalysis data sets along
with satellite-measured AOD values reveal distinctive charac-
teristics over the land and ocean. Further, the study pertains to

Table 3 Trends in PBLH over the
subregions during each season Region Winter Pre-monsoon Monsoon Post-monsoon

Trend P value Trend P value Trend P value Trend P value

S − 1747 0.01 − 536 0.25 145 0.53 − 273 0.24

W 1077 0.07 1379 0.01 − 587 0.01 − 1250 0.01

N − 599 0.03 2031 0.01 1179 0.01 − 123 0.40

C − 364 0.53 864 0.01 − 545 0.07 494 0.28

E − 1250 0.01 − 1607 0.01 419 0.03 − 392 0.01

NE − 535 0.03 564 0.01 81 0.55 − 794 0.01

AS − 791 0.01 − 714 0.01 − 58 0.07 − 356 0.01

BoB − 641 0.01 − 639 0.01 − 365 0.01 360 0.01

Table 4 Contribution of various aerosol types to the total AOD inferred from MERRA 2 data

Region Winter Pre-monsoon Monsoon Post-monsoon

BC DU OC SS SU BC DU OC SS SU BC DU OC SS SU BC DU OC SS SU

S 6 9 23 7 55 4 27 18 11 41 3 31 10 16 41 5 6 23 6 59

W 6 33 18 2 40 2 65 7 7 19 2 45 6 18 29 7 22 22 2 47

N 7 22 22 1 48 3 56 12 3 25 3 38 10 8 41 8 17 25 1 50

C 7 16 22 2 53 4 46 15 5 31 3 30 11 10 47 7 12 24 1 56

E 7 13 23 1 54 4 37 18 5 35 4 23 13 9 51 7 8 26 1 58

NE 7 12 28 1 52 4 28 28 5 35 5 21 17 9 49 7 8 29 1 55

AS 4 16 18 22 39 3 36 12 20 29 1 36 5 39 20 5 13 18 21 44

BoB 5 5 30 19 41 4 17 22 23 34 2 16 11 41 29 5 3 21 26 44
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the influence of meteorology in redistributing atmospheric
particles over the region. The main conclusions are
summarised as follows.

The distribution of aerosols shows large spatial variability
with heavier loading over the IGP. Dust aerosols from the arid
regions of Thar Desert are blown over northern India and are
eventually spread over the Bay of Bengal. Similar to the foot-
hills of the Himalayas and Tibetan Plateau, mountain ranges
such as the Aravali, Eastern Ghats and the Western Ghats also
exhibit spatial gradients with topographical differences. A re-
gion in central India bordered by mountain ranges on all four
sides shows heavier aerosol loading suggesting the possibility
of vertically advected aerosol layers due to surface hindrance
but requires further analysis.

Meteorological parameters such as wind speed and diver-
gence show seasonality with increased wind speed and con-
vergence during the monsoon season. Monthly wind speeds
and divergence correlate with AOD values both over the land
and ocean suggesting an increased aerosol loading at higher
wind speed which is converging to the region. However, there
is an increased correlation in wind speeds at higher altitude
with a maximum correlation at 850 hPa. The higher correla-
tion was further investigated with backward trajectories at
near surface (1000 hPa) andmid-tropospheric (850 hPa) levels
describing the importance of wind direction and areal influ-
ence of wind trajectories. Apart from the seasonality in AOD,
there is also evidence of increasing spatial variability suggest-
ing the accumulation of increased aerosols to particular loca-
tions within the region. The Indian subcontinent being a host
of varied climatology was further divided into subregions for
the analysis. Correlation analysis between AOD and the me-
teorological parameters was carried out over each subregion.
The results depict the influence of prevailing meteorological
conditions on distributing various aerosol types over the sub-
regions. In general, over the land, higher PBLH and higher
wind speed support DU and SS aerosols, whereas lower
PBLH and low wind speed support SU, BC and OC aerosols.

This may be because increased wind speed and higher PBLH
result in increased surface wind stress and an unstable atmo-
sphere with increased turbulence in turn supporting DU and
SS aerosol production. Over the ocean, the transported conti-
nental aerosols are concentrated over regions of stable atmo-
sphere as denoted by lower PBLH. Increasing wind speeds
over the ocean results in an increased SS aerosol concentration
over the region. Further, the influence of atmospheric diffu-
sion is quantified by evaluating the PRE of a multiple linear
regression model. The inclusion of PBLH in addition to wind
speed and divergence shows significant PRE in most of the
cases. This is particularly evident during the winter and pre-
monsoon seasons where the PBLH explains almost 30 to 90%
of the total variance in AOD over the subregions.
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