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Abstract: Emissions of atmospheric pollutants are rapidly increasing over South Asia. A greater
understanding of seasonal variability in aerosol concentrations over South Asia is a scientific challenge
and has consequences due to a lack of monitoring and modelling of air pollutants. Therefore, this
study investigates aerosol patterns and trends over some major cities in the Indo-Gangetic Plain of
the South Asia, i.e., Islamabad, Lahore, Delhi, and Dhaka, by using simulations from the Modern
-Era Retrospective Analysis for Research and Applications, version 2 (MERRA-2) model and satellite
measurements (Moderate Resolution Imaging Spectroradiometer, (MODIS)) from 2000 to 2020. The
results show that seasonal MODIS–aerosol optical depth (AOD) during 2000−2020 in Lahore is 0.5,
0.52, 0.92, and 0.71, while in Islamabad 0.25, 0.32, 0.45, and 0.38, in Delhi 0.68, 0.6, 1.0, and 0.77,
and in Dhaka 0.79, 0.75, 0.78 and 0.55 values are observed during different seasons, i.e., winter,
spring, summer, and autumn, respectively. The analysis reveals a significant increase in aerosol
concentrations by 25%, 24%, 19%, and 14%, and maximum AOD increased by 15%, 14%, 19%,
and 22% during the winter of the last decade (2011–2020) over Islamabad, Lahore, Delhi, and
Dhaka, respectively. In contrast, AOD values decreased during spring by −5%, −12%, and −5 over
Islamabad, Lahore, and Delhi, respectively. In Dhaka, AOD shows an increasing trend for all seasons.
Thus, this study provides the aerosol spatial and temporal variations over the South Asian region
and would help policymakers to strategize suitable mitigation measurements.

Keywords: aerosols; seasonal variations; aerosol optical depth (AOD); Indo-Gangetic Plain

1. Introduction

Atmospheric aerosols are key pollutants in the air that can contribute to climatological
changes and health impacts [1,2]. Dense haze during wintertime and dust storms during
spring over the southern and northern South Asian region have affected millions of peo-
ple [3,4]. High air pollutants (aerosol concentrations) could increase health issues, e.g., lung
cancer, respiratory diseases, and cardiovascular disease [5,6]. Atmospheric aerosols can
also alter the earth’s radiation budget [7]. Several studies attempted to examine the aerosols
distribution, their optical properties, and their transport in some parts of the South Asian
region, particularly the Indo-Gangetic Plain through modeling and observations during
the last two decades [8–15]. The Indo-Gangetic Plain is encompassing the northern regions
of the Indian subcontinent, including many areas of India, Pakistan, Bangladesh [16]. Some
reported studies discussed haze issues over this region [3,17,18]. The primary pollution
sources of haze episodes in the winters over the Indo-Gangetic Plain are crop burning,
brick kiln emissions, and transportation [19–22]. Other emission sources in this region
may include emissions from industries, construction activities, and conventional cook
stoves [19,20]. Hence, geographical conditions such as demographic characteristics, land
use, transportation facilities, physical geography, emissions, vegetation, and traffic [23,24]

Atmosphere 2022, 13, 1266. https://doi.org/10.3390/atmos13081266 https://www.mdpi.com/journal/atmosphere

https://doi.org/10.3390/atmos13081266
https://doi.org/10.3390/atmos13081266
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com
https://orcid.org/0000-0003-1058-4698
https://doi.org/10.3390/atmos13081266
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com/article/10.3390/atmos13081266?type=check_update&version=2


Atmosphere 2022, 13, 1266 2 of 18

may cause high air pollution levels in Indo-Gangetic Plain at both local and regional scales.
However, in-depth analysis and assessment of aerosol optical properties at seasonal and
regional scales are required to understand the regional climate better. Recent growth in eco-
nomic development and traffic congestion issues in some of the major cities in South Asia
is responsible for high air pollution levels during previous decades [17,18,25]. Atmospheric
pollutants in South Asia are more elevated than the WHO safe limits (e.g., annual mean
for PM2.5 is 5 (µg m−3) and PM10 is 15 (µg m−3)) [26] because of industrial activities and
population size [8,16,18]. Several studies reported high air pollution levels in the megacities
of South Asia [24,27–32]. Former studies concluded an overall increase in (atmospheric
optical depth) AOD over the region [33–36]. The previously reported studies [37–42] mainly
focused on the limited area in a specific country’s region and respective seasons such as
winter or summer. Moreover, spatial and temporal variations in aerosols distribution and
AOD trends have not been widely discussed in these studies [37–42].

The lack of continuous air pollutants measurements in South Asian countries (e.g.,
Pakistan, India, and Bangladesh) hinders the cognizance of the role of the atmospheric
aerosol, limited observational, modeling, and satellite-based studies. Therefore, there is an
immense need to study aerosol in this South Asian region. The present study investigates
the percent changes in aerosol concentrations, its various components, annual variations,
and trends of AOD over the urban environment in South Asia, specifically the Indo-
Gangetic Plain, including Islamabad, Lahore, Delhi, and Dhaka during the last two decades.
The analysis is performed using the Modern-Era Retrospective Analysis for Research
and Applications, version 2 (MERRA-2) model and satellite measurements (Moderate
Resolution Imaging Spectroradiometer, (MODIS)). The following questions are addressed
in this study:

(1) To what extent aerosol concentration and AOD value has changed over the past
20 years in the major cities of the selected Indo-Gangetic Plain region of South Asia?

(2) How seasonal and spatial-temporal variations influence the distribution of aerosols,
its various components (e.g., black carbon, organic carbon, sea salt) and AOD trend in
the region based on the satellite data?

The findings of this study will help us better understand the characteristics of long-
term trends during the last two decades and inter-comparison in aerosols over South Asia.
It will also be useful in determining whether local governments’ countermeasures and
policy making have positively mitigated urban air pollution over decadal variations, which
is necessary for designing effective strategies and further reducing aerosol concentrations.

2. Materials and Methods
2.1. Case Study

The Indo-Gangetic Plain (IGP) is a 2.5 million km2 fertile plain covering the northern
parts of South Asia, including eastern and northern India, the southern plains of Nepal,
the eastern parts of Pakistan, and Bangladesh. This study represents AOD over four
cities, i.e., Islamabad and Lahore in Pakistan, Delhi in India, and Dhaka in Bangladesh
(Figure 1). Islamabad is the capital of Pakistan and is situated at 500 m elevation above
sea level (latitude: 33.729◦ N and longitude: 73.0931◦ E) with a population of about three
million and an area of about 906 km2. The climate is subtropical with four distinct seasons,
summer (June–August), autumn (September–November), winter (December–February),
and spring (March–May). The average annual rainfall in Islamabad is 1143 mm [19].
Lahore (31.320◦ N; 74.220◦ E) is the second-largest city in Pakistan, with a population of
approximately 12 million. The climate in Lahore is hot and semi-arid, with relatively wet
and extremely hot summers and dry, warm winters [43]. The mean maximum temperatures
in summer (April to June) range between 33 ◦C and 39 ◦C and in winter months from 17 ◦C
to 22 ◦C [44]. Delhi (28.7041◦ N; 77.1025◦ E) is one of India’s most densely populated cities,
with a population density of 11,320 km2 [45] and an estimated total population of 20 million
in the year 2021 [45]. It faces extreme temperatures of as low as 4 ◦C in the winter to 45 ◦C
in the summer. Delhi receives an annual average rainfall of 600–800 mm [46]. Lahore and
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Delhi face almost the same weather conditions. Dhaka is the capital of Bangladesh, with an
estimated population of 9 million living in the city area and over 21 million in the greater
Dhaka area [46]. According to the United Nations (UN), it is one of the world’s 33 megacities
as of 2018 [46]. The geographical extent of Dhaka city is located between 23.69◦ and 23.89◦

N latitudes and 90.33◦and 90.44◦ E longitudes. The city’s climate is typically tropical
monsoon with three different seasons, i.e., summer, winter, and monsoon [47]. In Dhaka,
80% of the average annual rainfall falls during the monsoon [48].

Figure 1. The geographical location of the four megacities (Islamabad, Lahore, Delhi, and Dhaka) in
the Indo-Gangetic Plain in South Asia.

2.2. MODIS Satellite

MODIS is the instrument aboard the NASA’s two Earth Observing System (EOS)
satellites, i.e., Terra and Aqua. In this study, the monthly mean Terra AOD data were
retrieved to analyze the trends of AOD over the South Asian region (collection 5; level 2
aerosol products) for the period of twenty years (2000–2020). AOD is retrieved from the
MODIS data at level 2 at the spatial resolution of 10 km × 10 km [49]. The terra operates at
an approximate height of 700 km and provides aerosol data with the interval of one or two
days. The MODIS has 7 out of 36 wavelength channels that are used to retrieve aerosols
data at the range 0.47–2.12 µm. In this study, level 2 aerosol products were examined;
collection 5 retrieval algorithm is used at three wavelengths, i.e., 0.47, 0.66, and 2.12 µm.
Then, these three channels are inverted to obtain the final AOD values at 0.55 µm. More
details about the retrieval of MODIS data are reported in [38,44,50,51].

2.3. Model Simulations

NASA developed the Modern-Era Retrospective Analysis for Research and Applica-
tions, Version 2 (MERRA-2) [52]. The model’s horizontal resolution is 0.625◦ longitude ×
0.5◦ latitudes, and vertical sigma layers are 20–30 and apply the Goddard earth observ-
ing system data assimilation system (GEOS DAS) assimilated meteorological data [52].
Aerosols are simulated in the MERRA-2 by using Goddard Chemistry, Aerosol, Radiation,
and Transport (GOCART) model. MERRA-2 aerosol reanalysis datasets were used in this
study to estimate aerosol concentrations over South Asia over the last 20 years (2000–2020)
for comparison and validation purpose. On various spatial scales, the inter-annual variation
and spatiotemporal characteristics of several aerosol types were investigated. MERRA-2
data were also combined with dynamic demographic data to reveal population and age
group variations exposed to high aerosol concentrations. Because of its coarse resolution,
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MERRA-2 is only useful for large-scale studies, such as those on continental and global
scales. In small-scale studies or regions with fewer people and limited anthropogenic emis-
sions (e.g., Southwest Pakistan), coarse resolution may be uncertain and exclude spatial
features of aerosol distribution in urban areas, resulting in large uncertainties. MERRA-2
can be used to estimate aerosol concentrations over a long period. It has broad temporal
coverage, making it ideal for long-term time-series studies [49].

2.4. Methodology

The examination was made in the winter (December, January, and February (DJF)),
the spring (March, April, and May (MAM)), the summer (June, July, and August (JJA)),
and the autumn (September, October, and November (SON)) for aerosols including black
carbon (BC), organic carbon (OC), sulfate, dust mass concentrations, and AOD retrieved
from MERRA2 and MODIS. The meteorological variables such as wind speed (m/s) and
precipitation (mm) were also studied using MERRA 2 data. Percent changes in AOD were
calculated by using Equation (1) [8]:

Percent change in AOD =
2nddecade − 1st decade

2nddecade
× 100% (1)

where
First decade = 2000–2010
Second decade = 2011–2020
Percent changes in aerosol concentrations were calculated by using the following

method, Aerosol = avg. sulfate + avg. BC + avg. OC and calculated for the whole period
from 2000 to 2020.

3. Results
3.1. Meteorological Parameters

Ambient meteorological conditions (especially wind, stable atmospheric conditions,
humidity, mixing height) play a vital role in the distribution of aerosols, AOD trend, and
their contribution to environmental issues such as haze, poor air quality, and health issues
in the selected urban cities. Figure 2 shows the MERRA2 seasonal wind direction and
wind speed over South Asia average from 2000 to 2020. Wind speeds were high over the
Arabian Sea and Bay of Bengal and northwesterly during summer. In contrast, the wind
speed was low during the autumn season over the South Asian region. During the winter,
the wind over the northwestern region of South Asia (Pakistan and Afghanistan) comes
from the west direction, called “westerlies”. In the Arabian Sea and Bay of Bengal, the
wind direction is from the northeast, called “north easterlies”. By contrast, during spring,
the wind direction is westerly over the northwestern region and southerly across the Bay
of Bengal.

Figure 3 shows the MERRA2 total surface precipitation (mm/day) climatology over
South Asia. In addition, precipitation patterns in four different seasons (winter, spring,
summer, and autumn) were analyzed in the selected region from 2000 to 2020. The maxi-
mum precipitation was recorded during summer (7.5 mm/day) and a minimum of 1.79
in winters. Precipitation during the spring and autumn seasons was recorded 2.5 and
5 mm/day, respectively. Due to the increasing occurrence of haze and winter fog events
and their associated impacts in Northeast Pakistan, detailed information about air pollution
levels, sources, and causes of fog, including aerosol formation and enabling meteorological
conditions, is required. High PM2.5 concentrations in Pakistan and the South Asia region
during autumn and winter are a result of high anthropogenic emissions and meteorological
conditions such as weak surface winds, shallow planetary-boundary-layer (PBL), and high
relative humidity [3,4]. All these factors play an important role in forming heavily polluted
and persistent episodes [4,8].
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Figure 2. Seasonal MERRA2 wind speed (m/s) and direction over South Asia from 2000 to 2020.

Figure 3. Seasonal variations in MERRA2 total surface precipitation (mm/day) climatology over
South Asia from 2000–2020.
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3.2. Seasonal, Spatial, and Temporal Variations of AOD

Figure 4 shows the average MODIS, and MERRA2 Aerosol optical depth (AOD)
climatology over South Asia for various seasons during 2000–2020. Both MERRA2 and
MODIS showed high concentrations across the Indo-Gangetic Plain during the summer;
MODIS–AOD values ranged from 0.8 to 1.0, while MERRA2–AOD values were 0.8–0.9. As
discussed in previous section, that maximum precipitation was recorded in the summer.
Therefore, a correlation seems to exist between the summer season and precipitation.
However, it could be a sporadic positive relationship and may vary spatially [53]. The high
AOD values were attributed to two primary factors: (1) high humidity during summer, and
(2) sea salt in the air during the monsoon season. AOD values during winter in the eastern
and western Indo-Gangetic Plain were 0.4–0.5 and 0.6–0.9, respectively. In contrast, AOD
values during autumn over the eastern and western Indo-Gangetic Plain were 0.5–0.6 and
0.6–0.7, respectively.

Figure 4. Mean variations in MODIS and MERRA2 Aerosol optical depth (AOD) and climatology
over South Asia from 2000–2020.

Table 1 describes the variability of AOD from the MODIS and MERRA-2 during
20 years in different seasons, i.e., DJF (Winter), MAM (Spring), JJA (Summer), SON (Au-
tumn) at the four locations of Lahore, Islamabad, Delhi, and Dhaka. During the winter
and summer, MERRA-2 underestimated the AOD at Lahore, Delhi, and Dhaka while
overestimating the AOD in Islamabad. Moreover, the same trend has been observed in
autumn for the selected megacities except for Islamabad, where both MERRA-2 and MODIS
show similar values. This indicates that regional topography and meteorology play an
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important role in AOD measurements. In the spring, both MERRA-2 and MODIS values
are comparable.

Table 1. Average AOD over the four megacities during 2000–2020.

Cities
DJF (Winter) MAM (Spring) JJA (Summer) SON (Autumn)

MERRA2 MODIS MERRA2 MODIS MERRA2 MODIS MERRA2 MODIS

LAHORE 0.4 0.55 0.45 0.52 0.67 0.92 0.53 0.71
ISLAMABAD 0.30 0.25 0.35 0.32 0.55 0.45 0.39 0.38

DELHI 0.4 0.68 0.45 0.6 0.59 1.0 0.51 0.77
DHAKA 0.52 0.79 0.56 0.75 0.3 0.78 0.32 0.55

Figure 5 shows the comparisons of MERRA2–AOD and MODIS–AOD over four
megacities, Islamabad, Lahore, Delhi, and Dhaka. During winter in Lahore, MODIS–
AOD values were 0.4–0.8 (average 0.55). Both MODIS and MERRA2 AOD values were
0.4 to 0.6 during the spring season. During summer, MODIS–AOD values were 0.6–1.
During the autumn season, MODIS–AOD values were 0.6–08. High AOD values in Lahore
during the winter and autumn seasons are attributed to crop burning in the region [8]. In
southeast Asia, high AOD values are also attributed to biomass burning in the region [54].
Similarly, the highest AOD values ever were monitored in Indonesia during the 2015
biomass burning [55]. In Islamabad, AOD values were 0.2–0.4 during 2000–2020, while
0.2–0.5 in spring. Maximum AOD values were in the summer, ranging from 0.3 to 0.7.
During the autumn season, AOD values were 0.3–0.4. High levels of AOD in Islamabad are
attributed to urban expansion and an increase in motor vehicles [44].

Figure 5. Seasonal MERRA2 and MODIS–AOD over Islamabad, Lahore, Delhi, and Dhaka from
2000–2020.

In Delhi, AOD values during the winters and summers were 0.2–0.8 and 0.5–1.0,
respectively. AOD values in the spring were 0.4–0.6. Thus, the summer season shows the
maximum AOD values in Delhi and Lahore. These high values may be attributed to high
temperature, humidity, and mineral dust [51]. In the autumn season, AOD values over
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Delhi were in the range of 0.2–0.8. Dhaka shows a similar trend in all seasons with AOD
values, i.e., from 0.3 to 0.8. Hence, AOD values remain almost the same in all seasons
except autumn, which shows a slight decrease in AOD during this period.

Figure 6 shows the decadal variations in MODIS and MERRA2 AOD over South Asia
and the percent changes during 2000–2020. Generally, AOD in MERRA2 and MODIS
increased by 10–25% in the eastern region (Eastern India and Bangladesh) and 3–5% in
the western areas (Pakistan and Afghanistan) during the last decade. Figure 7 shows
the percent changes over the four megacities during the previous two decades based on
MERRA2 AOD.

Figure 6. Decadal variations in MODIS and MERRA2 Aerosol optical depth (AOD) over South Asia
average over 2011–2020 (First Column), and 2000–2010 (Second Column) and percent changes based
on averaged monthly data ((2011–2020)–(2000–2010)) (Third column).

Percent changes were calculated using Equation (1). Analysis over Islamabad shows
that AOD increased by 15% and 5% during the winter and autumn, respectively, while
decreasing during the spring and summer by −5%. In Lahore, AOD increased during
the winter, summer, and autumn by 14%, 4%, and 9%, respectively, while it decreased
by −12% during the spring. AOD increased in Delhi during the summer and autumn by
19% and 17%, respectively, while reducing in the spring by −5%. Analysis over Dhaka
shows that AOD increases during all seasons. AOD increases during the winter, spring,
summer, and autumn seasons by 22%, 17%, 19%, and 18%. High AOD values in South Asia
are mainly attributed to biomass burning, traffic, and brick kiln [56–58]. In other regions,
such anthropogenic activities in the background could influence the AOD values. For
instance, Burgos et al. [59] demonstrated that the air pollution episode originating in the
north central Peninsula (Europe) was mainly a consequence of Canadian biomass burning
(BB) events in the summer 2013. It was found that Canadian BB contributed to a 0.53–0.82
AOD average, in contrast to a 0.09 AOD average with no event in the background.
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Figure 7. Seasonal percent changes (average 2011–2020–average 2000–2010) in MERRA-2 AOD
over megacities.

High AODs in Delhi are related to emissions from industrial, residential energy
usage, transportation, biomass burning, and meteorological conditions [29,54,60]. Average
MODIS–AOD values for Dhaka are very similar to Delhi’s AOD values during winters. In
contrast with AOD values in spring, average values were 0.4–1.0, showing an increasing
trend. MODIS–AOD values during summer were 0.4–1.2, while MERRA2 were 0.2–0.4.
During the autumn season, MODIS–AOD values were 0.4–0.8, while MERRA2 AOD values
were 0.2–0.4. Hence, in contrast to MODIS, MERRA2 underestimates the AOD values
because of the vast uncertainties that might exist while monitoring emissions from the
source [11]. The similar finding was reported by Aldabash et al. [61], namely that MODIS
performed better during extreme events than MERRA-2. Shi et al. [62] found that AOD
events of haze and dust storms were not determined by MERRA-2.

3.3. Seasonal Aerosols Surface Mass Concentration

Figure 8 shows aerosol components such as sulfate, BC, OC, and sea salt surface mass
concentration climatology and seasonal variation during the winter, spring, summer, and
autumn seasons over South Asia during 2000–2020. Over the western Indo-Gangetic Plain
(NE Pakistan), sulfate aerosol shows 10–16 µg m−3 and 16–20 µg m−3 over the eastern Indo-
Gangetic Plain during the winter season, while sulfate exhibits maximum concentrations of
6–8 µg m−3 and 2–4 µg m−3 over the east and western Indo-Gangetic Plain during spring.
Sulfate concentrations were 4–6 µg m−3 over the eastern area and 2–5 µg m−3 over the west
Indo-Gangetic Plain. During the autumn season, sulfate concentrations were 8–12 µg m−3

and 10–16 µg m−3 over the eastern and western Indo-Gangetic Plain, respectively.
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Figure 8. Seasonal variations in MERRA2 surface concentration of Sulfate, BC, OC, and sea salt
(µg m−3) over South Asia during 2000–2020.

During the winter, the level of BC reaches its apex because of the burning of fossil
fuels and crop residue in the region stretching between Northern India, Delhi, and Lahore.
In the Indo-Gangetic Plain region of South Asia, crop residue burning contributes up to
70% in PM2.5 and over 40% increase in BC concentration during the harvesting season
each year [63]. Thus, the stable atmospheric conditions in the region and the temperature
inversion in the winter lead to the accumulation of these pollutants. Moreover, the condition
contributed to fog formation (smoke and absorbing aerosols, i.e., BC) during the winter
of 2014–2017 in Lahore [64] and Delhi [65]. The trend of OC is similar to BC; however, the
concentration value of OC is relatively high in contrast to BC. Moreover, southwesterly-to-
westerly winds are responsible for the dominating OC over the Northern Bay of Bengal
during the seasons of March, April, and May [66].

The marine sea salt transported from the Bay of Bengal may influence the level
of ionic variables in aerosols (e.g., sulfates, Potassium, Chloride) during summer. As
seasons changed from summer to monsoon, these marine aerosols affected Bangladesh,
particularly Dhaka. Norazman et al. [66] also examined that the secondary inorganic
aerosol concentration was high during the summer due to humidity, which leads to an
increase in scavenging of ions in the monsoon season in Dhaka.
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Figure 9 shows seasonal aerosol concentration (µg m−3) over Islamabad, Lahore, Delhi,
and Dhaka during 2000–2020. The maximum sulfate concentrations were estimated in
Islamabad (10–12 µg m−3) during winter and autumn for 20 years (2000–2020). Lahore
shows a similar trend, but higher concentrations were observed in Islamabad. In Lahore,
maximum concentrations were 10–20 µg m−3 during winter and autumn. In Delhi and
Dhaka, maximum concentrations were 10–22 µg m−3 and 15–25 µg m−3 during winter
and autumn. Sulfate concentrations during the spring and summer were 2–7 µg m−3 over
Islamabad, Lahore, Delhi, and Dhaka. Overall, analysis of sulfate concentrations over the
four megacities has shown an increasing trend during winter and autumn. The reason
might be that SO2 emissions increases due to recent fossil fuel combustions in the region,
which result in high sulfate concentrations in South Asia [58,67,68]. Sea salt maximum
concentrations were high during the summer and minimal during winters over the Arabian
Sea and Bay of Bengal. This analysis implied a positive correlation of wind speed (as shown
in Figure 2) and sea salt concentration during summer for the Bay of Bengal. Maximum
concentrations during summer were 100–120 µg m−3. Thus, the northerly and westerly
winds transport the sea salt to the western region, especially over southern Pakistan [65,69].

Figure 9. Seasonal aerosols concentration (µg m−3) over Islamabad, Lahore, Delhi, and Dhaka during
2000–2020.

BC aerosol shows 5–7 µg m−3 and 3–5 µg m−3 concentrations over eastern and western
Indo-Gangetic Plain during the winter, respectively, while 1–3 µg m−3 during the spring
and summer and 3–5 µg m−3 during the autumn. OC aerosol concentrations over the
Indo-Gangetic Plain were 12–25 µg m−3 during the winter, spring, and autumn, while
6–10 µg m−3 during the summer. BC higher concentrations in Islamabad were observed
(1.3–3 µg m−3) during the winter and autumn, while higher OC concentrations range were
8–15 µg m−3 and 6–12 µg m−3 during the autumn and winter, respectively. In contrast,
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OC concentrations in Islamabad were 4–5 µg m−3 during the spring and summer. In
Lahore, higher concentrations of BC were 3–6 µg m−3 during the winter and autumn, while
maximum concentrations of OC were 15–29 µg m−3 during the autumn and 10–22 µg m−3

during the winter. In Delhi, the higher concentrations of BC were observed during the
winter (4–6 µg m−3), while OC higher concentrations were observed during the autumn
(15–26 µg m−3). In Dhaka, higher BC concentrations were observed between the autumn
and spring, i.e., 10–20 µg m−3, while 4–7 µg m−3 values were found during the winter. The
higher OC concentrations were 15–30 µg m−3 during the winter. Thus, analysis of the four
megacities exhibits an overall increasing OC and BC concentrations trend during the winter
and autumn. Inter-annual variability of meteorological conditions and biomass burning
leads to a higher concentration of BC during the winter [70,71] (Figures 2 and 3).

3.4. Seasonal Dust Surface Mass Concentration

Figure 10 shows dust mass concentrations (µg m−3) and wind speed for various
seasons over the South Asia region averaged during 2000–2020. The southwestern Indo-
Gangetic Plain over the Thar Desert region (Pakistan) was exposed to high dust aerosols
(mass concertation: 300–500 µg m−3) during the summer season, while during winter-
spring and autumn, low dust aerosols levels (mass concentration: 150–300 µg m−3) were
observed. The reason is the northwesterly wind during the spring and summer transported
these dust aerosols from the southern region of Pakistan to northern Pakistan and the
western and central regions of India. Shahid et al. [3] reported that the dust concentrations
in northeastern Pakistan are transported from the Thar Desert.

Figure 10. Climatology and seasonal variations in MERRA2 dust mass concentrations (µg m−3) and
wind speed over South Asia during 2000–2020.

3.5. Percent Changes in Aerosol Concentrations over Megacities

Figures 11 and 12 shows the percent changes in aerosol concentration during the last
two decades over South Asia and the four megacities. Aerosols generally increased by
10–25% in the eastern region and 5–15% in western regions during the last decade. Aerosols
concentration in Islamabad shows a 25% increase during the winter, 4% during the spring
and summer, and 3% in the autumn. In Lahore, aerosol concentrations increased during
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the winter season by 24%, while during spring, summer, and autumn they increased by
2%, 3%, and 6%, respectively. Aerosol concentrations increased in Delhi during winter,
spring, summer, and autumn by 19%, 3%, 8%, and 2%, respectively. Analysis of percent
changes of aerosols in Dhaka shows that aerosol concentrations increased by 14%, 22%,
6%, and 15% during the winter, spring, summer, and autumn seasons, respectively. The
higher AOD over Dhaka is associated with high population density and dust generated
due to loading and transportation activities [20,72]. The high level of aerosols observed
in the four megacities in the winter is because the atmospheric conditions, i.e., relatively
stable in the winter, limit the dispersion of aerosols and other pollutants [65]. Mixing
height is another meteorological factor that is directly correlated with the concentration
of aerosol [73]. Usually, in the cold season, the mixing height is small, leading to higher
aerosol concentrations [73]. Ouyang et al. [74] compared the WHO air quality guidelines
and air quality studies in the South Asian region, concluding that the air quality is poor
during winter. The effective implementation of the WHO guidelines can bring healthier
air quality to these South Asian countries. However, strict guidelines such as 5 µg m−3

for PM2.5 for these countries is a difficult target to achieve because of the presence of the
natural abundance of dust aerosols.

Figure 11. Decadal variations in aerosol concentrations (µg m−3) over South Asia average
over 2011–2020 (First Column), and 2000–2010 (Second Column) and percent changes (average
(2011–2020)–average (2000–2010)).
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Figure 12. Percent increase (average 2011–2020–average 2000–2010) in aerosol concentrations
over megacities.

4. Conclusions

The distribution of aerosols, variability of aerosols, AOD trends, and percent changes
over the major cities in the Indo-Gangetic Plain in South Asia were analyzed during various
seasons by using the modern-era retrospective analysis using MERRA-2 model and satellite
measurements. The study examined the spatial-temporal and seasonal variation of the
aerosols and AOD for four megacities in South Asia (Islamabad, Lahore, Delhi, and Dhaka)
during 2000–2020. The comparative analysis over two decades (2000–2010 and 2011–2020)
shows that maximum AOD values during the winter of the last decade (2011–2020) have
increased by 15%, 14%, 19%, and 22% in Islamabad, Lahore, Delhi, and Dhaka, respectively,
while they have decreased during the spring by −5%, −12% and −5 in Islamabad, Lahore,
and Delhi, respectively. However, in Dhaka, an increasing trend has been observed for
all seasons.

Meteorological variables are associated with the variability of AOD during different
seasons. During the summer, AOD increased in Lahore and Dhaka by 4% and 19%, respec-
tively, while it decreased by −5% in Islamabad because of the difference in temperature
and humidity. During the autumn, AOD values increased by 5%, 9%, 17%, and 18% in
Islamabad, Lahore, Delhi, and Dhaka. Analysis of aerosols shows that maximum aerosol
concentrations during the winter of the last decade (2011–2020) have increased by 25%,
24%, 19%, and 14%, while during the spring, aerosols increased by 4%, 2%, 3%, and 22%
in Islamabad, Lahore, Delhi, and Dhaka respectively. By contrast, during the summer
aerosol concentrations increased minimally, and percent values increased by 4%, 3%, 8%,
and 6% in Islamabad, Lahore, Delhi, and Dhaka. In contrast to 2000–2010, for the period
2010–2020, in Islamabad, Lahore, Delhi, and Dhaka, aerosol percent change values have
increased by 3%, 6%, 2%, and 15%, respectively. The analysis shows that the AOD values
and aerosol concentrations have increased over the past two decades (2000–2020) in South
Asian megacities due to anthropogenic activities. The increase in OC and BC concentrations
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is due to crop burning with a contribution from local transport, while sulfate emissions
are increasing due to the rise in transportation activities in South Asia. The comparative
analysis of MODIS and MERRA-2 dataset has similar spatial distribution patterns and can
capture the dynamic changes of AOD, whereas MERRA-2 slightly underestimated AOD.
The reason is its coarse resolution, which is usually suitable for large-scale studies.

Given the above-reported trends from both modeling and observation, we recommend
implementing local and global environmental and public health standards across South
Asian cities and enacting environmental laws to curb the increases in aerosol concentrations
and overall pollution.
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