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Abstract: The unique geographical diversity and rapid urbanization across the Indian subcontinent
give rise to large-scale spatiotemporal variations in urban heating and air emissions. The complex
relationship between geophysical parameters and anthropogenic activity is vital in understanding
the urban environment. This study analyses the characteristics of heating events using aerosol
optical depth (AOD) level variability, across 43 urban agglomerations (UAs) with populations of a
million or more, along with 13 industrial districts (IDs), and 14 biosphere reserves (BRs) in the Indian
sub-continent. Pre-monsoon average surface heating was highest in the urban areas of the western
(42 °C), central (41.9 °C), and southern parts (40 °C) of the Indian subcontinent. High concentration of
AOD in the eastern part of the Indo-Gangetic Plain including the megacity: Kolkata (decadal average
0.708) was noted relative to other UAs over time. The statistically significant negative correlation
(—0.51) between land surface temperature (LST) and AOD in urban areas during pre-monsoon time
illustrates how aerosol loading impacts the surface radiation and has a net effect of reducing surface
temperatures. Notable interannual variability was noted with, the pre-monsoon LST dropping in
2020 across most of the selected urban regions (approx. 89% urban clusters) while it was high in 2019
(for approx. 92% urban clusters) in the pre-monsoon season. The results indicate complex variability
and correlations between LST and urban aerosol at large scales across the Indian subcontinent. These
large-scale observations suggest a need for more in-depth analysis at city scales to understand the
interplay and combined variability between physical and anthropogenic atmospheric parameters in
mesoscale and microscale climates.

Keywords: land surface temperature; aerosol optical depth; urban agglomeration; industrial districts;
biosphere reserve

1. Introduction

Urbanization and industrialization have led to a rise in pollution levels and increased
urban heating. The widespread urbanization likely leads to a large-scale scenario of urban
heating and pollution domes over the Indian subcontinent. Such pollutant loading can
have significant impacts on the environment and public health. Urban environments
and dwellers are heterogeneously impacted by different types of air pollution and urban
heating. This, inequity emphasizes the need for researching the impacts of urban pollution
islands (UPIs) and urban heat islands (UHIs) on local and regional scales [1]. The Indian
subcontinent, where 18.1% of the world’s population resides, was responsible for 26.2% of
the disability-adjusted life years caused by air pollution in the world in 2017 [2]. Assessing
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these issues requires a multi-faceted approach, including reducing emissions from vehicles
and industrial activity, increasing green space and urban forestry, and promoting public
transportation and sustainable urban planning.

During the pre-monsoon season, urban meteorological processes across the Indian
subcontinent due to lack of active rain events have a considerable impact on aerosol
optical depth (AOD) and air pollution loading, thereby affecting air quality [3]. In this
study, AOD, a unitless quantity, which quantifies the total amount of solar radiation
absorbed or scattered by particles suspended in the atmosphere at specific wavelengths
is used as a measure of aerosol loading [4]. Aerosols alter the surface-atmosphere energy
budget by directly reducing solar irradiance through absorption and scattering, altering
the tropospheric temperatures, and regionally warming or cooling the earth’s surface
temperature [5-9].

Anthropogenic aerosols from southern and eastern Asia are mainly found in an air
mass extending from the Indian Ocean to the North Pacific Ocean. The aerosol-induced
surface temperature changes have an impact on a local to global scale [10]. A notable dust
source region in southern Asia disperses the dust to form a crescent-shaped dust plume
extending from the Thar Desert to the Indo-Gangetic Plain in India. The pre-monsoon
(March, April, and May) period is the peak period for such dust transport. Mineral dust
transported from Africa, Arabia, and the Thar Desert as well as crop residue burning
in northwest India are often the main causes of the dust optical depth (DOD) over the
entire Indo-Gangetic plain [11-13]. The Indo-Gangetic Plain (IGP) in Southern Asia is a
global hot spot with unremitting high AOD as routinely monitored by a variety of satellite
remote sensors (MODIS, MISR, SeaWiFS), and ground-based sensors (AERONET) [14]. The
relationship between AOD and surface temperature was negative for both seasons (winter
& summer) over north-eastern India and the western coastal area around Mumbai [15].

The unique topography of the Indian subcontinent, particularly the Himalayan region
in the north and the Thar Desert in the west, is primarily responsible for its temperature
variation patterns [15]. Nearly all the climate zones in northwest, central, and western
India, as well as some subdivisions in the south, have experienced high temperatures and
an increasing number of hot days during the pre-monsoon period from March to May [16].
Climatologically, western and southern regions experience the warmest temperatures in
April, while northern regions experience the warmest temperatures in May [17].

A city’s near-surface air temperatures and land surface temperatures are of primary
interest in studying how anthropogenic activities interact with the urban environment
and urban climate and in observing how urbanization affects the environment. Studies
examining the surface urban heat island (SUHI) effect are based mainly on land surface
temperature (LST) estimates. LST is a prominent geophysical variable that can be estimated
remotely by satellite sensors (MODIS, AVHRR, etc.). It has been used in several SUHI-
related applications, including the estimation of surface fluxes and energy budgets [18,19].

In this study, LST and AOD were studied during the pre-monsoon (March-May) to
observe spatiotemporal variations in urban areas and biosphere reserves. An understand-
ing of the relationship between AOD and LST was also sought in different geophysical
environments across the Indian subcontinent. Worldwide, several studies show a negative
relationship between LST and AOD, while some show a positive one [20-26]. Increasing
AOQOD levels affect the earth’s energy budget by scattering and absorbing insolation. As a
result, the land surface may be cooled [23]. Based on a study conducted in Delhi in 2007
and 2008, high levels of AOD tend to have lower surface temperatures during daytime [20].
Researchers also have found that in urban centers of Berlin, incoming solar radiation was
reduced due to increased aerosols in the atmosphere (2010-2017), and the outgoing long-
wave radiation also increased with the aerosol levels in the atmosphere. With a correlation
coefficient of —0.31, the AOD shows a negative association with the LST, especially at
night when the longwave radiation is more significant [21]. Similar results have been
observed in Bengaluru including a negative correlation between urban and non-urban LST
and AOD. It was also found that AOD increased significantly in winter [22]. Most of the
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studies over the Indian subcontinent related to AOD and LST are in the Indo-Gangetic
Plain. A two-decade long analysis over the Ganga River Basin (2001-2019), showed LST is
negatively correlated with AOD. Incoming solar radiation is more likely to be absorbed by
aerosols [26]. In contrast, a similar two-decade long analysis of data over Dhaka showed a
positive correlation between AOD and LST (1999-2019) [25]. Elsewhere, across the entire
boreal region, no clear relationship between AOD and LST has been observed [27]. This
follows that AOD and LST have a complex relationship that is a function of the location,
season, and time of day. There is a gap in the literature due to the absence of a comparison
between the previously mentioned relationship in forests and urban areas. Therefore, it is
important to consider different geophysical settings of the Indian subcontinent to observe
the relation between the parameters.

2. Materials and Methods

In this study over the Indian region, 43 urban agglomerations (UAs) (Table 1) and
13 industrial districts (IDs) (Table 2) were initially identified to study the relationship
between geophysical parameters and their effects on the urban climate. As per the 2021
census, an urban agglomeration is a densely populated, continuously growing urban area
with a combined effect of two or more physically adjacent towns and their outgrowths
(OGs) or of two or more outgrowths of those towns. From the 2011 Census, an UA must
include at least one statutory town with a total population of at least 20,000 [28].

Table 1. Population data of urban agglomerations (UAs) according to the 2011 census.

Code Agglli ::::; tion Population Code Aggll(-)l :r]::;;tion Population
UA1 Kolkata 14,112,536 UA23 Surat 4,585,367
UA2 Asansol 1,243,008 UA24 Vadodara 1,817,191
UA3 Dhanbad 1,195,298 UA25 Rajkot 1,390,933
UA4 Ranchi 1,126,741 UA26 Mumbai 18,414,288
UA5 Jamshedpur 1,337,131 UA27 Pune 5,049,968
UA6 Patna 2,046,652 UA28 Nashik 1,562,769
UA7 Lucknow 2,901,474 UA29 Raipur 1,122,555
UAS8 Kanpur 2,920,067 UA30 Durg-Bhilainagar 1,064,077
UA9 Allahabad 1,216,719 UA31 Hyderabad 7,749,334
UA10 Varanasi 1,435,113 UA32 Vijayawada 1,491,202
UA11 Meerut 1,424,908 UA33 Bangalore 8,499,399
UA12 Ghaziabad 2,358,525 UA34 Chennai 8,696,010
UA13 Agra 1,746,467 UA35 Coimbatore 2,151,466
UA14 Delhi 16,314,838 UA36 Madurai 1,462,420
UA15 Chandigarh 1,025,682 UA37 Kannur 1,642,892
UA1l6 Amritsar 1,183,705 UA38 Kozhikode 2,030,519
UA17 Jodhpur 1,137,815 UA39 Kollam 1,110,005
UA18 Gwalior 1,101,981 UA40 Thiruvanantapuram 1,687,406
UA19 Bhopal 1,883,381 UA41 Thrissur 1,854,783
UA20 Indore 2,167,447 UA42 Kochi 2,117,990
UA21 Jabalpur 1,267,564 UA43 Malappuram 1,698,645
UA22 Ahmedabad 6,352,254

The 13 industrial districts refer to a geographic concentration of small and medium
enterprises (SMEs) and some large firms in the same or related industries that are in close
proximity to each other. These districts are characterized by a strong emphasis on local
entrepreneurship and are highly specialized in several stages of the process and actively
involved in producing a specific product or group of products through a dense network of
inter-firm cooperative and competitive relationships [29]. In India, the Ministry of Micro,
Small and Medium Enterprises (MSME) have implemented The Cluster Development
Program, which provides financial and technical support to clusters of industries [30].
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Table 2. Population data of industrial districts (IDs) according to the 2011 census.

Industrial

Code Districts Population
ID1 Jalpaiguri 107,351
1D2 Purnia 280,547
1D3 Gorakhpur 671,048
1D4 Cuttak 606,007
1D5 Lucknow 2,901,474
1D6 Kanpur 2,920,067
1D7 Bareilly 898,167
1D8 Gwalior 1,101,981
1D9 Jabalpur 1,267,564

1D10 Bhopal 1,883,381

ID11 Nagpur 2,497,777

ID12 Kota 1,001,365

1D13 Hyderabad 7,749,334

To analyze the LST and AOD level variability and to identify the interaction between
the parameters, 14 biosphere reserve (BR) forests were also chosen (Table 3). A biosphere
reserve forest is a protected area that prohibits human interference to conserve forest
ecosystems [31].

Table 3. Selected biosphere reserves (BRs) for the study.

Code Biosphere
Reserve

BR1 Panna

BR2 Sundarban

BR3 Seshachalam

BR4 Nilgiri

BR5 Agasthyamalai

BR6 Khanchendzonga

BR7 Nokrek

BRS Nanda Devi
BR9 Pachmarhi
BR10 Achanakmar-Amarkantak
BR11 Simlipal
BR12 Manas
BR13 Dibru-Saikhowa
BR14 Dihang-Dibang

The current secondary data from UNESCO shows that the Nokrek biosphere reserve
has a 90% forest cover while the Pachmarhi and Achanakmar-Amarkantak biosphere
reserves both have 63% forest cover [32-34]. The India State Forest Report 2021 [35] shows
the green cover percentage of some of the urban agglomerations (Table 4).

Table 4. Green cover percentage of some of the million-plus urban agglomerations (UAs) in India.

Urban Agglomerations Green Cover (%)
Ahmedabad 2.07
Bengaluru 6.81
Chennai 528
Delhi 12.61
Hyderabad 12.90
Kolkata 0.95

Mumbai 25.41
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2.1. Data Sources

AOD data were extracted for the period: 2010 to 2020, from the MODIS-TERRA
monthly Deep Blue Aerosol Optical Depth 550 nm product MOD08 M3 v6.1 at a spatial
resolution of 111 km at the equator. The data was downloaded using Giovanni, the
Goddard Earth Sciences Data and Information Services Center (GES DISC) Interactive
Online Visualization, and the NASA Analysis Infrastructure tool [36,37]. The daytime
pre-monsoon (March to May) LST was also extracted for the concurrent period (2010 to
2020) from the MODIS-TERRA monthly land surface temperature product MOD11C3.006
at 5.6 km at the equator also using Giovanni.

2.2. Data Mapping

ArcMap 10.4 was used for mapping urban agglomerations (UAs), industrial districts
(IDs), industrial regions, and biosphere reserve (BR) forests across the study domain (India).
The maps were created with the help of a georeferencing tool and digitized using point layer
in ArcMap. The grid analysis and display system (GrADS), an interactive desktop tool [38],
was used for mapping the time average map of LST and AOD, which was extracted as a
netCDF file from Giovanni. ArcMap was used to extract the LST and AOD values of the
UAs, IDs, and BRs for India through the point layer. The extracted pixel values were used
to understand the spatiotemporal distribution of LST and AOD values in India’s UAs, IDs,
and BRs. The LST anomaly was calculated using the following calculation:

LST of each UA for a specific year — average LST of each UA for that specific year (1)

The LST anomaly map was created using ArcMap and a raster calculator as follows.
The time series average LST map was created, and then subtracted from each LST map
(2010-2020). A point layer was generated to extract the anomaly values. The resulting LST
anomaly map shows the spatial patterns of the difference between the actual and average
LST values for each UA for a specific year. To comprehend the spatial distribution of LST
anomalies, the LST anomaly map pinpoints areas where LST was unusually high or low
compared to the average.

2.3. Data Analysis

As part of the spatiotemporal analysis, the percentage of annual change of values
calculation formula is used to determine how much the values of physical parameters have
changed over the past year. The calculation follows as:

(((Physical parameter value of subsequent year — Physical parameter value @)
of previous year)/Physical parameter value of previous year) x 100)

This normalization provides insights into the temporal variability of physical param-
eters. By analyzing the percentage of annual change in physical parameter values, it is
possible to identify areas or regions where significant changes are occurring and to investi-
gate the underlying causes of these changes. To analyze the variability of the parameters,
point layers have been generated through ArcMap. The pixel values of specific regions
have been extracted further.

For comparing two different resolution datasets AOD and LST, it is important to
account for their spatial mismatch. An interpolation method was used to integrate and
improve resolution for comparing two datasets in this study. In interpolation, new, am-
biguous data points are added to discrete, known points. Based on this, all interpolation
techniques find more similarities and correlations between close points than those that are
farther apart [39,40]. As the resolution improvement process does not include real data
points, there would be some accuracy estimation problems.
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As the LST values did not follow a normal distribution, the non-parametric Spearmen
rank-order correlation [41] was applied to find the correlation between AOD and LST. The
rank correlation coefficient, abbreviated rg, is typically written as:

! 3)

In this expression, ‘n’ represents the number of measurements for each of the two
variates in the correlation; d; is obtained from the difference between each pair of ranks [42].
Although correlation by rank is generally a desirable method, gradation by rank is essen-
tially practicable in a short series [42]. One argument against rank is that it provides a
theoretically less complete criterion of correspondence than a normal distribution measure-
ment. However, the two methods provide roughly equivalent correlation values [42].

3. Results and Discussion

This study analyses the characteristics of heating events combined with AOD level
variability and their relationship in different UAs, IDs, and BRs across the Indian sub-
continent. The industrial regions and districts and the 14 biosphere reserves, which are
remote forest areas, were chosen for this study to observe and analyze their natural and
anthropogenic atmospheric processes (Figure 1, and Tables 1-3). In a large-scale scenario
of urban heating and pollution domes over the Indian subcontinent, several key factors
come into play: urbanization, industrialization, population growth, and geography. Rapid
urbanization and the impervious areas in cities lead to warming over cities and the for-
mation of UHIs. The presence of industries, power plants, and manufacturing units in
urban areas typically contributes to air pollution. Emissions from factories, vehicles, and
power generation release pollutants such as particulate matter (PM), nitrogen oxides (NOy),
sulfur dioxide (SO,), volatile organic compounds (VOCs), and greenhouse gases (GHGs)
such as carbon dioxide (CO,). The rapid increase in the number of vehicles, especially in
densely populated urban areas, leads to higher levels of air pollution. Exhaust emissions
from vehicles release harmful pollutants, including fine particulate matter and nitrogen
dioxide (NOy). Agricultural practices, waste burning, and cooking methods involving solid
fuels contribute to significant amounts of smoke and particulate matter, especially in rural
areas. These pollutants can be transported and trapped within urban heating and pollution
domes. Geographical features, including mountain ranges and wind patterns, influence
the formation and persistence of pollution domes. Local weather conditions, such as calm
winds or inversions, can stall pollutants within a specific region, exacerbating the situation.

3.1. Pre-Momnsoon Aerosol Optical Depth (AOD)
3.1.1. Spatiotemporal Comparison of Aerosol Optical Depth (AOD) for Industrial Regions
(IDs) and Biosphere Reserves (BRs)

Comparison of the AOD levels of industrial regions and protected forest areas can
provide insights into the impact of industrial activities on the environment. It is important
to choose industrial relatively nearby regions, districts, and biosphere reserves of India
for such a comparison. The central points of 9 major industrial regions, 7 minor industrial
regions, 13 IDs, and 14 BRs with forest cover were chosen to compare the AOD level of
industrial regions and protected forest areas (Figure 2).

In Figure 3, the spatiotemporal variation of pre-monsoon AOD pixels indicates the
changing AOD variation across the Indo-Gangetic region, Utkal, and the Andhra plain
(greenish area except for the northeastern region). As the convergence zone shifts north-
ward during the pre-monsoon season, the surface itself is also intensely heated, causing
local convection associated with strong dust storms. These storms, mainly over north-
western India, yield a great deal of soil and mineral dust into the atmosphere [43]. Based
on the pixel values of time average maps of AOD, it is notable that the AOD levels vary
over time and across different regions in the Indian subcontinent.
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Figure 1. Urban agglomerations, (UA1) Kolkata, (UA2) Asansol, (UA3) Dhanbad, (UA4) Ranchi,
(UA5) Jamshedpur, (UA6) Patna,(UA7) Lucknow, (UA8) Kanpur, (UA9) Allahabad, (UA10)
Varanasi, (UA11) Meerut, (UA12) Ghaziabad, (UA13) Agra, (UA14) Delhi, (UA15) Chandigarh,
(UA16) Amritsar, (UA17) Jodhpur, (UA18) Gwalior, (UA19) Bhopal, (UA20) Indore, (UA21) Ja-
balpur, (UA22) Ahmedabad, (UA23) Surat, (UA24) Vadodara, (UA25) Rajkot, (UA26) Mum-
bai, (UA27) Pune, (UA28) Nasik, (UA29) Raipur, (UA30) Durg_Bhilainagar, (UA31) Hyder-
abad, (UA32) Vijayawada, (UA33) Bangalore, (UA34) Chennai, (UA35) Coimbatore, (UA36)
Madurai, (UA37) Kannur, (UA38) Kozhikode, (UA39) Kollam, (UA40) Thiruvananthapuram,
(UA41) Thrissur, (UA42) Kochi, (UA43) Malappuram and industrial districts (ID1) Jalpaiguri,
(ID2) Purnia, (ID3) Gorakhpur, (ID4) Cuttak, (ID5) Lucknow, (ID6) Kanpur, (ID7) Bareilly, (ID8)
Gwalior, (ID9) Jabalpur, (ID10) Bhopal, (ID11) Nagpur, (ID12) Kota, (ID13) Hyderabadand bio-
sphere reserves(BR1) Panna, (BR2) Sundarban, (BR3) Seshachalam, (BR4) Nilgiri, (BR5) Agasthya-
malai, (BR6) Khanchendzonga, (BR7) Nokrek, (BR8) Nanda Devi, (BR9) Pachmarhi, (BR10)
Achanakmar_Amarkantak, (BR11) Simlipal, (BR12) Manas, (BR13) Dibru_Saikhowa, (BR14) Di-
hang_Dibang in India.
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Figure 2. Locations of the selected central points of the industrial region, industrial districts, and
biosphere reserve for aerosol optical depth (AOD) level analysis. Black boxes denote 1. Indo-Gangetic
plain, 2. Utkal Plain, 3. Andhra Plain.
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Figure 3. Time average map of pre_monsoon (March_May) aerosol optical depth (AOD) in India
2010_2020.
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The Hooghli industrial region has the highest mean AOD level, followed by the
Bhojpur-Munger and Allahabad-Varanasi-Mirzapur industrial regions. Specifically, the
Hooghli industrial region and the Bhojpur-Munger industrial region have >0.6 AOD level
on average (Figure 4). Industrial districts situated in the Indo-Gangetic plain and the
eastern region of the Indian subcontinent also have higher AOD levels than other industrial
districts (Figure 4). Similarly, Sundarban (BR2), Nokrek (BR7), Manas (BR12), Simlipal
(BR11), and Dibru-Saikhawa (BR13) have higher AOD levels relative to other biosphere
reserves. Manas has the highest mean AOD level (Figure 5).

36N 36N
33N 0.746 =N 0.355
30N 30N
27N 27N
24N 24N
21N 21N
18N 18N
15N 15N
12N 12N
o . 0.055 9N R -0.404
] ’ ¥
—— —— . 3 -
69E 72E 75E 78E 81E 84E 87E 90E 93E 96E 69E T2E 75E 78E 81E 84E 87E 90E 93E 96E

Figure 4. (a) Time_series average map of pre_monsoon aerosol optical depth (AOD) level (2010_2020),
(b) pre_monsoon aerosol optical depth (AOD) difference map (2020_2010).

The AOD levels in the central area of the industrial regions and districts are generally
higher than those in the nearest biosphere reserves, with the exception of the northeastern
region (Figure 5). Specifically, in the Hooghli industrial region in the eastern part of
the Indian subcontinent, the average pre-monsoon AOD level in the central point is
0.704, which is higher than the nearest biosphere reserve Sundarban (0.544), and the
same feature is noted for the industrial district Cuttack (0.544) and the nearest biosphere
reserve Simlipal (0.519).

However, in the northeastern region, the middle of the Brahmaputra valley industrial
region has a lower AOD level (0.531) compared to the Dibru-Saikhowa biosphere reserve
(0.534), which is also situated in the same industrial region. More in-depth study is needed
to understand the reason behind such anomaly. The high AOD levels noted across India
during the pre-monsoon period can have several impacts on the environment, climate,
and human health. It is important to note that the impacts of pre-monsoon AOD can vary
across different regions of India, depending on the sources and composition of aerosols,
local weather patterns, and other factors. Monitoring and understanding these impacts
are important for implementing effective air pollution control measures, climate change
mitigation strategies, and public health interventions.
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Figure 5. Spatiotemporal comparison of aerosol optical depth (AOD) level of industrial region and
biosphere reserve; Respective year_wise AOD level of BRs (a) BRS, (b) BR2, (c) BR6, (d) BR11, (e) BR13,
(f) BR14, (g) BR12, (h) BR7, (i) BR1, (j) BR10, (k) BR9, (I) BR3, (m) BR4, (n) BR5 and industrial regions
and industrial districts (1) Gurgaon_Delhi_Meerut, (2) Ambala_Amritsar, (3) Jaipur_Ajmer, (4) ID12,
(5)ID7, (6) ID6,(7) ID5, (8) ID3, (9) Chotonagpur, (10) Hooghli, (11) Bhojpur_Munger, (12) ID2, (13) ID1,
(14) ID4, (15) Brahmaputra Valley, (16) Bilaspur_Korba, (17) Indore_Dewas_Ujjain, (18) Durg_Raipur,
(19) ID10, (20) ID9, (21) ID8, (22) Vishakhapatnam_Guntur, (23) Bangalore_Tamilnadu, (24) Kol-
lam_Thiruvananthapuram, (25) Adilabad_Nizamabad, (26) Kolhapur_South Kannada, (27) Northern
Malabar, (28) Middle Malabar, (29) Hyderabad, (30) Gujrat, (31) Mumbai_Pune, (32) ID11.
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3.1.2. Pre-Monsoon Aerosol Optical Depth (AOD) Level of Urban Agglomerations (UAs)
and Industrial Districts (IDs)

Observing the AOD level of urban areas is important to understand the impact of
human activities and urbanization on air pollution. The 43 UAs and 13 IDs have been
analyzed further with regards to the AOD levels. The UAs and IDs were selected from
different regions with varying levels of industrialization and urbanization to compare the
AOD levels in these areas to identify the areas with the highest levels of air pollution.

The pixel values of time-series maps (Figure 3) indicate that Kolkata (Hooghli indus-
trial region) has a much higher AOD (decadal average 0.708) than other UAs throughout
the years due to the high concentration of AOD in the eastern portion of the Indo-Gangetic
Plain (Figure 4). AOD in Kolkata (UA1) reached its maximum values in 2018 (0.899) and
2019 (0.82). The Sundarban biosphere reserve, situated in the lower Indo-Gangetic plain,
about 100 km from Kolkata, had the highest pre-monsoon AOD level (0.749) in 2010, with
a corresponding annual increase of 51.40%, while the AOD level decreased by 74.73% in
2012 (Table S2). AOD concentrations were typically higher in eastern and north-eastern
urban areas in India, e.g., Kolkata and Cuttack (ID4), and at forest sites, e.g., the Sunderban
biosphere reserve, the Simlipal biosphere reserve, the Nokrek biosphere reserve, and the
Manas biosphere reserve. Marine aerosols originating from the Bay of Bengal and the
emission from biomass burning in the northeastern parts of India may also have some
impact on the high AOD levels there [44]. Throughout the study period (2010-2020), the
urban agglomerations Patna (UA6) (Bhojpur-Munger industrial region), Allahabad (UA9),
Varanasi (UA10) (Allahabad-Varanasi-Mirzapur), Meerut (UA11), Ghaziabad (UA12), and
Delhi (UA14) (Gurgaon-Delhi-Meerut industrial region), and the industrial districts Kan-
pur (ID6), Purnia (ID2), Gorakhpur (ID3), Bareilly (ID7), all located in the Indo-Gangetic
plain, also had higher AOD (decadal average > 0.54). High pre-monsoon AOD values
occurred in Patna (0.873), Agra (0.734), and Varanasi (0.712) in 2018. Since 1979, the TOMS
aerosol index over the Indo-Gangetic region in northern India showed an increasing trend
during the pre-monsoon months (March—April-May) [45]. While transitioning from the
winter season to the pre-monsoon season, the dust influx in northern India becomes more
pronounced than during the winter season of dense haze and fine-particle aerosols. Dust
activity typically increases during March and April and peaks in May, accompanied by
severe atmospheric pollution over northern India, resulting in maximum aerosol concentra-
tion in the pre-monsoon season [45,46]. In the Utkal plain, the industrial district Cuttack
has a 0.544 mean AOD level, while the nearest biosphere reserve Simlipal has a 0.510
mean AOD level. For 14 urban areas in southern India, e.g., Hyderabad (ID13), Banga-
lore (UA33) (Bangalore-Tamilnadu industrial region), Kannur (UA37) (Northern Malabar
industrial region), Kozhikode (UA38), Thrissur (UA41), Malappuram (UA43) (Middle
Malabar industrial region) Kollam (UA39), Thiruvananthapuram (UA40), Kochi (UA42)
(Kollam-Thiruvananthapuram industrial region), Vijayawada (UA32), Chennai (UA34),
Coimbatore (UA35), and Madurai (UA36), the mean pre-monsoonal AOD level was 0.414
in the study period (2010-2020). The highest mean AOD level was observed in Vijayawada
in the Andhra plain, with a decadal average > 0.54, and the highest pre-monsoonal AOD
(0.702) occurred in 2018. It appears that AOD in southern India is lower than in the north,
which may be due to aerosol transport by the land-sea winds. Regarding human-produced
aerosols in southern India, several factors contribute to them, including transportation and
electricity production, biomass used as fuel for cooking in rural areas, crop residue burning,
combustion products from small factories, and forest fires [47].

3.1.3. Pre-Monsoon Land Surface Temperatures (LSTs) in Urban Areas and
Their Characteristics

In the Indian subcontinent, in the western, central, and southern parts, a particular
pattern of surface heating can be identified in the spatiotemporal variations of pre-monsoon
land surface temperature (Figure 6).
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Figure 6. Time average map of pre_monsoon (March_May) land surface temperature (LST) in India
2010_2020.

Increasing temperatures in urban areas are caused mainly by lower vegetation cover,
impervious surfaces, human-induced heating, and increased atmospheric pollution [48-50].
The pixel values of time series maps (Figure 6) denote that the UAs and IDs of the western part
of India have an average pre-monsoon LST level of 42 °C and show the highest pre-monsoon
average LST among other parts of India.

The second highest average pre-monsoon LST has been observed in the UAs and IDs
of the central part of India with an average pre-monsoon LST level of 41.9 °C. Pre-monsoon
LST levels in the upper southern part of India typically reach 40 °C in the UAs and IDs.
Meanwhile, the UAs and IDs in the Indo-Gangetic plain experienced an average pre-
monsoon LST level of 36.2 °C during the study period (2010-2020). Evaporative demand
depletes the soil moisture in surrounding non-urban areas before the end of March. LSTs
become much higher during April and May in India when air temperatures are also at their
highest [51]. Gautam et al. [45] found that in the Indo-Gangetic plain, each pre-monsoon
month displays a warming trend, but with the highest warming trend occurring in May
with 2.7 °C of statistically significant warming over the three decades 1979-2009.

3.1.4. Annual Pre-Monsoon Land Surface Temperature (LST) Level Percentage Change

It appears that there have been fluctuations in pre-monsoon LST percentages among
UAs and IDs in India from 2010-2020 (Figure S1, Table S3). In 2010-2011, UAs and IDs ex-
perienced an average pre-monsoon LST percentage decrease. However, this trend reversed
in the following year (2011-2012) with a 75% increase in pre-monsoon LST percentages.
The subsequent year (2012-2013) saw 66.07% of UAs and IDs experiencing LST increases in
the pre-monsoon season. The trend then shifted back to a decrease in pre-monsoon LST
percentages in 2013-2014 with a 58.93% decrease for UAs and IDs.

It is also noted that the pre-monsoon LST levels in 2020 were significantly different from
the previous year, as the pre-monsoon LST in 2019 was anomalously high. The LST values
notably decreased in several UAs and IDs. However, some studies observed that there was a
temporary decline in land surface temperatures in certain urban areas during the COVID-19
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pandemic [52,53]. For example, one study conducted in Wuhan, China, found that land surface
temperatures decreased during the city’s lockdown period due to reduced human activity and
associated reductions in energy consumption and vehicle emissions [52]. Another study in
India concluded that the lockdown measures implemented during the COVID-19 pandemic
had varying impacts on reducing the mean LST of different urban agglomerations, though
the magnitude of this impact has varied between urban areas due to multiple factors such as
regional land use, local meteorology, and climate [53].

3.1.5. Land Surface Temperatures (LST) Anomaly Map Showing Increasing and Decreasing
Trends during Pre-Monsoon (March-May) Season in India 2010-2020

The time series maps of the LST anomaly (Figure 7) denote the increasing LST anomaly
in 2010 and decreasing LST anomaly in the 2020 pre-monsoon season.

2010 2011 2012 2013
70E 80E 90E 70E 80E 90E 70E 80E 90E 70E 80E 90E <8

2020

Figure 7. Land surface temperature (LST) anomaly map showing increasing and decreasing trends
during pre-monsoon (March_May) season in India 2010_2020.

A decline in pre-monsoon LST anomalies had been observed in 40 UAs and IDs out
of 56 UAs and IDs in 2020 (Table S4). The increasing or decreasing pattern or variable
suggests that the LST level of the 56 UAs and IDs reflects the influence of many factors,
such as climatological trends, geography, air quality, and level of industrial activity [53]. A
decline in pre-monsoon LST anomalies had been observed in 9 out of 14 BR forests in 2020,
including Pachmarhi (—3.77 °C), Panna (—2.92 °C), Agasthyamalai (—3.5 °C), Seshacha-
lam (—4.46 °C), Dibru-Saikhowa (—0.8 °C), Dihang-Dibang (—3.21 °C), Khanchendzonga
(—2.37 °C), Achanakmar-Amarkantak (—7.6 °C), and Simlipal (—0.46 °C). One exception
is Sundarban (105 km from Kolkata), where no notable change was observed during the
study period (2010-2020) (Table S5). Since anthropogenic activity was curbed across the
country to contain the spread of COVID-19, the severity and extent of forest and nearby
emissions were expected to dramatically decrease, as the vast majority of forest fires in
India are due to anthropogenic activity [54]. This may affect the LST level in forests.
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3.1.6. Year-Wise LST of Urban Agglomerations (UAs), Industrial Districts (IDs), and
Biosphere Reserves (BRs)
Most BRs have lower pre-monsoon LST levels compared to nearby UAs and IDs

(Figure 8). In the central part of India, the average pre-monsoon LST level of UAs and IDs
(41.9 °C) was higher than that of BRs (41.15 °C).
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Similarly, in the upper southern part of India, the average pre-monsoon LST level
of UAs and IDs (40.6 °C) was also higher than that of BRs (38.6 °C) in the same region.
Forest-covered areas have lower LSTs relative to other land covers due to the combined
effects of albedo, surface roughness, and thermal properties [55-58].

However, the Seshachalam biosphere reserve (BR3) in the upper southern part of India
has the highest pre-monsoon LST level (43.3 °C) among all BRs and is also higher than the
UAs and IDs in the same region (Figure 8). The high LST level of the Seshachalam biosphere
reserve is possibly due to its geographic location situated in a semi-arid climate zone that
has a rugged topography with steep slopes, ridges, and sparse vegetation cover [59].

The pixel values indicate that BRs have lower pre-monsoon LST levels than nearby
UAs and IDs in most cases, but there were exceptions with high LST levels, such as the
Seshachalam biosphere reserve. The UAs, IDs, and BRs are distinct concepts that relate to
different aspects of human activity and environmental conservation. However, there can
be some interactions and relationships between these three entities, which can vary based
on their specific geographical context and management practices.

Within UAs, there can be variations in LST based on factors such as land use patterns,
building density, vegetation cover, and surface materials. By considering the relationship
between LST and IDs, it is possible to develop strategies that mitigate heat emissions,
reduce the impact on local temperatures, and promote sustainable development practices
that prioritize energy efficiency and environmental sustainability. BRs are often designated
to promote the conservation of biodiversity and sustainable development in the face of
climate resiliency. Monitoring LSTs within biosphere reserves can help assess the resilience
of these areas to climate impacts. Changes in LST can provide insights into temperature
trends, identify areas prone to heat stress, and guide conservation strategies to enhance the
adaptive capacity of ecosystems within biosphere reserves.

UAs contribute to the formation of UHIs. The higher LSTs in urban areas can impact the
microclimate within the urban agglomeration. The increased heat can affect local weather
patterns, precipitation, wind patterns, and the formation of clouds. It can also influence the
energy demand for cooling purposes, exacerbating the UHI and creating a feedback loop. IDs
often consist of factories, power plants, and other industrial facilities that release heat as a
byproduct of their operations. The waste heat generated by these activities can contribute to
elevated land surface temperatures in and around industrial districts.

3.2. Pre-Monsoonal Relationship between Land Surface Temperature (LST) and Aerosol Optical
Depth (AOD) in the Indian Subcontinent

As part of the spatiotemporal analysis, correlation analysis has been used. In the
56 urban agglomerations and industrial districts in the Indian subcontinent, there is a
statistically significant negative relationship between AOD and LST levels in the pre-
monsoon season (Figure 9, and Table 5).

Table 5. Correlation between pre-monsoon aerosol optical depth (AOD) and land surface temperature
(LST) in urban agglomerations (UAs) and industrial districts (IDs).

Year Correlation p-Value
2010 —0.44 0.000633
2011 —0.63 1.99 x 107
2012 —0.65 7.20 x 108
2013 —0.61 5.19 x 1077
2014 —0.49 0.000122
2015 —0.39 0.002639
2016 —0.52 432 x 107°
2017 —0.52 418 x 107
2018 —0.38 0.004166
2019 —0.52 329 x 10~°

2020 —0.46 0.00039
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Figure 9. Scatter plot showing year_wise aerosol optical depth (AOD) and land surface temperature

(LST) relationship in urban agglomerations (UAs) and biosphere reserves (BRs).

This denotes that as AOD levels increase, LST levels tend to decrease, possibly due to
the solar dimming effect, as the thick layer of aerosol acts as a barrier to incoming solar radi-
ation and can reduce surface insolation, resulting in a lower surface temperature [23,45,60].
Sen Roy [15] also observed in a study on the Indo-Gangetic plain that AOD was generally
negatively related to temperature to some extent over the urban domain.

This relationship was strongest in 2012 with a correlation coefficient of —0.65 but
weakened in 2018 with a coefficient of —0.38 (Table 5). However, in biosphere reserves in
the Indian subcontinent, there does not appear to be a significant relationship between
AOD and LST levels (Figure 9 and Table 6).

Table 6. Correlation between pre-monsoon aerosol optical depth (AOD) and land surface temperature

(LST) in biosphere reserves (BRs).

Year Correlation p-Value
2010 —0.14 0.6369
2011 —0.45 0.1022
2012 —0.22 0.4549
2013 —0.19 0.5126
2014 —0.40 0.154
2015 —0.06 0.8403
2016 —0.17 0.5528
2017 —0.24 0.4001
2018 0.13 0.6696
2019 —0.48 0.08142
2020 —0.44 0.1178
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This suggests that the factors influencing LST levels in BRs may be different from
those in UAs and IDs.

4. Conclusions

This study used time series analysis to examine spatiotemporal variations, character-
istics, and correlations between natural and anthropogenic physical parameters in urban
areas. The pre-monsoonal season (March-May) data of LST and AOD of the Indian sub-
continent during 2010-2020, shed light on both large-scale and regional-scale atmospheric
characteristics. AOD and LST are important parameters for studying the air quality and
thermal environment of a region, and they can be affected by various factors such as human
activities, weather conditions, vegetation cover, and topography.

As shown by the time series analysis, the Indo-Gangetic plain, especially the eastern
portion, including Kolkata had higher AOD concentrations throughout the study period
(decadal average 0.708). Whereas the urban areas of the western (decadal average 42 °C),
central (decadal average 41.9 °C), and southern regions (decadal average 40 °C) of the
Indian subcontinent experienced the highest pre-monsoon surface heating. During the
2020 pre-monsoon season, there was a decrease (for 89% urban areas) in LSTs compared
to the previous year. Urban agglomerations and industrial districts are characterized by
high levels of anthropogenic activities such as transportation, industrial production, and
energy consumption, which can lead to increased emissions of particulate matter and other
pollutants that can affect AOD and LST levels.

An increased concentration of AOD impacts the energy budget and reduces sur-
face temperature, as evidenced by the negative correlation (average —0.51) between pre-
monsoonal time-averaged LST and AOD in UAs and IDs. The correlation analysis also
pointed out that other factors can influence LST levels in BRs, and these factors may be
different from those in urban and industrial areas. In contrast to the AOD and LST rela-
tionship in urban areas, biosphere reserves may have lower levels of human activity and
more natural vegetation cover, which can have a moderating effect on AOD and LST levels.
Additionally, topographical factors such as altitude, slope, and aspect can also influence
local climate patterns and affect AOD and LST levels.

Compared to non-forested areas, forests have different thermal patterns due to the
vegetation’s ability to provide shade, change the microclimate, and affect the local energy
balance. To fully understand the relationship between LST and AOD in forests, it is
important to consider the unique features of the forest ecosystem as well as the regional
environmental factors that may affect this relationship. It is significant to further study in a
more detailed way these factors and their effects on mesoclimate and microclimate patterns.
Other possible influencing geophysical factors can be studied to better understand them
and their practical use for policymakers.

Addressing urban heating and pollution domes requires a multi-faceted approach.
Implementing green building practices, incorporating green spaces, and promoting sus-
tainable transportation systems can help mitigate the UHI effects and reduce pollution.
Encouraging the adoption of renewable energy sources and improving energy efficiency
can reduce the reliance on fossil fuels and lower emissions from power generation and
transportation. Raising awareness about the impacts of urban heating and pollution on
health and the environment is important.

This study has some notable limitations, such as the use of the point layer to derive
pixel-based values of LST and AOD for selected UAs, IDs, and BRs; this method may
cause some observational and analysis errors. Another limitation is the use of interpolation
algorithms for image enhancement; this estimates the values of missing pixels based on
the pixels around them, and this estimation process can cause errors and distortions in the
image. These errors and distortions may affect the correlation result slightly. The large-scale
observations of this study serve as preliminary work before looking at the physics and
chemistry behind the combined variations of atmospheric parameters on smaller scales in
mesoclimates and microclimates.
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Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/rs15102681/s1, Table S1. Annual pre-monsoon AOD level per-
centage change of 43 urban agglomerations and 13 industrial districts. Table S2. Annual pre-monsoon
AOD level percentage change of 14 biosphere reserves. Table S3. Annual pre-monsoon LST level
percentage change of 43 urban agglomerations and 13 industrial districts. Table S4. LST anomaly
of pre-monsoon average LST of 43 urban agglomerations and 13 industrial districts. Table S5. LST
anomaly of pre-monsoon average LST of 14 biosphere reserves. Figure S1. Annual pre-monsoon LST
level percentage change.
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