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Abstract
Aerosol significantly influences the life cycle of clouds and their formation. Many studies reported worldwide on anthropo-
genic aerosols and their impact on clouds and their optical properties. Atmospheric remote sensing provides the best way 
to estimate indirectly air quality surveillance and management in megacities of developing countries like India where many 
cities have elevated concentration profiles of air pollutants with inadequate coverage of spatial and temporal monitoring. 
The results of the study highlighted the impact on rainfall patterns due to aerosol optical depth (AOD) and fine particulate 
matter (PM2.5) for a total of 7 years (2015–2021) over five different Indian rural sites by using MODerate Resolution Imag-
ing Spectroradiometer (MODIS). The AOD (550 nm) and PM2.5 were retrieved from the MODIS sensor Terra satellites 
and the MEERA 2 model, respectively. Also, we have analyzed in this study the relationship of AOD (550 nm) with PM2.5 
and meteorological variables (temperature relative humidity and precipitation) over Indian rural sites during 2015–2021. 
The maximum concentration of AOD (550 nm) has been measured for Gandhi college (2.94 ± 0.44) and minimum for ARM 
college (0.01 ± 0.28), while the maximum concentration of PM2.5 has been measured for ARM College 296.37 (µg  m−3) 
and minimum for Karunya University 0.02 (µg  m−3). Also, the relation between AOD (550 nm) with total precipitation is 
measured positively for all locations except Gandhi college whereby PM2.5 associated with total precipitation is measured 
negatively for all locations except ARM college. Finally, the relationship between PM2.5 and AOD (550 nm) is measured 
positively in all selected locations except Singhad Institute. The maximum rainfall has been observed for monsoon months 
(June–August) and post-monsoon months (October) for all locations during the study period. The maximum total precipita-
tion has been measured for Singhad 11,674.7 (mm) and the minimum for Karunya University 4563.41 (mm). However, the 
results of the study indicated that there was no direct trend observed in AOD in five different selected rural Indian sites.
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Abbreviations
AOD  Aerosol optical depth
MODIS  MODerate Resolution Imaging 

Spectroradiometer
PM  Particulate matter
AU  Amity University
ARM  ARM College of Engineering and Technology

GEC  Gandhi Engineering College
KU  Karunya University
SI  Singhad Institutes
TRMM  Tropical Rainfall Measuring Mission
RMI  TRMM microwave imager
PR  Precipitation radar
VIRS  Visible and infrared scanner

1 Introduction

The amount of water from rainfall is one of the most cru-
cial water cycle and global water components with a sig-
nificant impact on climate conditions (Copernicus Climate 
Change Service (C3S) 2017; Kalpana et al. 2020; Gautam 
et al. 2021a, b, c). Many studies highlighted the possible 
impact of aerosol on cloud formation and related cycles 
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(Ramanathan et al. 2005; Ramanathan et al. 2001a, b; 
Kalpana et al. 2020; Gautam et al. 2021a). Many research-
ers showed fluctuations in optical properties due to the 
impact of aerosol generated by anthropogenic activities 
(Chelani and Gautam 2021; Ackerman et al. 2000; Ram-
anathan et al. 2001a, b; Kaufman et al. 2005). Aerosol 
comes from anthropogenic and various natural activities; 
therefore, it characterizes different chemical constituents 
(Bisht et al. 2022; Gollakota et al. 2021; Humbal et al. 
2018, 2019; Chauhan and Singh 2020, 2021; Ranjan et al. 
2007). Hence, it determines the variation of the refrac-
tive index of a particular aerosol. Loading of atmospheric 
pollutants due to modernization and industrialization in 
the urban and rural atmosphere reported significantly to 
lead to aerosol and monsoon-related problems, especially 
in Asian countries such as India, China, Pakistan, Bang-
ladesh, etc. (Chelani and Gautam 2022; Gautam et al. 
2021b; Gautam and Chelani 2021; Gautam and Brema 
2020). However, the sustainable development of Asian 
countries and supplies of freshwater probably depends on 
the heavy monsoon season. Lau et al. (2008) discussed the 
reported significant loss of human life and properties due 
to flash floods or prolonged drought through the region's 
uneven distribution of monsoon rain. Several studies esti-
mated that approximately significant seasonal mean (10%) 
solar radiation could be reduced by atmospheric aerosol, 

highlighting global cooling effects at the world (Chung 
et al. 2005; Ramanathan et al. 2001a, b). In recent years, 
many researchers (Meehl et al. 2008; Menon et al. 2002) 
have observed the findings of variation in rainfall pat-
terns in the Asian region due to aerosol radiative forces. 
Its fundamental research and getting attention (scientific/
publically) to understand the behavior of aerosol and its 
possible impact on water resources and agriculture. The 
reported literature indicated the total incremental concen-
tration of air pollutants and expected the same over urban 
and rural Indian regions in the coming future (Ramasubra-
manian et al. 1988; Gautam et al. 2021a, b, c). Presented 
study is the new endeavor to rural sites of the Indian 
region to understand the behavior of aerosol on rainfall 
patterns in the last 7 years (2015–2021) using satellite 
observations.

2  Methods

2.1  Site Descriptions

In the presented study, a total of five Indian rural sites (i.e., 
Amity University, ARM College of Engineering and Tech-
nology, Gandhi Engineering Collage, Karunya University, 

Fig. 1  Study area with selected sampling sites
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and Singhad Institutes) were selected according to data 
availability (Fig. 1).

2.1.1  Amity University (AU)

AU (76.916 E, 28.317  N) is India's largest education group, 
with over 50,000 students studying across 700 acres of high-
tech campus. It is situated in the Pachgaon cluster of vil-
lages, Gurgaon, a place in Haryana. The university campus 
encompasses 110 acres (0.45  km2), including a 20-acre 
(81,000  m2) sports complex. The state's climate is subtropi-
cal, semi-arid to sub-humid, continental, and monsoon. 
Haryana is extremely hot in the summer and extremely cold 
in the winter. The temperature drops to its lowest point in 
January and rises to 50 °C in May and June. Rainfall varies, 
with the Shivalik Hills receiving the most and the Aravali 
Hills receiving the least.

2.1.2  ARM College of Engineering and Technology (ARM)

ARM (79.458 E, 29.359  N), is located at an elevation (6358 
feet) above sea level surrounded by mountains in Nainital 
(district), Uttarakhand, India. It is situated in the Kumaon 
foothills of the Himalayan range, 285 km (177 miles) from 
the state capital of Dehradun. The place has a subtropi-
cal highland climate. During the winter, the South Asian 
monsoon system is quite dry, and during the summer, it is 
extremely wet. The highest and lowest total precipitation is 
725 mm in July (28.5 in) and 7.9 mm (0.31 in) in November, 
respectively.

2.1.3  Gandhi Engineering College (GEC)

GEC (84.128 E, 25.871  N) is situated in Bhuvneshwar, Odi-
sha. The Institute's campus encompasses a 25-acre plot of 
land. The place has a tropical savannah climate. The highest 
and lowest temperature is 46.7 °C (116.1 °F) and 8.2 °C (47 
°F), respectively.

2.1.4  Karunya University (KU)

KU (76.744 E, 10.935 N), located in Karunya Nagar with 
29.3 km from Coimbatore city, is a nationally ranked, fully 
residential, private Christian university. It covers 700 acres 
of land. The place experiences a semi-arid climate. The 
northeast monsoon causes a wet season in the city from 
September to November. The highest and lowest average 
temperature between 35.9 °C (96.6 °F) and 29.2 °C (84.6 °F) 
and 24.5 °C (76.1 °F) and 19.8 °C (67.6 °F), respectively.

2.1.5  Singhad Institutes (SI)

SI (73.750 E, 18.367  N) is located in Pune, Maharashtra. 
The campus encompasses 150 acres of lush green land. The 
climate is tropical wet and dry, bordering on hot semi-arid. 
The average temperatures ranging between 20 and 28 °C 
(68-°F and 82-°F).

2.2  Satellite Data

2.2.1  MODerate Resolution Imaging Spectroradiometer 
(MODIS)

The current study's data on varying aerosol optical depth 
(AOD) over the selected five rural sites were derived from 
primarily the Terra satellite. MODIS equipment measures 
cloud droplet distribution and size in ice clouds and liquid 
water. It gives information about aerosol and its properties, 
which are microscopic (solid or liquid particles) that exist 
in the ambient atmosphere.

2.2.2  Tropical Rainfall Measuring Mission (TRMM)

TRMM is a joint program of the US–Japan that uses Precipi-
tation Radar (PR), TRMM Microwave Imager (TMI), and 
Visible and Infrared Scanner (VIRS) equipment to estimate 
rainfall (tropical and subtropical). PR analyzed the precipi-
tation column, revealing new tropical storm structure and 
intensification data.

2.2.3  ERA5 Datasets

We have downloaded the meteorological data, 2-m tempera-
ture, relative humidity, and total precipitation in this study. 
ERA5 provides (1979 to present) hourly estimates of a large 
number of atmospheric, land, and Oceanic climate varia-
bles. The data cover the Earth on a 30 km grid and resolve 
the atmosphere with 137 levels ranging from the surface to 
80 km in altitude. The data are archived in the Meteorologi-
cal Archival and Retrieval System (MARS) data archive of 
the European Centre for Medium-Range Weather Forecasts 
(ECMWF), and a relevant subset of the data has been copied 
to the C3S Climate Data Store (CDS) discs, interpolated to 
a regular latitude/longitude grid. On the CDS disks, where 
single-level and pressure-level data are available, analysis 
are provided rather than forecasts, unless the parameter is 
only available from the forecasts.
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3  Results

3.1  PM2.5

Both natural and human activities cause air pollution in rural 
areas (Dey et al. 2004). Natural sources of air pollution occur 
when pollutants are generated from various natural sources 
(i.e., animals, plants, land resources, forest fires, coal fires, 
dust storms, volcanic eruptions, and sand storms) and are 
dispersed in the atmosphere naturally (Arora and Reddy 
2013, 2014, 2015; Li et al. 2010). Solid fuel combustion 
(cooking and heating) as well as agriculture activities, min-
ing (opencast and underground) activities, industrial activi-
ties (cement production and coal processing), all contribute 
significant air pollutants into the ambient atmosphere (Xia 
et al. 2005). For rural air quality, meteorological factors play 
an essential role. Factors such as topography, air movement, 
and climate determine the amount of pollution in the atmos-
phere at a given time (Gautam et al. 2021a, b, c). Winds 
play an important role in the deterioration of air pollutants 
through the dispersal and dilution process. When mountains 
dominate the topography, winds weaken and calm, and pol-
lutants congregate in the breathing zone, endangering human 
health. The temperature gradient influences the vertical dif-
fusion of pollutants. When the lower layers of air become 
rapidly noticeable (temperature inversion), the bit vertical 
movement of the air and pollutants and water vapors tend to 
remain trapped at the levels, resulting in 'smog.

In the study, the concentration profile of  PM2.5 of selected 
five rural sites of India is presented in Table 1. The  PM2.5 
range (average concentration range ± standard deviation 
range) of five selected rural sites is AU, ARM, GEC, KU, 
and SI is (36–24 ± 27–16 µg  m−3), (24–13 ± 28–12 µg  m−3), 
(25–15 ± 20–12  µg   m−3), (07–04 ± 07–04  µg−3), and 
(13–08 ± 12–06 µg−3), respectively. One distinct feature 
was reported in all selected locations in 2018, where the 
concentration was higher than all remaining years (Table 1). 
It is observed that from 2015 to 2018, the concentration level 
was increasing, but it decreased from 2019 to 2020. The rea-
son for the changes may fall under the unwanted pandemic 
worldwide. However, AU and KU have reported higher 
concentration (36 ± 27 µg   m−3) and lower concentration 
(04 ± 04 µg  m−3) sites during the study periods (Table 1).

3.2  AOD

So far, rural air quality has not been taken as a priority with 
the common misconception that there is no air pollution in 
rural areas. On the contrary, the number of developing coun-
tries’ conditions is worsening due to bad air quality. The 
indiscriminate use of insecticide/pesticide sprays, as well as 
the open burning of solid materials (i.e., wheat and paddy 

Ta
bl

e 
1 

 A
nn

ua
l s

ta
tis

tic
s o

f  P
M

2.
5 f

ro
m

 2
01

5 
to

 2
02

1 
of

 se
le

ct
ed

 fi
ve

 In
di

an
 ru

ra
l s

ite
s

Ye
ar

A
U

A
R

M
G

EC
K

U
SI

M
ea

n 
(µ

g 
 m

−
3 )

SD
 (µ

g 
 m

−
3 )

M
ea

n 
(µ

g 
 m

−
3 )

SD
 (µ

g 
 m

−
3 )

M
ea

n 
(µ

g 
 m

−
3 )

SD
 (µ

g 
 m

−
3 )

M
ea

n 
(µ

g 
 m

−
3 )

SD
 (µ

g 
 m

−
3 )

M
ea

n 
(µ

g 
 m

−
3 )

SD
 (µ

g 
 m

−
3 )

20
15

24
.3

7
15

.2
81

19
17

.8
2

15
.8

85
74

18
.5

2
14

.2
71

88
4.

95
6.

66
03

06
10

.3
6

11
.7

02
39

20
16

25
.7

8
18

.7
55

97
17

.6
5

14
.6

24
05

19
.6

8
17

.8
81

33
5.

22
3.

89
33

9
9.

14
6.

86
04

43
20

17
28

.9
7

22
.3

39
46

19
.8

7
17

.9
61

5
19

.1
5

16
.5

59
83

5.
75

4.
97

16
12

9.
71

7.
11

47
3

20
18

35
.9

1
27

.1
42

69
23

.2
7

27
.8

15
86

24
.2

6
19

.5
25

42
6.

60
5.

43
88

89
12

.5
7

9.
03

41
84

20
19

26
.6

2
21

.2
04

47
16

.8
6

19
.6

01
64

18
.8

4
17

.0
81

63
6.

36
6.

44
68

16
10

.0
3

7.
98

74
86

20
20

23
.1

8
18

.1
00

36
13

.4
8

11
.2

66
63

14
.6

6
11

.4
48

01
3.

95
3.

22
58

51
8.

00
5.

90
24

8
20

21
31

.4
4

29
.4

47
01

19
.2

6
16

.9
17

05
22

.7
4

21
.4

22
19

5.
10

4.
75

90
78

11
.3

9
9.

56
55

54



190 Aerosol Science and Engineering (2022) 6:186–196

1 3

straw), are significant sources of outdoor air pollution. This 
causes various health issues, primarily affecting the respira-
tory and cardiovascular systems. Indoor air pollution kills 
more people than outdoor air pollution. That AU in the year 
2018 had faced the maximum amount of AOD (550 nm) and 
the lowest in the year 2020 (Table 1). Compared to the oth-
ers, ARM shows a relatively lower value in AOD (550 nm), 
with its lowest in 2020 with 0.154 and its maximum of 0.236 
in 2016. This demonstrates that the global economic and 
transportation activity has been reduced to unprecedented 
levels as a result of the coronavirus disease lockdown in 
2019 (COVID-19) (see Table 2).

Nevertheless, in GEC, the AOD value was lowest in 
2017 with a value of 0.46 and a highest of 0.67 in the year 
2016. When ARM and KU are compared, it is clear that the 
factors that contribute to continuous aerosol loading in the 
atmosphere are relatively low. Since in all the years, KU has 
shown a significant dip in the contribution of aerosol loading 
to the environment. SI had a maximum of 0.2686 in 2018 
and a lowest of 0.193 in 2016. Gurgaon has a rainfall pat-
tern that extends to 87 days; this suggests that the increase 
in AODs may be due to the hygroscopic growth of water-
soluble aerosols and the transport of larger-sized aerosols.

Figure  2a demonstrates the daily variation of AOD 
(550 nm) over India's five most specific colleges and Uni-
versities like AU, ARM, GEC, KU, and SI from 1 January 
2015 to 30 November 2021. Figure 2a shows the almost 
similar trend of AOD (550 nm) for all cities every year. The 
total annual mean of daily AOD (550 nm) concentrations 
for all five study locations has been measured 0.66 ± 0.37, 
0.29 ± 0.28, 0.75 ± 0.44, 0.38 ± 0.21, and 0.39 ± 0.20, respec-
tively, during the course of the research. We have observed 
from the figure that the daily variation of AOD (550 nm) 
got highest two times one is winter months Dec–Feb and 
another is summer months May–June for every year and all 
locations during the study period. The maximum concentra-
tion of AOD has been measured for GEC (0.75 ± 0.44) and 
the minimum for ARM (0.29 ± 0.28).

Similarly, Fig. 2b demonstrates the daily variation of 
 PM2.5 over India's five rural sites from 1 January 2015 to 30 

November 2021. Figure 2b shows the almost similar trend 
of  PM2.5 for all cities every year. The total annual mean 
of daily  PM2.5 concentrations for all five study locations 
has been measured 28 ± 22.50 (µg  m−3), 18.30 ± 18.56 
(µg  m−3), 19.66 ± 17.32 (µg  m−3), 5.42 ± 5.25 (µg  m−3), 
and 10.15 ± 8.59 (µg  m−3), respectively, during the study 
period. The daily variation of  PM2.5 concentration was 
observed maximum in 2017–2019 and minimum in 2015, 
2016, 2020, and 2021 for all locations. The  PM2.5 has 
been distributed differently every year. The variation of 
 PM2.5 concentration was observed as maximum for pre-
monsoon months from March to May for every year. The 
maximum concentration of  PM2.5 has been measured for 
AU 28 ± 22.50 (µg  m−3) and minimum for KU 5.42 ± 5.25 
(µg  m−3).

Figure 2c demonstrates the daily variation of temperature 
over study sites from 1 January 2015 to 30 November 2021. 
The total annual mean of daily variation of temperature 
for study locations has been measured 25.39 ± 7.22 (°C), 
20.35 ± 5.77 (°C), 25.87 ± 6.12 (°C), 25.56 ± 1.75 (°C), and 
24.06 ± 2.52 (°C), respectively, during the study period. The 
daily variation of temperature has a similar trend every year 
during the study period and got maximum for May–June, 
while the minimum for December–Jan for all selected obser-
vation sites during the study period. The maximum tem-
perature has been measured for GEC 25.87 ± 6.12 (°C) and 
minimum for ARM 20.35 ± 5.77 (°C).

Figure 2d demonstrates the daily variation of Relative 
Humidity over India's five rural sites from 1 January 2015 
to 30 November 2021. The total annual mean of daily vari-
ation of temperature has been measured 50.31 ± 24.84 (%), 
64.08 ± 19.62 (%), 59.00 ± 24.88 (%), 74.43 ± 15.39 (%), and 
62.75 ± 26.22 (%), respectively, during the study period. The 
daily variation of relative humidity has a similar trend to the 
temperature variation, like maximum in May–July and mini-
mum in Dec–Feb for all locations during the study period. 
The maximum relative humidity has been measured for KU 
74.43 ± 15.39 (%) and the minimum for AU 50.31 ± 24.84 
(%).

Table 2  Annual statistics of AOD (550 nm) 2015–2021 of selected five Indian rural sites

Year AU ARM GEC KU SI

Mean SD Mean SD Mean SD Mean SD Mean SD

2015 0.6682 0.403181 0.279287 0.261187 0.774192 0.508919 0.340885 0.188218 0.379437 0.19082
2016 0.692283 0.400672 0.339634 0.362693 0.826754 0.47449 0.447082 0.246194 0.335299 0.177455
2017 0.609018 0.33335 0.259413 0.218737 0.678702 0.354666 0.391987 0.217082 0.388392 0.187867
2018 0.66124 0.345489 0.284437 0.276025 0.75019 0.367977 0.414595 0.239838 0.408846 0.196574
2019 0.664338 0.383327 0.26931 0.268052 0.74689 0.42155 0.368259 0.182257 0.366616 0.183467
2020 0.627309 0.352774 0.231436 0.243872 0.707119 0.403299 0.332967 0.191438 0.386981 0.219812
2021 0.666135 0.39075 0.350113 0.307657 0.8052 0.494592 0.374396 0.20545 0.474249 0.213677
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Fig. 2  Temporal variation of AOD (550 nm), PM2.5, temperature, relative humidity, and total precipitation for 2015–2021 over five rural Indian 
sites
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Fig. 3  Correlations among AOD (550 nm), PM2.5, temperature, relative humidity, and total precipitation for all five locations during 2015–2021
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Figure 2e demonstrates the daily variation of total pre-
cipitation from 1 January 2015 to 30 November 2021 on 
selected five rural sites. The annual total precipitation has 
been measured 4563.413 (mm), 10,385.68 (mm), 8747.48 
(mm), 4563.413 (mm), and 11,674.7 (mm), respectively. The 
maximum rainfall has been observed for monsoon months 
(June–August) and post-monsoon months (October) for all 
locations during the study period. The maximum total pre-
cipitation has been measured for SI 11,674.7 (mm) and the 
minimum for KU 4563.41 (mm).

Figure 3a demonstrates the relationship among AOD 
(550 nm),  PM2.5, temperature, relative humidity, and total 
precipitation for five rural sites during the study period. The 
correlations of AOD (550 nm) with  PM2.5, temperature, rela-
tive humidity, and total precipitation have a positive cor-
relation (r = 0.27), positive correlation (r = 0.23), positive 
correlation (r = 0.21), and positive correlation (r = 0.07), 
respectively, for the location of AU and although  PM2.5 with 
temperature, relative humidity, and total precipitation have a 
positive correlation (r = 0.40), positive correlation (r = 0.03), 
and negative correlation (r = − 0.05) respectively.

Similarly, Fig. 3b demonstrates the relationship among 
AOD (550 nm),  PM2.5, and meteorological parameters (i.e., 
total precipitation, temperature, and relative humidity) for 
the location of ARM. The correlations of AOD (550 nm) 
with  PM2.5, temperature, relative humidity, and total pre-
cipitation have a moderate positive correlation (r = 0.30), 
moderate positive correlation (r = 0.43), negative correlation 
(r = − 0.01), and positive correlation (r = 0.02), respectively 
for the location of ARM college and although  PM2.5 with 
temperature, relative humidity, and total precipitation have a 
moderate positive correlation (r = 0.36), positive correlation 
(r = 0.13), and positive correlation (r = 0.09), respectively.

Figure 3c demonstrates the relationship among AOD 
(550 nm),  PM2.5, temperature, relative humidity, and total 
precipitation for the location of GEC during the study 
period. The correlations of AOD (550 nm) with  PM2.5, 
temperature, relative humidity, and total precipitation 
have a positive correlation (r = 0.04), negative correlation 
(r = − 0.26), negative correlation (r = − 0.07), and negative 
correlation (r = − 0.03), respectively, for the location of GEC 
and although  PM2.5 with temperature, relative humidity, 
and total precipitation have a positive correlation (r = 0.18), 
negative correlation (r = − 0.09), and negative correlation 
(r = − 0.08), respectively. Figure 3d demonstrates the rela-
tionship among AOD (550 nm),  PM2.5, temperature, relative 
humidity, and total precipitation for the location of KU dur-
ing the study period. The correlations of AOD (550 nm) with 
 PM2.5, temperature, relative humidity, and total precipitation 
have a positive correlation (r = 0.18), positive correlation 
(r = 0.13), positive correlation (r = 0.01), and positive cor-
relation (r = 0.01), respectively, for the location of KU and 
although  PM2.5 with temperature, relative humidity, and total 

precipitation have a moderate positive correlation (r = 0.39), 
negative correlation (r = − 0.16), and negative correlation 
(r = − 0.04), respectively.

Finally, Fig. 3e demonstrates the relationship among 
AOD (550 nm),  PM2.5, temperature, relative humidity, and 
total precipitation for the location of SI during the study 
period. The correlations of AOD (550 nm) with  PM2.5, 
temperature, relative humidity, and total precipitation have 
a negative correlation (r = − 0.02), negative correlation 
(r = − 0.07), positive correlation (r = 0.22), and positive 
correlation (r = 0.06), respectively, for the location of SI, 
although  PM2.5 with temperature, relative humidity, and total 
precipitation have a moderate positive correlation (r = 0.45), 
negative correlation (r = − 0.30), and negative correlation 
(r = − 0.09), respectively.

4  Discussion

The total precipitation has been supporting the increase of 
AOD (550 nm) values and also with increasing temperature 
and humidity. It is observed in the monsoon season for all 
location but for the ARM and SI which are situated in rural 
area of Nainital and Pune, respectively, had been shown 
extremely rainfall due to several facts as: (i) high-pressure 
air masses satisfy a long thermal inversion resulting in high 
pollutants concentration on the surface (Amarillo et al. 2021; 
Alfaro et al. 2008); (ii) when the ground surface becomes 
saturated as a result of recent changes in land cover and 
land use, some of the air aerosols may be lost along with 
the precipitation (Tiwari and Singh 2013); (iii) day length 
and solar heating would be at their highest during the sum-
mer months, resulting in significant convective movements 
and turbulent mixing, and as a result, atmospheric aerosols 
would be migrating from the lowest level of the land surface 
to the upper level (He et al. 2014); (iv) this may be attributed 
to variance in anthropogenic aerosol concentrations from 
vehicles, factories, and towns (Ramanathan et al. 2001a, b; 
Kumar 2015); (v) furthermore, In the north of the Indian 
subcontinent, the Himalayan orography acts as a natural bar-
rier to aerosol dispersion, and low winter temperatures cause 
aerosol particles to be trapped and accumulated (Xie et al. 
2011; Kumar 2015).

Meteorological conditions and parameters can have a 
significant impact on aerosol loading. As a result, weather 
conditions can throw off the AOD–PM2.5 relationships.

From the correlation plots, we have examined that the 
aerosol loading increases with  PM2.5 increases. When parti-
cles are concentrated at the surface due to a low mix bound-
ary layer height, AOD measurements may be low. Pollut-
ants are better dispersed in the vertical column when the 
mix boundary layer is high, resulting in good agreement 
with AOD observations (Amarillo et al. 2021). The negative 
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correlation between AOD and  PM2.5 over SI could be attrib-
uted to thermal inversion and the frequent occurrence of 
atmospherically elevated haze, such as fire plumes and dust, 
which may not be correlated to surface concentrations due 
to heterogeneity in the vertical profile or the fine mode frac-
tion, as well as other factors that could cause AOD overesti-
mation (errors in the MODIS cloud mask algorithm) (Pena 

and Araya 2019; Amarillo et al. 2021). The concentrations 
of  PM2.5 vary depending on the wind (air mass) reaching 
the selected study sites, so air quality is generally poor at 
AU, ARM, and GEC in the Indo-Gangetic Plains (Sarkar 
et al. 2018, 2019). Also,  PM2.5 concentrations are measured 
negatively associate with total precipitation for all locations 
except ARM.

Fig. 4  Cluster analysis of 5 days airmass back trajectories for all five study locations, such as Amity University, ARM College, Gandhi College, 
Karunya University, and Singhad Institute
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Figure 4 demonstrates the cluster analysis of 5 days air-
mass back trajectories arriving from different regions, ending 
at the altitude of 500 m (above ground level) AGL for all 
five locations Amity University, ARM College, Gandhi Col-
lege, Karunya University, and Singhad Institute during only 
recent study year 2021. The Hybrid Single-Particle Lagran-
gian Integrated Trajectories (HYSPLIT) model was used to 
calculate the 5 days back trajectories of airmass and input 
meteorological data were used acquired from Global Data 
Assimilation System (GDAS, 1° × 1°) of National Oceanic 
and Atmospheric Administration (NOAA). Figure 4a shows 
the cluster analysis of 5 days airmass back trajectories for 
Amity University. Most of the contribution (~ 50–60%) of 
airmass is arriving from arid and semi-arid regions of west-
ern and central Asia, including Iraq, Iran, Afghanistan, and 
Pakistan for whole year of 2021. Also, 16.71% contribution 
of airmass is arriving from South-westerly regions Arabian 
Sea and 14.52% arriving from South-easterly regions Bay of 
Bengal passing through West Bengal, Jharkhand, Bihar, and 
Uttar Pradesh. Figure 4b shows the cluster analysis of 5 days 
airmass back trajectories for ARM College. This figure shows 
most of the contribution (~ 40–50%) of airmass is arriv-
ing from arid and semi-arid regions of western and central 
Asia. While 21.10% contribution of airmass is arriving from 
South-easterly regions. Figure 4c shows the cluster analysis 
of 5 days airmass back trajectories for Gandhi College. In this 
figure, most of the contribution (~ 70%) of airmass is arriving 
from arid and semi-arid regions of western and central Asia 
and also western part of India. While ~ 30% contribution of 
airmass is arriving from South-easterly regions and Passing 
through Arabian Sea to Bay of Bengal. Finally, Figs. 4d and 
3e show the cluster analysis of 5 days airmass back trajec-
tories for Karunya University and Singhad Institute, respec-
tively. These figures show the almost same direction of air-
mass contribution as ~ 50–60% arriving from Arabian Sea 
and ~ 30–40% from Bay of Bengal. We have measured almost 
the same contribution of airmass from different regions for 
Amity University, ARM College, and Gandhi College while 
same for both Karunya University and Singhad Institute; the 
three dominant different regions of arriving airmass as arid 
and semi-arid regions of western and central Asia, south-
westerly regions as Arabian Sea, and South-easterly regions 
as Bay of Bengal. Earlier studies (Datta et al. 2010; Xue et al. 
2013) revealed that Asian dust, VOCs, and anthropogenic 
pollutants are present in the transported contaminated air 
mass from Eurasia and the Gulf countries.

5  Conclusions

This research's primary goal is to understand better the 
relationship between AOD,  PM2.5, temperature, relative 
humidity, and total precipitation. Solid particles always 

predictably play an authoritative role in the rainfall pattern 
of a particular area and season. The maximum rainfall has 
been observed for monsoon months (June–August) and post-
monsoon months (October) for all locations during the study 
period. The maximum total precipitation has been measured 
for SI 11,674.7 (mm) and the minimum for KU 4563.41 
(mm). The present study has been concentrated on the trends 
of AOD,  PM2.5, temperature, relative humidity, and total 
precipitation over the years 2015–2021 and assessed the 
impacts of AOD and  PM2.5 over rainfall and temperature. 
The study's outcomes mentioned the slightly incremental 
profile of AOD due to urbanization trends and transportation 
activities near the rural monitoring sites. This study explic-
itly revealed that correlations of AOD (550 nm) with  PM2.5, 
temperature, relative humidity, and total precipitation have 
a significant positive correlation for all locations. However, 
the correlations of  PM2.5 with temperature have a moderate 
positive correlation, whereas those with relative humidity 
and total precipitation have a negative correlation for all 
given locations except ARM college. We have measured 
almost same contribution of airmass from different regions 
for Amity University, ARM College, and Gandhi College 
while same for both Karunya University and Singhad Insti-
tute; the three dominant different regions of arriving airmass 
as arid and semi-arid regions of western and central Asia, 
south-westerly regions as Arabian Sea, and South-easterly 
regions as Bay of Bengal. This study thus highlights the 
necessity of taking into account the evolution of aerosols in 
future regional climate simulations.
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