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Abstract: This study presents the longest time series of aerosol optical properties and
Precipitable Water Vapor (PW) from two AERONET sites in the Indo-Gangetic Plains (IGP).
Analyzing 22 years of data (2001-2022) from Kanpur and 16 years (2007-2023) from Gandhi
College, the study focuses on Aerosol Optical Depth (AOD), Angstrém Exponent (x),
Single Scattering Albedo (SSA), and Precipitable Water Vapor (PW). Significant variability
in aerosol properties is observed across monthly, seasonal, and annual scales. The highest
mean AODsg values, coupled with higher 440870 during post-monsoon and winter,
indicate the dominance of fine-mode aerosols. A decrease in SSA with wavelength during
these seasons further highlights the absorbing nature of these fine-mode aerosols, driven
by fossil fuels and biomass burning. In contrast, summer and pre-monsoon have relatively
lower mean AODsqg, lowest xa49-g70, and increased SSA with wavelength, suggesting the
dominance of coarse-mode scattering dust aerosols. PW exhibits a seasonal cycle, reaching
its peak during the monsoon due to moisture transport from the Arabian Sea and Bay
of Bengal, then decreasing post-monsoon as drier conditions prevail. Long-term annual
trends reveal increasing aerosol concentrations, with AODsqg rising by 18% at Kanpur and
29% at Gandhi College, suggesting faster aerosol loading at the latter. Sub-period analysis
indicates a slowdown in AODsq increase during 2012-2023 at Kanpur, indicating potential
stabilization post-industrialization, while Gandhi College’s more pronounced AODsy
and ougp-g70 increase underscores the growing impact of fine aerosols in rural IGP areas.
Kanpur shows a sustained SSA increase, though at a slower rate in recent years, indicating
dominant scattering aerosols. In contrast, Gandhi College has transitioned from moderate
SSA increases to declines at longer wavelengths, suggesting enhanced fine-mode absorbing
aerosols. At Gandhi College, the decline in PW reduces atmospheric moisture, limiting wet
scavenging and likely contributing to the rise in fine-mode aerosols, especially during the
monsoon and post-monsoon seasons. Our findings highlight the evolving aerosol sources
in the IGP, with Kanpur stabilizing and rural areas like Gandhi College seeing continued
increases in pollution.

Keywords: AERONET; AOD; SSA; pre-monsoon; monsoon; variability; Kanpur; Gandhi
College
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1. Introduction

Aerosols refer to the small colloidal particles existing in the atmosphere, characterized
by diverse chemical compositions, and dispersed or incorporated within gases, smoke, or
mist. Produced by natural and human activities, aerosols significantly impact global and
regional climate change by directly interacting with solar radiation and indirectly altering
cloud microphysics and hydrological cycle [1-3]. They also affect the health of humans,
animals, and plants by degrading the environment and air quality [4]. The consequences
of aerosols released into the atmosphere are not confined to local areas, as they can travel
over long distances, affecting regions far from their origins [5-7]. Consequently, addressing
aerosol pollution requires understanding its optical properties, identifying source regions,
and monitoring spatial and temporal variations on a local, regional, and global scale.

Over recent decades, ground-based monitoring systems and satellite platforms have
effectively investigated the temporal and spatial characteristics of aerosols on regional
and global scales [8-14]. Satellite remote sensing provides continuous aerosol monitoring
and enables rapid, global-scale data collection. However, retrieval accuracy over land is
influenced by surface reflectance, which is accounted for in aerosol retrieval algorithms
through techniques such as multi-angle and spectro-polarimetric retrievals [15-19]. On
the other hand, ground-based remote sensing networks, for example, AERONET (Aerosol
Robotic Network), SKYNET (Sky Radiometer Network), and SONET (Sun-Sky Radiometer
Observation Network) [20-23] are effective in characterizing aerosol optical and micro-
physical properties [24]. While spatially confined, these networks are not hindered by
surface reflectance limitations, making them more accurate than satellite observations.
AERONET is an important ground-based aerosol observation network with more than
800 sites across the world encompassing different land use types, including urban and rural
areas, forests, deserts, and mountains [25-28]. Researchers around the world have utilized
AERONET datasets in multiple studies to understand the spatiotemporal characteristics of
aerosols, including their categorization based on type, particle size distribution, albedo,
and absorption properties [29-31].

India has seen a rising trend in population, urbanization, and industrialization, lead-
ing to a significant increase in atmospheric aerosol concentrations in recent decades [32-34].
The Indian subcontinent, particularly the Indo—Gangetic Plains (IGP) in northern India, is
widely recognized as a global hotspot for high aerosol loading [35,36]. This region, one
of the most densely populated agricultural basins, experiences persistently high aerosol
levels throughout the year- due to varied emission sources and pronounced seasonal vari-
ations [37,38]. The source characteristics of aerosols over the IGP include anthropogenic
sources such as vehicular emissions, industries, coal-fired plants, and biomass and domes-
tic biofuel burning [39,40]. Additionally, convection-induced winds can carry desert and
alluvial dust aerosols into the atmosphere, particularly during the pre-monsoon/summer
season [41,42]. Air quality during the winter and post-monsoon months deteriorates due to
the frequent formation of dense fog, haze, and severe smog, which reduces visibility. This
is mainly caused by agricultural residue burning, solid waste materials, and fossil fuel use
in various sectors [43,44] along with unfavorable meteorological conditions that limit pol-
lution dispersion, posing potential health risks [45]. Numerous studies have documented
the properties and characteristics of aerosols and have found an overall increase in aerosol
loading based on satellite observations and ground-based AERONET data in the IGP of
India [46—48]. Kaskaoutis et al. [49] studied the long-term variability and trends of aerosol
properties over Kanpur, Northern India, using AERONET data for a relatively longer time
from 2001 to 2010. Recently, a long-term change in aerosol loading over the Bihar State of
India using 19 years (2001-2019) of high-resolution satellite data was studied [48]. Using
satellite-derived aerosol properties, Kumar et al. [38] assessed the long-term aerosol charac-
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teristics over a decade (2007-2017) at two locations: Delhi and Lucknow in the IGB. Using
AERONET data, Bibi et al. [50] examined the distribution and spectral behavior of the opti-
cal properties of atmospheric aerosols at four locations in the IGP. While numerous studies
over the IGP have utilized AERONET and satellite data (such as (Moderate Resolution
Imaging Spectroradiometer (MODIS) and Multi-angle Imaging Spectroradiometer (MISR),
this study offers the longest term, site-specific assessment of aerosol optical properties and
PW, emphasizing local vs transported aerosol contributions at urban-industrial (Kanpur)
and semi-rural (Gandhi College) sites. A comprehensive understanding of aerosol particle
size, nature (absorbing and/or scattering), composition, and long-term trends is crucial
for several reasons. It enhances the accuracy of climate models by improving predictions
of aerosol/radiation interactions and aerosol/cloud interactions, which are key factors
in climate change. It also aids in identifying the sources and types of aerosols, enabling
targeted pollution control measures. Additionally, understanding these characteristics is
essential for assessing the impact of aerosols on public health, as different aerosol types
have varying effects on air quality and human health.

This study presents the longest time series of aerosol optical properties and PW for
two sites in the IGP: Kanpur, a highly industrialized urban area, and Gandhi College, a
rural background site. Utilizing AERONET ground truth data, we analyze 22 years of
data from Kanpur (2001-2022) and 16 years of data from Gandhi College (2007-2023).
The study focuses on key aerosol optical properties, including Aerosol Optical Depth
(AODxs), Angstrém Exponent (x440-870), Single Scattering Albedo (SSA), and Precipitable
Water Vapor (PW). It also incorporates back air mass trajectory analysis to compare aerosol
loading and identify potential sources across rural and urban environments.. The analysis
delves into both annual and seasonal variations along with long-term trends, providing
a comprehensive assessment of how aerosol characteristics vary across time. A signifi-
cant contribution of this study is its inclusion of recent years not previously analyzed,
offering fresh insights into evolving aerosol trends in both rural and urban regions. Of
particular note, the results reveal surprisingly high aerosol loading at rural Gandhi College,
underscoring a growing environmental concern as rural areas face escalating pollution
levels. This highlights the increasing vulnerability of rural regions to the impacts of air
pollution, even amidst India’s rapid urbanization. The findings emphasize the urgent
need for proactive management and tailored interventions to address the environmental
challenges faced by rural areas in the face of broader industrial growth.

2. Methodology and Data
2.1. Study Area

In this research, two AERONET sites from the IGP of Northern India were selected
for understanding the long-term trend of aerosol properties. The two selected sites are
Kanpur, an urban and industrial area (26.51° N, 80.23° E), and Gandhi College within a
rural background (25.87° N, 84.13° E). Based on their closeness to diverse ecosystems and
land utilization, these stations may encounter varying aerosol sizes and categories. The
locations of the two selected sites are shown in Figure 1.

Kanpur, a major industrial city in central-western Uttar Pradesh, India, is geographi-
cally situated between the Vindhyan—-Satpura ranges to the south and the Himalayas to
the north. It is flanked by two significant rivers, the Yamuna and the Ganga, along with
their tributaries. The city has seen substantial rural-to-urban migration spurred by eco-
nomic opportunities and urban development. This population growth has led to increased
land development and industrial activities, contributing to elevated pollution levels and
higher aerosol concentrations [51]. Gandhi College, located in Ballia, lies approximately
466 km east of Kanpur and is set in a predominantly rural area [52]. The region is primar-
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ily agricultural, relying on ample groundwater and monsoon rainfall for irrigation, with
wheat, paddy, mustard, and pulses being the main crops. Due to its agricultural nature,
land surface factors are likely to have a more significant impact on aerosol climatology at
Gandhi College compared to the urbanized environment of Kanpur. Both study sites are
situated far from the Arabian Sea and the Bay of Bengal, contributing to their continental
climate. They experience a semi-arid climate with four distinct seasons: summer (March to
April)/pre-monsoon (May to June), monsoon (July to September), post-monsoon (October
to November), and winter (December to February). December and January are the coldest
months, while May and June are the hottest. Despite some variability, around 80-85% of
the annual rainfall in these regions occurs during the southwest monsoon. The region
experiences hot summers, cold and foggy winters, and frequent thunderstorms and dust
storms, particularly around the pre-monsoon/monsoon season.
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Figure 1. Map of the study area showing two sites in India: Kanpur (26.51° N, 80.23° E), marked
with a red asterisk, and Gandhi College (25.87° N, 84.13° E), marked with a yellow asterisk.



Atmosphere 2025, 16, 321

5o0f 27

2.2. AERONET

This study employed data from the AERONET ground-based observation stations
at Kanpur and Gandhi College, located in the IGP. AERONET is a globally established
network of sun- and sky-tracking radiometers that provides continuous, high-quality data
on aerosol optical properties [20]. This network plays a crucial role in measuring aerosol
characteristics and validating satellite-derived aerosol data (http:/ /aeronet.gsfc.nasa.gov/
(last accessed on 20 October 2024). AERONET provides daily data on various optical and
radiative properties of aerosols across different spectral bands (340, 380, 440, 500, 675, 870,
and 1020 nm) through a global network of sun and sky radiometers [20]. AERONET offers
three levels of data quality: Level 1.0: Raw, unscreened data, Level 1.5: Cloud-screened
and pre-processed data, and Level 2.0: Fully quality-assured data. The system combines
sun measurements with sky radiance observations to retrieve aerosol properties, including
Aerosol Optical Depth (AOD), Angstr'c')m Exponent (), Single Scattering Albedo (SSA),
and Complex Refractive Index (RI). AOD uncertainties are less than £0.01 for longer
wavelengths (A > 440 nm) and £0.02 for shorter wavelengths in cloud-free conditions,
while columnar water vapor retrievals have an uncertainty of up to 10% [53,54].

Level 2.0 AERONET data were utilized in this study, accounting for retrieval uncer-
tainties. In the present study, AOD at 500 nm was analyzed to assess aerosol concentration,
and the oi49_g79 derived from the 440-870 nm wavelength was examined to determine
aerosol size characteristics. Seasonal variations in SSA at four wavelengths (440, 675, 870,
and 1020 nm) were investigated to understand the scattering versus absorption properties
of aerosols. Additionally, spectral AOD variation was analyzed across wavelengths to dis-
cern the presence of fine- and coarse-mode aerosols. For further details on the AERONET
instrument and retrieval methodologies, refer to [53,55].

2.3. HYSPLIT (Hybrid Single-Particle Lagrangian Integrated Trajectory Model)

Backward air mass trajectories were derived using the HYSPLIT (Hybrid Single-
Particle Lagrangian Integrated Trajectory) model to better understand the potential source
sectors of pollutants. HYSPLIT is a widely used model that simulates the movement of
air particles in a Lagrangian framework, tracing their pathways over time and providing
insights into how pollution from different sources might be transported to specific locations.
The model was initially developed by the Air Resources Laboratory (ARL) of the National
Oceanic and Atmospheric Administration (NOAA) in the 1980s [56,57] and has since
become a crucial tool for studying atmospheric dispersion and pollution transport [57-60].

The primary aim of this analysis was to identify the origin of atmospheric pollutants
at Kanpur and Gandhi College by evaluating the trajectory of air masses over specific time
frames. In this study, the 5-days backward trajectories of air masses were calculated for the
years 2005, 2010, 2015, and 2020, with a focus on air masses reaching an altitude of 500 m
above ground level (a.g.l.). The 5-days backward trajectory represents a comprehensive
examination of how air masses move over the area, showing the mean direction of transport
over each year considered. These temporal snapshots allowed for the evaluation of long-
term trends and variability in aerosol loading across different years.

The input meteorological data for the model were sourced from the Global Data
Assimilation System (GDAS) provided by NOAA, with data resolution of 1° x 1° latitude
and longitude. GDAS is a globally recognized meteorological data assimilation system
that integrates observational data and numerical weather prediction models to provide
accurate atmospheric data for different regions and heights [61]. These high-quality data
were essential for obtaining reliable and precise trajectories, ensuring that the model results
would be accurate in representing the movement of air masses.
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2.4. Trend Analysis

A long-term trend analysis of aerosol optical properties and PW were conducted
using time-series data from two sites in the IGB. The analysis was performed on both
annual and daily mean values of various aerosol optical properties and PW obtained
from AERONET for each location. Before applying trend analysis, data normality was
assessed using the Shapiro-Wilk and Kolmogorov-Smirnov tests. Based on this assessment,
annual trends (year’l) of AODsgg, oaa0-g70, and PW were analyzed using parametric
linear regression, as these datasets followed a normal distribution, while trends per day
(day~!) were analyzed using the non-parametric Mann-Kendall (M-K) test, which is well-
suited for non-normally distributed data [62,63]. The Mann-Kendall test is widely used
in atmospheric and environmental sciences for detecting monotonic trends in long-term
datasets and has been extensively applied for analyzing AOD trends, including studies
over the IGP and the Indian subcontinent [35,64]. The M-K test was used to examine day’l
trends of AODsq, xa40-870, PW, and SSA at four wavelengths during the complete study
periods (2001-2022 for Kanpur and 2006-2023 for Gandhi College) across different seasons
within the study period, and for two sub-periods at each site (2001-2011 and 2012-2022 for
Kanpur, 2006-2014 and 2015-2023 for Gandhi College).

The trend analysis methodology follows Kaskaoutis et al. [49] and is described by
the equation:

x%:a*ﬁ*lOO (1)
x/

where x is the variable, x” is the mean value, N is the whole number of days or years
during the studied period, and a is the slope value from the linear regression analysis. The
statistical significance of the slope was evaluated using the p-value, with values less than
0.05 indicating statistically significant trends at the 95% confidence level.

3. Results
3.1. Aerosol Optical Depth (AOD) and Angstrom Exponent («)

Aerosol Optical Depth (AOD) is a crucial parameter for quantifying aerosol concentra-
tion in the atmosphere, serving as an indirect indicator of air pollution levels [65,66]. AOD
represents the column-integrated aerosol extinction coefficient, reflecting the attenuation
of solar radiation by aerosols across different wavelengths throughout the entire atmo-
spheric column [67]. Figure 2a,b illustrates the seasonal/monthly variations in AODsq for
Kanpur (2001-2022) and Gandhi College (2006-2023), respectively. In Kanpur, the highest
AODs values (Average £ Standard Error) were recorded during the post-monsoon period
(0.80 = 0.012), followed by winter (0.68 £ 0.014) and pre-monsoon seasons (0.72 =+ 0.009).
The lowest AODsgg values were seen during summer (0.50 + 0.007, the lowest across
seasons), with the monsoon season (Figure 2a) registering a mean AODs of 0.57 £ 0.011.
At Gandhi College, more pronounced seasonal variations and higher aerosol concentrations
were observed (Figure 2b). The highest mean AODsq levels were recorded during winter
(0.94 £ 0.017), followed by the post-monsoon period (0.84 £ 0.023), with the pre-monsoon
season (Figure 2b) registering a mean AODsgg of 0.78 = 0.011. The lowest mean AODs
values at Gandhi College were observed during the monsoon (0.58 &+ 0.013) and summer
seasons (0.59 £ 0.011). Marked and sudden changes in aerosol loading were also evident
in monthly (within seasons) AODs values at both sites (Figure 2). The increase in AODsgg
was very sharp from March (0.45 & 0.008; 0.56 £ 0.016) to June (0.74 £ 0.015; 0.81 & 0.019),
and immediately after the monsoon seasons from September (0.55 & 0.015; 0.64 £ 0.021) to
November (0.90 4 0.018; 1.03 & 0.037) at Kanpur and Gandhi College, respectively. The
highest monthly average AODs5qy was observed in November (0.90 £ 0.018) at Kanpur
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(Figure 2a) and December (1.06 £ 0.029) at Gandhi College (Figure 2b). However, the
lowest monthly average AODs5(y was seen in March at both sites.
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Figure 2. Boxplots displaying monthly mean AOD (500 nm) (a) at Kanpur and (b) at Gandhi College,
and ouq0-g70 at (¢) Kanpur and (d) Gandhi College. The horizontal line within each box represents the
monthly average values. Colors represent different seasons: red for summer, green for pre-monsoon,
blue for monsoon, yellow for post-monsoon, and black for winter.

The Angstrom Exponent (AE or o) measures how the AOD varies in relation to various
light wavelengths—a phenomenon known as “spectral dependence”. The o exhibits a
lower magnitude for coarse-mode particles and a higher magnitude for fine-mode par-
ticles [54,68]. This makes o« a useful measure for determining atmospheric aerosol size
and understanding the wavelength dependence of aerosol optical properties. The average
seasonal /monthly variation in x440-g79 values at Kanpur and Gandhi College is shown
in Figure 2¢,d, respectively. The highest mean seasonal of x440_g79 values were recorded
during the post-monsoon (1.29 £ 0.006; 1.35 £ 0.008), followed by winter (1.26 £ 0.009;
1.31 + 0.007) and monsoon seasons (1.12 + 0.012; 1.28 £ 0.010) at Kanpur (Figure 2c) and
Gandhi College (Figure 2d), respectively. The relatively lower x440-g70 values were recorded
during the summer (0.76 £ 0.01; 0.97 & 0.013), with the lowest seasonal value registered in
pre-monsoon seasons (0.64 £ 0.013; 0.95 £ 0.013) at Kanpur (Figure 2c) and Gandhi College
(Figure 2d), respectively. Monthly mean values of x40 g7 varied considerably at Kanpur
but not prominently at Gandhi College. At Kanpur (Figure 2c¢), the xy49.879 varied from
0.59 £ 0.015 in May (minimum) to 1.32 &£ 0.006 in November (maximum). At Gandhi
College, the changes in monthly average as40.870 values were less distinct, with values
ranging from 0.85 £ 0.016 in April (minimum) to 1.38 £ 0.009 in November (maximum)
(Figure 2d).

The spectral variation of AOD across five different wavelengths (380 nm, 440 nm,
500 nm, 675 nm, and 870 nm), as depicted in Figure 3, provides valuable insights into
the aerosol characteristics over Kanpur (Figure 3a) and Gandhi College (Figure 3b). The



Atmosphere 2025, 16, 321

8 of 27

observed trend, where AOD value decreases with increasing wavelength, is indicative of
the presence of both fine and coarse aerosol particles, with a predominance of fine-mode
aerosols in the atmosphere [69]. Examining the variations (mean + standard error) at
different wavelengths over the entire period revealed that in Kanpur, the average highest
values of AOD at 380 nm (1.15 4 0.021), 440 nm (1.01 + 0.019), 500 nm (0.90 4+ 0.018), and
675 nm (0.62 % 0.012) occurred in the month of November, whereas, at wavelengths 870 nm
peak average AOD values were seen in the month of June (Figure 3a).
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Figure 3. Spectral variation of AOD (Avg. £ S.E) across different seasons and months at (a) Kanpur
and (b) Gandhi College during the study period.

The lowest average AOD values across all wavelengths: 380 nm (0.58 £ 0.010), 440 nm
(0.50 £ 0.009), 500 nm (0.45 4 0.008), 675 nm (0.34 £ 0.006), and 870 nm (0.28 + 0.006) were
observed during March compared to other months (Figure 3a). A similar trend of higher
AOD values at lower wavelengths and lower values at higher wavelengths was observed
at Gandhi College (Figure 3b). However, at this location, the highest average AOD was
recorded in December for wavelengths of 380 nm (1.34 & 0.033), 440 nm (1.20 £ 0.032), and
500 nm (1.06 £ 0.029), and in January for 675 nm (0.74 £ 0.025) and 870 nm (0.52 £ 0.019).
The lowest average AOD values across all wavelengths at Gandhi College were noted in
August (Figure 3b).

3.2. Frequency Distribution

The seasonal frequency distribution data show that the frequency of AODsqg values ex-
ceeding 0.6 varied from 25.4% to 67.3% at Kanpur (Figure 4) (summer: 25.4%, pre-monsoon:
62.9%, monsoon: 37.7%, post-monsoon: 67.3%, and winter: 56.6%), and from 38.2% to
75.9% at Gandhi College (Figure 5) (summer: 41.1%, pre-monsoon: 70.0%, monsoon: 38.2%,
post-monsoon: 67.3%, and winter: 75.9%). The seasonal ou49-g79 frequency distribution
graphs for both the locations (Figures 6 and 7) show unimodal distribution during winter
(Figures 6a and 7a) and post-monsoon (Figures 6e and 7e) with a modal value of 1.2, which
is very close to the mean value of x440-g70.
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Figure 4. Seasonal frequency distribution of AODs(yy over Kanpur for (a) winter, (b) summer,
(c) pre-monsoon, (d) monsoon, and (e) post-monsoon seasons.
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Figure 6. Seasonal frequency distribution of oy40.879 over Kanpur for (a) winter, (b) summer,
(c) pre-monsoon, (d) monsoon, and (e) post-monsoon seasons.

300 140
N= 622 (a) Winter N= 587 (b) Summer 160 N=710 (c) Pre-Monsoon
250 420 140
100
120
200
>
2 g>' 80 100
c
S 150 ] g
g o o 80
2 © 60 15
w w w
100 60
40
40
50
20
20
0 0 0
02 04 06 08 10 12 14 16 18 20 02 04 06 08 1.0
440870 O440-870
5 N= 679 (d) Monsoon 200 N= 407 (e) Post-Monsoon
180
1
200 €0
140
> >
o o
2 150 2120
] @
S S
T o 100
(4 (4
ul: S
100 W 80
60
50 40
20
0 0
02 04 06 08 10 12 14 16 18 20 02 04 06 08 10 12 14 16 18
O440-870 440870
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Atmosphere 2025, 16, 321 11 of 27

The seasonal x449_g70 frequency distribution also shows a relatively higher percent-
age of xy40-g70 values below 0.6 during summer (33.4% and 13.3%) and pre-monsoon
(49.6%) and 18.6%) seasons at Kanpur (Figure 6b,c) and Gandhi College (Figure 7b,c),
respectively. Additionally, the intra-seasonal variability observed in AODs(y and &440-g70
values at both Kanpur and Gandhi College, as evidenced by wider frequency distributions
(Figures 4 and 5). Throughout the study period, the average AODs( values were consis-
tently higher at Gandhi College compared to Kanpur across all seasons and months, except
for July and August (Figure 2a,b). Similarly, xs49.870 values were consistently higher at
Gandhi College across all seasons and months (Figure 2¢,d).

3.3. Single Scattering Albedo (SSA)

Single Scattering Albedo (SSA) is a key parameter for assessing the scattering versus
absorption properties of aerosol particles, with values ranging from 0 (indicating com-
plete absorption) to 1 (indicating pure scattering). The seasonal spectral variation of mean
SSA values at various wavelengths (440 nm, 675 nm, 870 nm, and 1020 nm) for Kanpur
(2001-2022) and Gandhi College (2006-2023) provides important insights into the aerosol
characteristics at these sites. Figure 8a—e depicts the seasonal spectral variation of the
mean (+SE) of SSA for Kanpur (2001-2022) and Gandhi College (2006-2023). The seasonal
average SSA values showed no significant spectral dependence across the study area. Both
Kanpur and Gandhi College exhibited similar SSA variations across all wavelengths and
seasons. However, apart from the monsoon season, the SSA was strongly wavelength-
dependent at both sites. During winter and post-monsoon, SSA slightly decreased with
increasing wavelength, showing relatively higher values at shorter wavelengths. Con-
versely, during summer and pre-monsoon, SSA increased with wavelength at both the
studied sites (Figure 8a—e). Notably, during the monsoon season, SSA values remained
consistent across both lower and higher wavelengths.
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Figure 8. Spectral variation of SSA (Mean. + S.E) across different seasons at Kanpur and Gandhi
College sites during the study period: (a) winter, (b) summer, (c) pre-monsoon, (d) monsoon, and
(e) post-monsoon.
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3.4. Precipitable Water Vapor (PW)

Precipitable Water Vapor (PW) quantifies the total amount of water vapor contained
in a vertical column of the atmosphere, extending from the surface to the top of the atmo-
sphere [70]. This parameter, derived from AERONET direct sun irradiance measurements
in the water vapor absorption band near 940 nm, offers critical insights into atmospheric
moisture content. Figure 9a,b presents the monthly/seasonal variation of PW content at
Kanpur and Gandhi College, revealing significant monthly and seasonal variability at both
sites. The highest PW concentrations were recorded during the monsoon season, followed
by the pre- and post-monsoon periods at both sites. Specifically, the long-term mean PW
and its standard deviation at Kanpur were 5.14 £+ 0.029 during monsoon (maximum),
3.47 £ 0.038 during pre-monsoon, 1.99 £ 0.030 during post-monsoon, 1.82 & 0.020 in sum-
mer, and 1.29 £ 0.019 in winter (minimum; in December) (Figure 9a). At Gandhi College,
PW content was consistently higher than at Kanpur, with mean values of 5.71 &+ 0.027,
4.12 £+ 0.044, 2.55 £ 0.058, 2.13 £ 0.031, and 1.44 &+ 0.021 during monsoon (maximum),
pre-monsoon, post-monsoon, summer, and winter, respectively. Among the months, the
highest PW content was seen in July (5.54 £ 0.032; 6.03 £ 0.0), and the lowest values
were observed in December (1.21 £ 0.023; 1.36 £ 0.033) at Kanpur (Figure 9a) and Gandhi
College (Figure 9b), respectively. Following the monsoon season, there was a marked
decrease in PW content, with values dropping significantly in October (2.49 £ 0.06) at
Kanpur and at Gandhi College (3.14 4 0.076) and continuing to decline through November
(1.50 & 0.025 at Kanpur) and (1.79 £ 0.043 at Gandhi College), and December (Figure 9).
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Figure 9. Boxplots displaying monthly mean PW at (a) Kanpur and (b) Gandhi College. The
horizontal line within each box represents the monthly average values. Colors represent different
seasons: red for summer, green for pre-monsoon, blue for monsoon, yellow for post-monsoon, and
black for winter.3.5. Long-Term Annual Trend Analysis.

Table 1 presents the trends of AODs, cta49-g70, and PW at Kanpur and Gandhi College
using both annual and daily means, along with SSA trends (440 nm, 670 nm, 875 nm, and
1020 nm) based on daily means. Statistical parameters such as trend day !, trend year~!,
% change, and p-values are also provided for both stations. The trend analysis covers
time period from 2001-2022 for Kanpur and 20062023 for Gandhi College. Due to limited
observations in 2008 (44 days), 2010 (12 days), and 2017 (76 days) at Gandhi College, these
years were excluded from the annual trend analysis. The analysis of long-term annual and
daily mean AODs values reveals a variable yet statistically significant increasing trend at
both Kanpur and Gandhi College, indicating a notable rise in AODs5(g over the study period
(Table 1). Specifically, at Kanpur, AODsg has been increasing at a rate of 0.0056776 year !
and 0.0000230 day !, equivalent to a ~18% increment. Interestingly, Gandhi College
exhibited a slightly higher rate of increase in AODsg, with values rising by 0.0123218 year !
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(29%) and 0.0000644 day’1 (27%) (Table 1). Similarly, x440-870 values have also shown a
notable upward trend at both sites. Gandhi College again displayed a relatively higher
increment in oy49.870, with an increase of 0.0097700 year~! (~14%) and 0.0000611 day !
(~16%), compared to Kanpur’s 0.0093563 year’1 (~20%) and 0.0000294 day’1 (~15%)
(Table 1). The long-term SSA trends (day~!) at Kanpur and Gandhi College exhibit distinct
wavelength-dependent variations. At Kanpur, SSA shows a significant increasing trend
across all wavelengths (440-1020 nm), with the highest rise at 440 nm (0.0000122 day;
~5%) and the lowest at 1020 nm (0.0000067 day‘1 ; ~3%) (Table 1). In contrast, at Gandhi
College, SSA increases at 440 nm (0.0000087 day‘1 ; ~2%) and 675 nm (0.0000037 day_1 ;
~1%) but declines at 870 nm (—0.0000039 day‘l; —0.9%) and 1020 nm (—0.000011 day~};
~—2%) (Table 1). All trends are statistically significant (p < 0.05), indicating robust long-
term changes.

Table 1. Statistical parameters for regression analysis of annual and daily trends in aerosol properties
at Kanpur (2001-2022) and Gandhi College (2006-2023). Statistically significant trends at the 95%
confidence level (p < 0.05) are highlighted.

Kanpur (2001-2022) Gandhi College (2006-2023)

Mean =+ S.E Trend/Year (%) P Mean =+ S.E Trend/Year (%) P
AOD 0674001 00056776 1862 0001 0724023 00123218 2893 0002
(500 nm)
AE 1.03 £ 0.02 0.0093563  20.06  0.0002 1.12 £ 0.02 0.0097700 14.41 0.025
(440-870 nm)
PW 2.60 + 0.06 0.0156395 1324 0.104 3.30 £ 0.15 —0.0484076 —24.95  0.093
Kanpur (2001-2022) Gandhi College (2006-2023)
Mean + S.E(N) Trend/Day (%) p Mean & S.E(N) Trend/Day (%) 7
AOD 0.67 £ 0.005 0.74 £ 0.01
(500 nm) (5208) 0.000023 17.83  0.0000 (3051) 0.0000644 26.73 0.0000
AE 1.03 £ 0.01 1.15£0.01
(440-870 nm) (5208) 0.0000294 14.86 0.0000 (3051) 0.0000611 16.18 0.0000
2.61 +0.02 3.31 £0.03
PW (5208) 0.0000528  10.51 0.0000 (3051) —0.000163  —15.01  0.0000
SSA 0.91 £ 0.001 0.91 £ 0.001
(440 nm) (3916) 0.0000122  5.28  0.0000 (2193) 0.0000087 2.10 0.0000
SSA 0.92 £+ 0.001 0.92 £+ 0.001
(675 nm) (3916) 0.0000115  4.88  0.0000 (2193) 0.0000037 0.88 0.001
SSA 0.92 £+ 0.001 0.92 £ 0.001
(870 nm) (3916) 0.0000101  4.32  0.0000 (2193) —0.0000039 —0.93 0.004
SSA 0.92 £+ 0.001 0.91 £+ 0.001
(1020 nm) (3916) 0.0000067  2.87  0.0000 (2193) —0.000011 —2.64 0.0000

The trend in PW content shows divergent patterns between the two sites. Kanpur
experienced a considerable increase in PW, with an annual increment of 0.0156395 year‘1
(~13%) and a daily increase of 0.0000528 day_1 (~10%) (Table 1). Conversely, Gandhi
College exhibited a marked decrease in PW content, with a decline of —0.0484076 year‘1

(~—25%) and —0.000163 day ! (~—15%).

3.5. Long-Term Seasonal Trend Analysis

The long-term seasonal trends of AODsyy and a440-g70 at Kanpur (2001-2022) and
Gandhi College (2006-2023) highlight significant variations in aerosol loading and parti-
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cle size distribution across seasons. As detailed in Table 2, AODs(y shows a statistically
significant increasing trend across all seasons at both locations. At Kanpur, the largest
seasonal AODsg increases occurred during the post-monsoon (0.0002289 day’l; ~27%),
followed by winter (0.0001768 day’1 ; ~33%), monsoon (0.0000840 day’1 ; ~13%), summer
(0.0000711 day‘1 ; ~13%), and pre-monsoon 0.0000101 day_1 ; ~1%. At Gandhi College, the
most significant rise was observed during the post-monsoon (0.000556 day~!; ~27%), fol-
lowed by monsoon (0.0003279 day_1 ; ~38%), winter (0.0002719 day_1 ; 18%), pre-monsoon
(0.0001827 day_l; ~17%), and summer seasons (0.0001548 day_l; ~16%).

Table 2. Statistical parameters for regression analysis of seasonal mean aerosol properties at Kanpur
(2001-2022) and Gandhi College (2006-2023). Statistically significant trends at the 95% confidence
level (p < 0.05) are highlighted. (N = number of available observation days during the study period).

Kanpur (2001-2022) Gandhi College (2006-2023)

Winter Winter
Mean + S.E (N) Trend/Day (%) p Mean + S.E (N) Trend/Day (%) p
(5302511) 07%1?83.)014 0.0001768 33.15 0.001 0.9?6120()).02 0.0002719 18.10 0.0021
4 40_?7% nm) 1.2?1:;::82')009 0.0000298 3.29 0.41 1'3?6:;0())‘01 —0.0000522  —2.53 0.15
PW 1.3(()1:;82.)019 —0.0000746  —7.96 0.45 1.44(16:;0()).02 0.0001871 8.17 0.09
( 44305211) 0.9E1§92.)001 0.0000470 5.66 0.0000 0'91(2:990)'001 0.0000114 0.62 0.20
( 67855211) 0'921:(;:92')001 0.0000630 7.57 0.0000 0'92(:;90)'001 0.0000104 0.56 0.28
(87SOS:m) 0'8?1:('):92')001 0.0000640 7.85 0.0000 0'90(2;90)'002 —0.0000113  —0.62 0.30
1 Oggﬁm) 0'8?1§92')002 0.0000546 6.74 0.0000 0'89(::990)'002 —0.0000385  —2.14 0.002
Summer Summer
Mean + S.E(N)  Trend/Day (%) [4 Mean = S.E (N) Trend/Day (%) 4
(5OAOO rll:r)n) 0'5?9:;2?'01 0.0000711 13.80 0.0008 0.5?6:;8?.01 0.0001548 16.50 <0.0022
2 40_2’7% nm) 0'7?9§2())'01 0.0001879 23.90 0.0000 09?6?8?.01 0.0003153 20.49 0.0000
PW 1'8%9:;2())’02 0.0003146 16.76 0.0000 2'1:(36258())003 0.0000177 0.59 0.92
( 44808:m) 0'88(;;70)'001 0.0000390 3.65 0.0000 0'87(5:210)'002 0.0000251 1.55 0.01
( 6%S:m) 0'92(;:270)'001 0.0000420 3.79 0.0000 0'90(;:410)'002 0.0000375 2.24 0.0000
(87805211) 0.92(82570).001 0.0000380 3.42 0.0000 0'91(5:210)'002 0.0000274 1.63 0.006
1 Og(s)?lm) 0'92(;;70)'001 0.000023 2.06 0.0000 0'91(5:210)'002 0.0000178 1.16 0.11
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Table 2. Cont.
Pre-Monsoon Pre-Monsoon
Mean (N) £ SE  Trend/Day (%) P Mean + S.E (N) Trend/Day (%) P
(5‘8‘831) 0'7f9;:7§]’01 00000101 134 072 0'7?71[1())’01 00001827 1675  0.0009
(440_37% nm) 0'6?9:5‘:7;)'01 0.0005800 86.43 0.0000 0'9?7:1‘:1())'01 0.0004349 32.57 0.0000
PW 34?;;;;'04 0.0003390 9.36 0.018 4'1%7:1:1())'04 0.0000786 1.35 0.71
( 4480511:}11) 0'89(%90)'001 0.000050 412 0.0000 0'89(;[1;)'002 0.0000283 1.72 0.001
(678552111) 0'93(7:290)'001 0.0000100 0.79 0.053 0'92(5:280)'002 0.0000051 0.30 0.56
(87SOSrA1m) 0'94(%90)'001 —0.0000030  —0.24 0.054 0'92(5:25)'002 —0.0000103  —0.61 0.28
(1023?1111) 0'95(%90)'001 —0.0000178  —1.39  0.0004 0'93(;[1;)'002 —0.0000323  —1.91  0.0007
Monsoon Monsoon
Mean = S.E (N) Trend/Day (%) p Mean + S.E (N) Trend/Day (%) p
(53(? r]1:1')n) 0'5z91:0§]'01 0.0000840 13.87 0.013 0.52(36:8|:4§).01 0.0003279 38.75  0.0000
@ 40_?7% nm) 1'1%910?’01 0.0003067 25.83  0.0000 12?6?4;).01 0.0001127 6.04 0.01
PW 5'14(191:0())'03 0.0005887 9.36 0.0000 5.7%6:;5:4()).03 —0.0004171 —4.99 0.0003
( 44505rA1m) 0'94(4:220)'002 0.000137 6.42 0.0000 0'95(;;;'002 0.0000029 0.09 0.85
( 67858:m) 0'95(4%120)'002 0.000103 4.81 0.0000 0'94(;[950)'003 0.0000093 0.29 0.63
(87SOS:m) 0'94(2220)'002 0.000060 2.81 0.0000 0'94(2:550)'004 —0.0000035 —0.11 0.86
a Oggim) 0'94(2220)'003 0.000029 1.36 0.01 0'94(2:';50)'004 —0.0000203  —0.64 0.32
Post-Monsoon Post-Monsoon
Mean + S.E (N) Trend/Day (%) P Mean + S.E (N) Trend/Day (%) P
(SQOOrEn) 0'8(()9:5‘:7())'01 0.0002289 27.32 0.0000 0'8%4:56?'02 0.000556 26.90 0.0032
@ 40_2’7% nm) 1'2?9:;:7?'01 0.0000788 5.86 0.0000 1'3? 4:(|):6§).01 0.000134 4.04 0.021
PW 1'9?9;[7())’03 —0.0001243  —5.99 0.16 2'5‘?4?)[6())’06 —0.001283  —20.41  0.002
(44805:111) 0'90(;20)'001 0.000050 4.47 0.0000 0'91(?:5(?)'002 0.0000365 1.24 0.026
( 67SSSrA1m) 0'91(;; 20)'001 0.0000570 5.06 0.0000 0'92(31 (?)'002 0.0000258 0.87 0.067
(87sosﬁm) 0'90(;[120)'001 0.0000410 3.68 0.0000 0'90(;[18)'002 —0.0000361  —1.24 0.039
(10§§ﬁm) 0'90(;;20)'001 0.0000186 1.68 0.0002 0'89(;;(?)'002 —0.0001081 —3.74 0.0000
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For o40-870, significant upward trends were observed across all seasons at both
locations, except for winter, where a non-significant negative trend was observed at
Gandhi College (—0.0000522 day ~!; ~—2%), and a non-significant positive trend at Kanpur
(0.0000298 day’l; ~3%) (Table 2). The most pronounced increase in o449_g79 occurred dur-
ing the pre-monsoon season, followed by summer at both locations. Kanpur experienced
a steeper rise (0.0005800 day~!; ~86%) compared to Gandhi College (0.0004349 day—;
~32%) in pre-monsoon. However, summer increments were higher at Gandhi College
(0.0003153 day‘1 ; ~20%) than at Kanpur (0.0001879 day_l, ~24%). The monsoon season
showed a significant increase in ot449_g79 at Kanpur (0.0003067 day_l ; ~26%) and a moderate
rise at Gandhi College (0.0001127 day_1 ; ~6%). During the post-monsoon season, 440-870
exhibited a moderate increasing trend at both the sites, with an increase of 0.0000788 day ~*
(~6%) at Kanpur and 0.000134 day_1 (~4%) at Gandhi College.

SSA trends at Kanpur were consistently positive, with the highest increases during
winter (0.0000470 to 0.0000546 day !, ~5 to 7% across the 440 nm to 1020 nm wavelengths)
(Table 2). Post-monsoon trends were between 0.0000500 and 0.0000186 day !, with a
percentage changes of ~4 to 2%. In summer, positive trends persisted with slopes of
0.0000390 to 0.0000230 day !, resulting in increases of ~4 to 2%. During the pre-monsoon
season, while SSA showed a positive trend at 440 nm (0.0000500 day_1 ; ~4%), there was a
slight decline at 1020 nm (—0.0000178 day ~!; ~—1%). In contrast, Gandhi College presented
more variable trends, with positive changes at shorter wavelengths in winter (0.0000114
to 0.0000104 day~!, 0.6% at 440 nm and 675 nm) but negative at longer wavelengths
(—0.0000113 to —0.0000385 day !, —0.6% to —2% at 870 nm and 1020 nm, respectively).
Post-monsoon trends showed slight increases at shorter wavelengths (0.0000365 day ~!; 1%
at 440 nm) but significant declines at longer wavelengths (—0.0000276 to —0.0001081 day !,
—1 to —3% at 870 nm and 1020 nm) (Table 2). Summer exhibited positive trends with
slopes of 0.0000251 day*1 (440 nm) to 0.0000178 (1020 nm) day—*, leading to increases
of 1 to 2% across all wavelengths. However, during pre-monsoon, minor increases at
440 nm (0.0000283 day—!; ~1%) were contrasted by negative trends at longer wavelengths
(—0.0000103 to —0.0000323 day~!; —0.6% to —2% at 870 nm and 1020 nm) (Table 2).

At Kanpur, PW exhibited a significant increase in monsoon (0.0005887 day’1 ; ~10%)
followed by pre-monsoon (0.0003390 day ~!; ~9%) and summer (0.0003146 day !; ~16%)
(Table 2), whereas a negative non-significant trend was observed during the post-monsoon
(—0.0001243 day~!; ~—6%) and winter seasons (—0.0000746 day~!; ~—8%). At Gandhi
College, a significant declining trend was observed in the post-monsoon (—0.001283 day ;
~—20%) followed by monsoon seasons (—0.0004171 clay’1 ; ~5%). However, a slight to mod-
erate non-significant positive trend was observed in all the other seasons (0.0001871 day~*;
~ 8% in winter, 0.0000786 day_1 ; ~1% in pre-monsoon, and 0.0000177 day_1 ; 0.5% during
summer) (Table 2).

3.6. Sub-Period Analysis and Comparison of Aerosol Characteristics

The statistical trend analyses of aerosol parameters over two sub-periods—2001-2011
and 2012-2023 at Kanpur and 2006-2014 and 2015-2023 at Gandhi College—offer insights
into the temporal dynamics of aerosol concentrations and their optical properties in the
IGP. The results, summarized in Table 3, reveal significant shifts in aerosol loading and
composition between these periods. At Kanpur, AODsyy showed a statistically significant
increasing trend of 0.0000404 day ! (~16%) during the first sub-period (2001-2011). During
the second sub-period (2012-2023) at Kanpur, the rate of increase in AODs slowed to a
non-significant trend, 0.0000135 day’l (~5%), despite the relatively higher mean AODsy
value during this period (0.70 & 0.01) compared to the first period (0.64 £ 0.01) (Table 3).
In contrast, at Gandhi College, AODsq exhibited a statistically significant increase trend
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of 0.00008050 day ! (~15%) in 2006-2014 (first sub-period) and 0.0000723 day ! (~17%)
in 2015-2023 (second sub-period). The 440870 levels at Kanpur showed a moderately
increasing trend of 0.0000449 day ! (~11%, mean: 1.08 + 0.01) in the second period
compared to the first period (0.0000344 day~!; ~9% increase; mean: 0.98 + 0.01). At
Gandhi College, the rate of increase significantly increased during the second sub-period
(0.0000531 day_1 ; ~8%) compared to the first (0.0000196 day_1 ; ~2%) (Table 3).

Table 3. Statistical parameters for regression analysis of daily mean aerosol properties at Kanpur
(2001-2011, 2012-2022) and Gandhi College (20062014, 2015-2023). Statistically significant trends at
the 95% confidence level (p < 0.05) are highlighted. (N denotes the number of available observation
days during the study period).

Kanpur (2001-2011) Kanpur (2012-2022)
Mean £ S.E(N)  Trend/Day (%) 4 Mean + S.E(N)  Trend/Day (%) 4
(5§(? r]1:1')n) 06{;5:‘; 60).01 0.0000404 16.08 0.0000 0.7(36:;20).01 0.0000135 5.12 0.084
@ 4O—§7EO nm) 092;; (?)’01 0.0000344 8.93 0.0003 1'0(22;20)’01 0.0000449 11.09 0.0000
PW 2'5(52;;60).03 0.000091 9.05 0.005 2'6(822;20)'03 0.0001584 15.82 0.00000
( 44805rA1m) 0'8?12:3(8)')001 0.0000259 4.76 0.0000 0'9%2;:72')001 0.000008 1.99 0.0000
( 67858:m) 0.9}1§3(§.)001 0.0000344 6.20 0.0000 0'9?2;[72')001 0.0000071 1.74 0.0000
(87805;?11'1) 0'9(()12:32')001 0.0000311 5.63 0.0000 0'9?2:;72')001 0.0000071 1.75 0.0000
1 Oggﬁm) 0'9%12:32')001 0.0000231 4.17 0.0000 0'9%2;:72')001 0.0000062 1.53 0.0000
Gandhi College (2006-2014) Gandhi College (2015-2023)
Mean £ S.E(N) Trend/Day (%) P Mean £+ S.E(N)  Trend/Day (%) P
(SQOOrEn) 0'632:;?)'01 0.0000805 14.98 0.008 0'7(?7:;??)'01 0.0000723 16.70 0.0000
@ 40_[;% nm) 1'0(812:;?)'01 0.0000196 2.29 0.43 1'287:530)'01 0.0000531 7.90 0.0000
PW 3'4(71;[55?)'05 —0.0008584 —31.09  0.0000 3'28;9:?)'04 0.0000073 0.41 0.91
(44805:m) 0'90(7:22)'002 0.0000127 1.08 0.03 0'9211:28')001 0.0000001 0.02 0.97
( 67555:m) 0'91(7:22)'001 0.0000127 1.06 0.03 0'9%11:28')001 —0.0000079  —1.22 0.0002
(87508:111) 0'92(7i6£)'002 0.0000151 1.26 0.02 0'9%1128')001 —0.0000154  —2.40 0.0000
(10§§ﬁm) 0'92(7:22)'002 0.0000046 0.38 0.50 0'9211:28')001 —0.0000231 —3.63 0.0000

Regarding SSA, our sub-period results reveal a statistically significant, yet variable,
trend that either increases or decreases with wavelength (Table 3). During the first period,
the SSA values at Kanpur were slightly lower but showed positive trends (varied from
0.0000259 day~! at 440 nm to 0.0000231 day ! at 1020 nm). In the second sub-period,
although SSA values remained relatively high (Table 3), the trends day ! were lower
(0.0000080 day ! at 440 nm to 0.0000062 day ! at 1020 nm). At Gandhi College, the SSA
showed a positive trend across all wavelengths during the first period, ranging from
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0.0000127 day ! at 440 nm to 0. 0.0000046 day ! at 1020 nm (Table 3). However, during the
second period, the SSA exhibited a more variable trend. While a slight positive trend was
observed at 440 nm (0.0000001 day 1), there was a negative trend at all other wavelengths,
with the most significant decrease at 1020 nm (—0.0000231 day’l) (Table 3).

The PW content at Kanpur showed an increasing trend during both periods, with a
more substantial rise in the second half (0.0001584 day~!; ~16%) compared to the first half
(0.000091 day_1 ; ~9%) (Table 3). However, at Gandhi College, the PW content showed
a significant declining trend during the first period (—0.0008584 day—!; —31.1%) and an
insignificant positive trend in the second period (0.0000073 day~*; 0.41%).

3.7. Back Air Mass Trajectory

Figures 51-512 provide an overview of the mean monthly back-trajectories of air
masses ending at Kanpur and Gandhi College, demonstrating significant seasonal and
monthly variations in wind directions. Figures S1, S2 and S12 clearly depict north-westerly
as the prominent wind direction, with a high frequency of air masses observed in January,
February, and December (winter season), respectively, at both Kanpur and Gandhi College.
In these winter months, most air masses are of local origin, with additional contributions
from the northwestern regions of India and Pakistan. The analysis of 5-days back air
mass trajectories reveals that in March, the atmosphere over Kanpur and Gandhi College
is primarily influenced by air masses transported from the distant west and northwest
(Figure S3). In April, while easterly air mass contributions increase at both sites, the
prevailing wind direction remains similar to earlier months (Figure S4). Highly variable
wind directions were observed in May at both sites. At Kanpur, a significant fraction
(15-50%) of air masses originate from the local easterly direction. At Gandhi College, there
is a notable increase in easterly winds from the Bay of Bengal (Figure S5). In June, there is a
noticeable shift as the relative contribution of easterly winds compared to north-westerly
winds increases at both sites (Figure S6). During July (Figure S7) and August (Figure S8), a
marked shift in air mass trajectory is observed from the north-westerly region (continental)
to the south-westerly and south-easterly regions (oceanic) at both locations. The south-
westerly air masses originate from the Arabian Sea, and the south-easterly air masses from
the Bay of Bengal, traversing over the Indian landmass before reaching the receptor sites.
By September, in addition to the SW and SE air mass trajectories, contributions from the
northwestern region of India also become prominent (Figure S9). During the post-monsoon
season (Figures S10 and S11), both Kanpur and Gandhi College are dominated by north-
westerly air masses originating from the northwestern IGP. These air masses, traveling
through regions such as Punjab, Haryana, Uttar Pradesh, and eastern Pakistan, are likely to
carry aerosols from biomass or crop residue burning activities, highlighting a significant
anthropogenic influence.

4. Discussion

Our results indicate a pronounced seasonal variation in AODsy and ou49-g79 over
both the studied sites of IGP. This variability can be attributed to the alternating dominance
of fine- and coarse-mode aerosols in the atmosphere. Throughout the year, there is a clear
progression in air mass direction from north-westerly in winter, shifting to westerly, then
to south-westerly during the monsoon, and back to north-westerly in the post-monsoon
period (Figures S1-512). During winter, the majority of air masses are local, with their
distance increasing from winter to summer and further to the monsoon season. The more
pronounced variation in AODsg values at shorter wavelengths (Figure 3) suggests that
these wavelengths are more sensitive to the presence of fine particles, which dominate
the aerosol population. The relatively greater intensity of AODsgg variation at shorter
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wavelengths may also be influenced by the production of ultra-fine particles, which are
more effective at scattering light at these wavelengths. The relatively higher values of
AODs( and otg49-g79 during winter are mostly associated with shorter trajectories (Figure 2
and Figures S1, S2 and 512), indicating a predominance of fine-mode aerosols, which are
typically anthropogenic and are local in origin (urban, industrial, and rural combustion
sources). The highest AODs5(y and a449-g70 values during the post-monsoon, combined
with air masses predominantly originating from the northwest (both local and distant:
particularly from the Punjab and Haryana), point to biomass or crop residue burning as the
primary source of pollutants at this time (Figure 2 and Figures 510 and S11) [35,71]. During
the summer, the relatively higher AODsgy and lower ou49-g7o values, coupled with the
long-range transport from the Thar Desert, Iran, and Pakistan, suggest that natural aerosols,
particularly from dust storms, are the main contributors to atmospheric pollutants. The
significant AODsq reduction and slight increase in x440-g70 during the monsoon season
(Figures S7-59) compared to pre-monsoon seasons results from wet scavenging, which
predominantly removes coarse particles, altering aerosol composition and increasing the
relative abundance of fine-mode aerosols (Figure 2b,d). Additionally, high humidity during
the monsoon, associated with high PW vapor content, promotes particle coagulation, where
smaller particles aggregate to form larger, coarser particles. These larger particles are more
readily removed through wet deposition or gravitational settling [72,73]. Moreover, wet
scavenging during rainfall significantly reduces the concentration of near-surface coarse
particles. However, finer aerosols, often present at higher altitudes, remain less affected.
This selective removal enhances the relative abundance of fine-mode particles, resulting
in higher ou40-g70 values during the monsoon season. During the monsoon, the wind
direction shifts significantly, unlike the pre-monsoon period when long-range dust storms
are dominant. The combination of heavy rainfall, increased humidity, and altered wind
patterns during the monsoon season leads to a substantial reduction in the concentration
of coarse particles and a relative increase in fine-mode aerosols in the atmosphere. This
effect is more pronounced at the rural Gandhi College site. The seasonal ot440-g79 frequency
distribution reveals a unimodal pattern in winter and post-monsoon, with a modal value
of 1.2, confirming fine-mode aerosol dominance. In contrast, summer and pre-monsoon
exhibit a higher fraction of ou49-g79 values below 0.6, indicating a seasonal increase in
coarse-mode aerosols due to transported dust. Both the sites consistently exhibit higher
AOD values at the lower spectral wavelengths (380 nm, 440 nm, and 500 nm) coupled with
higher «440 g7 values, suggesting a greater fine-mode aerosol burden, except during the
monsoon and pre-monsoon due to wet scavenging and the natural dust transport from the
That Desert. Nevertheless, the differences in AODsgy and ou49-g79 frequency distribution
patterns between the two sites across different seasons (Figures 4 and 5) suggest substantial
seasonal heterogeneity in aerosol concentrations due to varying emission sources and
atmospheric conditions.

The seasonal variations in SSA follow distinct patterns at both Kanpur and Gandhi Col-
lege, with no significant spectral dependence, on average, across the study area. Although
SSA values showed similar trends at both sites throughout the year, notable seasonal
differences in wavelength dependence were observed, particularly outside the monsoon
season. The decrease in mean SSA values with increasing wavelength during the winter
and post-monsoon seasons at both the studied sites, suggests a significant presence of
fine-mode absorbing aerosol dominance from vehicular emissions, industrial activities,
and biomass burning [41,74]. In contrast, higher SSA values at longer wavelengths during
summer and pre-monsoon indicate a greater influence of scattering coarse-mode dust
aerosols (Table 3). Dust aerosols are highly efficient at scattering radiation, particularly at
wavelengths greater than 500 nm, leading to elevated SSA values. The spectral dependence
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of SSA at these sites reflects the dynamic interplay between different aerosol types—fine-
mode absorbing aerosols dominating during winter and post-monsoon, and coarse-mode
scattering aerosols becoming more prevalent during summer and pre-monsoon seasons.
PW content follows a seasonal pattern, peaking during the monsoon due to moisture influx
from the Arabian Sea and Bay of Bengal and declining post-monsoon as drier conditions
set in. Gandhi College exhibits consistently higher PW values than Kanpur, likely due to
increased vegetation and evapotranspiration in its rural setting [75]. These variations align
with previous studies in Indian Sub-continent [76,77], reinforcing the role of monsoonal
dynamics and local geography in atmospheric moisture distribution.

Our long-term annual findings also suggest aerosol loading, with a dominance of
fine-mode particles, has intensified more rapidly at Gandhi College compared to Kanpur
(Table 1). Both the studied sites of IGP show a statistically significant increasing trend in
AODsg and a440-g70 values, indicating a general rise in aerosol loading and an increase in
fine-mode anthropogenic aerosols. Interestingly, however, Gandhi College demonstrates
a significantly higher increase in AODsg and a slightly rising trend in o40-g70 compared
to Kanpur (Table 1). This suggests that the Gandhi College site, located in a rural area,
may be influenced by more localized pollution sources. These could include intensified
biomass burning or agricultural activities, in addition to the transport of pollutants from
nearby urban and industrial regions [77]. Such localized sources of pollution appear to
be more prominent at Gandhi College than in urban areas like Kanpur. The long-term
seasonal variations in AODs5gg and oa40-870 at Kanpur (2001-2022) and Gandhi College
(2006—2023) reflect the interplay of regional meteorology, emission sources, and aerosol
transport across the IGP. Our analysis reveals a variable but consistent increase in aerosol
loading across all seasons at the studied sites in the IGP (Table 2). At Kanpur, the relatively
moderate increase in AODs, coupled with a significantly higher rise in a449_g79 during the
pre-monsoon, monsoon, and summer seasons, when aerosol loadings are generally driven
by high dust storm activity and wet deposition, indicates a marked decline in coarse-mode
dust aerosols and an increase in fine-mode anthropogenic aerosols. However, in winter
and post-monsoon, a reverse trend is observed, indicating a relative increase in natural
aerosols compared to anthropogenic aerosols. Similarly, at Gandhi College, the trends in
AODsy and og49-g70 show a decrease in coarse-mode natural dust during the summer
and pre-monsoon seasons, with a relative increase in natural dust aerosols compared to
anthropogenic aerosols during winter and post-monsoon. During the monsoon season at
Gandhi College, unlike Kanpur, there is a significant increase in AODs(y and relatively
lower increase in ou49-g7o, indicating a relative rise in coarse-mode dust aerosols. This in-
crease in AODsqy during the monsoon, along with the higher aerosol loading during winter
and post-monsoon, appears to be driven by regional pollution buildup, high humidity, and
biomass burning, which contribute to elevated aerosol concentrations in these periods.

The long-term SSA trends (day ') (Table 1) at Kanpur and Gandhi College highlight
significant changes in aerosol composition over time. The consistent increase in SSA
across all wavelengths at Kanpur indicates a shift toward less-absorbing aerosols. The
more pronounced rise at shorter wavelengths (440 nm) suggests a prominent increase
in scattering from fine-mode aerosols, possibly due to a higher proportion of scattering
aerosols such as sulfates or nitrates or a reduction in black carbon emissions. The smaller
increase in SSA at longer wavelengths indicates that the change in the composition of
larger aerosols is less significant compared to smaller aerosols. The diverging trends at
Gandhi College, with increasing SSA at shorter wavelengths and decreasing SSA at longer
wavelengths, suggest a more complex evolution of aerosol properties. The increase at the
shorter wavelengths again suggests an increase in scattering aerosols, but the decrease at the
longer wavelengths indicates an increase in absorbing aerosols or a decrease in scattering
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aerosols of a larger size, likely driven by shifts in aerosol composition and sources such as
biomass burning.

Long-term SSA slopes at Kanpur show a consistent increase across all wave-
lengths, whereas Gandhi College experiences increasing SSA at shorter wavelengths
(440 nm: 0.0000087 day~!; ~2%) but declining trends at longer wavelengths (1020 nm:
—0.000011 day~!; ~—2%), suggesting stronger absorption at Gandhi College and a shift
toward more scattering aerosols at Kanpur (Table 1). Seasonal SSA slope trends reinforce
these findings, with Kanpur showing consistent positive slopes, particularly in monsoon
(440 nm: 0.00014 day '), while Gandhi College exhibits strong negative slopes in winter
(—0.0000385 day ! at 1020 nm) and post-monsoon (—0.0001081 day ! at 1020 nm) (Table 2),
indicating an increasing dominance of absorbing aerosols.

The long-term annual PW trends emphasize regional contrasts (Table 2). The contrast-
ing PW trends at Gandhi College and Kanpur influence aerosol characteristics differently
across seasons. At Gandhi College, the significant decline in PW suggests reduced atmo-
spheric moisture availability, which can enhance aerosol loading by limiting wet scavenging
processes. This may contribute to the observed rise in fine-mode aerosols, particularly
during the monsoon and post-monsoon seasons (Table 3), as drier conditions favor the
persistence of anthropogenic emissions from biomass burning and industrial sources. In
contrast, Kanpur’s increasing PW trend in most of the seasons indicates higher atmospheric
moisture, potentially leading to enhanced aerosol hygroscopic growth and secondary
aerosol formation. The higher humidity can also influence aerosol optical properties by
increasing light scattering, thereby affecting AOD trends. The seasonal variability in PW
thus plays a critical role in shaping aerosol composition, transport, and removal processes
over both sites. This finding emphasizes the evolving aerosol characteristics in the IGP,
shaped by both natural and anthropogenic influences.

Sub-period analysis reveals that AODs at both sites increased significantly during
the first sub-period. However, during the second sub-period, the rate of increase in AODsgg
slowed down (Table 3). The more pronounced rise in a449_g7p in the second sub-period at
both sites suggests a shift toward finer aerosols. This change is likely driven by increased
urbanization, vehicular emissions, agricultural activities, transported pollutants, and sec-
ondary aerosol formation. Although aerosol concentrations continued to rise, the rate of
increase—particularly in coarse-mode aerosols—slowed in the later years particularly at
Kanpur. This deceleration may be attributed to the saturation of aerosol levels following
rapid industrialization and the growth of construction activities and vehicular traffic during
the initial period, which significantly contributed to aerosol loading in Kanpur. By the
second period, the aerosol levels were already elevated, so the additional increases, though
present, were less pronounced. Interestingly, Gandhi College, a rural site, saw a more
substantial recent increase in fine-mode aerosols (agricultural emissions and transported
pollutants) compared to the urban industrial site of Kanpur. However, the continuous rise
in AODsqy, even if slower, emphasized the persistent pollution issues in the region. This
finding challenges the assumption that urban centers are always the primary contribu-
tors to rising aerosol levels in the region. Sub-period analysis at Kanpur reveals stronger
SSA increases in 2001-2011 (675 nm) but weaker trends in 2012-2022 (440 nm) (Table 3),
indicating changing aerosol characteristics. Gandhi College, however, transitions from
moderate SSA increases in 20062014 (870 nm) to significant negative trends in 2015-2023
(1020 nm), highlighting enhanced absorption from black carbon and dust. The long-term
sub-period PW trends highlight regional climatic influences on aerosol properties. The ris-
ing PW trend at Kanpur during both sub-periods (2001-2011 and 2012-2022) and at Gandhi
College during the second sub-period (2015-2023) suggests enhanced aerosol/water in-
teractions, contributing to the observed increased AODs5gg and a440-g70. Moreover, this
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rising trend in PW during the second sub-period is likely linked to changes in regional
humidity and moisture levels, potentially driven by large-scale climatic factors such as
the South Asian monsoon. However, Gandhi College’s PW significant declining annual
trend during the first sub-period may be linked to local climatic variability or land-use
changes. This contrast emphasizes the role of regional moisture conditions in modulating
aerosol concentrations. Meanwhile, the rise in PW at Kanpur aligns with trends observed
in other urban areas, where increased humidity is often linked to higher aerosol loads due
to enhanced aerosol/water interactions [50].

Overall, our findings emphasize the evolving nature of aerosol sources in the IGP, with
urban centers like Kanpur showing signs of stabilization while rural areas such as Gandhi
College continue to experience considerable increases in aerosol pollution. The contrasting
trends underscore the need for targeted air pollution control strategies that address both
urban/industrial and rural/agricultural emissions. Overall, the seasonal and spatial
variability in AODsqg, ctaa0-870, SSA, and PW highlights the complex interactions between
aerosol sources, transport, and atmospheric processes governing aerosol characteristics in
the IGP.

5. Conclusions

This study presents the longest time series of aerosol optical properties and PW at
two AERONET sites in the IGP, covering 22 years at Kanpur (2001-2022) and 16 years
at Gandhi College (2007-2023). Significant seasonal and annual fluctuations in aerosol
properties were observed over both the studied sites of IGP. During winter, high AODs
and oy40-g70 values indicate the dominance of fine-mode anthropogenic aerosols from local
sources like urban, industrial, and rural combustion, linked to shorter air mass trajectories.
In the post-monsoon season, the highest AODs(y and «440-g79 values are associated with
air masses from the northwest, carrying pollutants from biomass and crop residue burning,.
During summer, high AODs( and lower x49_g70 values suggest natural aerosols, mainly
coarse-mode dust from the Thar Desert, Iran, and Pakistan. In the monsoon season, AODsy
decreases due to wet scavenging of coarse particles, while x449_gyo slightly increases, leaving
a higher proportion of fine-mode aerosols.

The long-term analysis reveals a significant rise in aerosol loading, particularly fine-
mode particles, at both Gandhi College and Kanpur, with Gandhi College showing a
faster increase in AODsy and x440-g70. Gandhi College, located in a rural area, is more
influenced by localized pollution sources like biomass burning and agricultural activities, in
addjition to regional transport from urban centers. The seasonal variations in aerosol loading
highlight the complex interplay of meteorology, emission sources, and aerosol transport
across the IGP, with both sites exhibiting shifts toward finer, anthropogenic aerosols,
particularly during the monsoon and post-monsoon periods. The long-term SSA trends
at Kanpur and Gandhi College reveal significant shifts in aerosol composition. Kanpur
consistently shows increasing scattering aerosols, likely due to higher sulfate or nitrate
levels and reduced black carbon emissions. In contrast, Gandhi College exhibits a more
complex trend, with increased scattering at shorter wavelengths but declining SSA at longer
wavelengths, indicating overall enhancement of fine mode absorbing aerosols. PW follows
a seasonal cycle, peaking during the monsoon due to moisture transport from the Arabian
Sea and the Bay of Bengal, then declining post-monsoon as drier conditions set in. Long-
term contrasting PW trends at Gandhi College and Kanpur impact aerosol characteristics
differently. Gandhi College’s declining PW limits wet scavenging, enhancing fine-mode
aerosols, especially during the monsoon and post-monsoon seasons. In contrast, Kanpur’s
rising PW promotes aerosol hygroscopic growth and secondary formation, influencing
AOD trends.
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Sub-period analysis reveals distinct aerosol trends over time. Kanpur shows a slowing
increase in aerosol concentrations and stabilization in the second sub-period, indicating
potential mitigation or changes in emission sources. In contrast, Gandhi College experi-
ences a steady rise in aerosol loading, driven by local sources like biomass burning and
agriculture, along with regional influences. Kanpur’s SSA increase weakened in the later
sub-period, indicating evolving aerosol composition, while Gandhi College shifted from
moderate SSA growth in the first sub-period to significant declines at longer wavelengths,
highlighting the increased concentration of fine-mode absorbing aerosols. The rising PW
trends at Kanpur and Gandhi College (second sub-period) indicate increased aerosol/water
interactions. The second-period PW rise is linked to regional humidity and climatic factors
like the South Asian monsoon, while the decline at Gandhi College in the first sub-period
may reflect local climatic or land-use change

These findings emphasize the complex and evolving aerosol dynamics in the IGP, with
significant implications for air quality and climate. The rising trends in fine-mode aerosols,
especially at Gandhi College, highlight the need for targeted mitigation strategies in both
urban and rural areas.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/atmos16030321/s1, Figure S-1 -S12: 5-days Back air mass trajectories
during 2005, 2010, 2015, and 2020 representative of the study period at Kanpur and Gandhi College
from January to December.
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