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Abstract: This study explores aerosol optical and radiative
properties using Aerosol Robotic Network (AERONET) data over
Kanpur in Indo-Gangetic Plain (IGP). The study examines long-term
variations in Angstrom Exponent (AE) and Aerosols Optical Depth
(AOD) over Kanpur from January 2008 to December 2018. The
current study shows monthly high values of AOD and AE over
Kanpur throughout the monsoon, post-monsoon seasons, and pre-
monsoon seasons with low values. Seasonal variation shows AOD
with high values for 340 nm in comparison to 440 nm and 500 nm.
Reverse trends for AE were observed under the same wavelength
comparison. Result-wise, 99.47% contribution of aerosols above
Kanpur is from biomass burning/urban-industrial. The Single
scattering albedo, Asymmetry parameter, and Refractive Index
show the dominancy of coarse mode particles for pre-monsoon and
monsoon seasons and fine mode particles for winter and post-
monsoon seasons. The results from the HYSPLIT back trajectory for
Kanpur show that the dominant air masses over Kanpur consist
mostly of polluted dust particles originating from the Thar Desert
and Middle East regions.

Index Terms: AERONET, Angstrom Exponent, albedo, Single

scattering, HYSPLIT.

1. INTRODUCTION

The Earth’s energy balance s directly affected through aerosol
particles by radiation absorption and scattering. In addition, they
havea significant effect on public health and environmentalissues
(S. Kumaretal,, 2012). They may also affect the micro-physical
processes of clouds, which can have an indirect effect on the
radiative balance. According to (Myhre, 2009), more data about
aerosol features including optical characteristics, chemical
composition, and size distribution particularly light absorption
properties is necessary for investigations into aerosol impactson
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climate. Globally, the climate is significantly influenced by
aerosols in the atmosphere because of their direct, indirect, and
semi-direct interactions with terrestrial and solar radiation.
According to their size distribution, aerosols can be classified as
fine or coarse mode particles, given that they originate from a
variety of sources and endure a vast array of production
mechanisms and mingling processes (Xia et al., 2013). Precursor
gases (including SOz, NO;, and volatile organic compounds)
fragment during the formation of fine-mode aerosols; smaller
particles coagulate; and vapors condense during combustion. In
contrast, both natural and anthropogenic processes result in the
direct emission of course-mode aerosols into the atmosphere.
Aerosols vary in their physicaland opticalcharacteristics, as well
as their chemical compositions, over time and space due to their
distinct aging and formation processes. Because of these
fluctuations, the climate system is impacted on a regional and
global scale through a variety of radiative effects (Kaskaoutis et
al.,, 2009; Volkova et al., 2018). Aerosol impact on the climate
must be quantified, and it is crucial to identify the various types
and sources of aerosols, those produced naturally or by humans,
by monitoring their spatio-temporal fluctuation.

The analysis of aerosol optical properties focuses exclusively
on their significant effect on the Earth's climate and their
importance in atmospheric predictions. Satellite remote sensing
and ground-based techniques are the primary sources to measure
the aerosols in the atmosphere. Long-term ground-based
monitoring plays an important role in measuring the optical
properties of aerosols. The AERONET network examines the
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characteristics of aerosols through ground-based measurements.
The ground-based radiometric measurements conducted in South
Asia have provided valuable information on the significant
variations in aerosol concentration. The optical properties of
aerosolshavenotbeen investigated for forecastingclimate change
at a global level (Hansen et al, 2000). The precise and
comprehensive thought of the optical properties of aerosols is still
limited(Allen et al, 2011). The utilization of the AE in
conjunction with the aerosol optical depth enables the
investigation of aerosol particle growth and size (Boselli et al,,
2012). According to (Russell et al.,, 2002), the single scattering
albedo (SSA) playsanimportant role in establishing a relationship
between satellite-measured radiance and AOD, affecting the
influence of aerosols on radiation. Northern India is home to the
Indo-Gangetic Plain (IGP), a massive river basin that ranks among
the world’s biggest. Across the southern foothills of the
Himalayas in South Asia, it stretches from the north-west limits
of the Indian subcontinent to the Bay of Bengal in the east. The
presence of large rivers like the Indus, Ganges, and Brahmaputra
makesthe IGP a very fertile area forfarming (Tiwari et al., 2013).
Population expansion, increased urbanization, and increasing
traffic densities are some of the causesthathave contributedto a
dramatic rise in aerosol loading in the IGP. The visibility andair
quality in the region are negatively affected by this. Aerosols in
this region are produced by a variety of sources, some of which
are naturally occurring and others of which are induced by
humans. These sources show significant seasonal and annual
changes (Gao et al, 2011). Furthermore, during periods of high
pollution, aerosol radiative forcing may reveal atmospherc
features (Che et al., 2014).

Numerous studies indicate that the IGP experiences a higher
concentration of aerosolparticles compared to otherparts of India
consistently throughout the year. These studies additionally
suggest a variation in the sources and kinds of aerosols in the IGP
region dependingon the season. Mineraldust is transported across
large distances throughout the pre-monsoon season, and local dust
rises due to strong, deportation causing a high concentration of
aerosols. Pre-monsoon dust storms may transport huge amounts
of dust from barren and desert areas in Africa, Arabia, and
Rajasthan to the IGP. The significant presence of aerosols has a
considerable impact on the activities of monsoons occurring over
the IGP. The combination of air pollutants and dust particles in
arid air leads to the formation of hazy conditions over the IGP
during the pre-monsoon season. Both direct and diffuse solar
radiation can be detected and measured using various ground-
based measurementnetworks, including AERONET, PHOTONS,
AEROCAN, CARSNET, and SKYNET. The purpose of ground
data isto verify the accuracy of satellite findings (Kleidman et al.,
2005; Xia et al.,, 2007) and determine the optical characteristics of
aerosols (Dubovik et al.,, 2002; Holben et al., 2001; Kim et al.,
2004). Apart from various studies over IGP still a long-term trend
of optical and radiative properties of aerosols and their
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classification is not properly understood. The systematic study of
the atmospheric factors in the Kanpur region is necessary for
understanding the long-term trends and characteristics of different
types of aerosols. To fill the above gap the present study is
initiated. Moreover, the aerosol-monsoon climate might be
disrupted in the north Indian region and the Himalayan foothills
and slopes due to the radiative effects of aerosols. As the outcome
of crop burning throughout the post-monsoon season in Punjab,
Haryana, and the western part of Uttar Pradesh the IGP region
experiences significant aerosol activity.

The objective of the present study is to examine the long-term
ground-based data acquired from the Kanpur AERONET station
between 2008 and 2018 and investigate the variability in optical
and radiative characteristics of aerosols, with a particular
emphasis on the aerosolopticaldepth (AOD), Angstrom exponent
(AE), aerosol volume size distribution (VSD), single scattering
albedo (SSA), asymmetry parameter (ASY), and refractive index
(RI). Based on the correlation between AOD and AE we have
classified different types of aerosols observed over Kanpur. The
backward trajectory analysis utilized the hybrid Single-Particle
Lagrangian Integrated Trajectories (HYSPLIT) model, a
commonly used model in atmospheric research for transport and
dispersion, to determine the origin of different categories of
aerosols.

II. Method & Materials

A.  Study Area

The Indo-Gangetic Plain (IGP), which contains much of the
northern parts of India, plays a significant role in agriculture,
industry, and economic activity. It also has the nation's highest
aerosol loading (Roy, 2021). The City of Kanpurlies in the Indo-
Gangetic region at the center of the subcontinent. There are a
number of industries in Kanpur, including leather, textiles, and
chemicals (Gupta, 2008). Using the WHO Ambient Air Quality
Database for 2018, it was named the most polluted city in the
world for PM2s concentrations. Kanpur has a population of
34,703,334 as per the 2011 census. Many different sources are
responsible for the pollutants that are found in the air. These
sources include emissions from vehicles, pollution from factories,
and crop burningin the surrounding (Murarietal., 2015). The area
is characterized by a humid subtropical climate, meaningthat the
summers are long and hot, whereas the winters are moderate and
short. Additionally, dust storms and summermonsoon activity are
characterized by this region (Sivaprasad & Babu, 2014).

B. Ground-based data (Aerosol robotic network; AERONET)
This ground-based station network was designed to evaluate
the performance of the sun/sky photometer CIMEL CE-318 by
NASA (Holben et al,, 1998). It measures different types and
quantities of aerosols, as well as water vapor (precipitated water),
in different atmospheric regions. It is situated over the rooftop of
the Indian Institute of Technology (IIT), Kanpur (26.4499° N,
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Angstrom Exponent

80.3319° E, and 142 m above mean sea level). Direct solar
radiation and diffuse sky radianceare both detectedby the CIMEL
radiometer, which operates throughout the spectral range of 340
to 1020 nm. The spectral channels at eight different wavelengths
(340, 380, 440, 500, 670, 870, 940, and 1020 nm) are used for
measuring solar direct radiation, while the spectral channels at
four different wavelengths (440, 670, 870, and 1020 nm) have
been used for measuring aerosol optical characteristics. In the
AERONET network, aerosol parameters are classified into three
categories: 1.0 for unscreened data, 1.5 for cloud-screened and
quality-controlled data, and 2.0 for quality-guaranteed data,
which is used in the present study.

III. RESULTS AND DISCUSSIONS

A. Yearly and monthly variations in Aerosol Optical Depth
(AOD) and Angstrom Exponent (AE) over Kanpur

Fig.1 illustrates the Annual variations of AOD (340, 440, and
500 nm) and AE with monthly mean and standard deviation (SD)
wavelengths 340-440 nm,440-870 nm,and 500-870nm atKanpur
station in the period of January 2008 — December 2018.
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Fig. 1. (a) Annual Changes in (a) Aerosol Optical Depth (AOD) and (b)
Angstrom Exponent (AE) with mean + SD at Kanpur station from
January 2008 to December 2018 for specific wavelength ranges (340-
440 nm, 440-870 nm, and 500-870 nm).

Fig. 1 (a), shows thatthepeak value of AOD forwavelengths 500
nm and 440 nm were found 1.13 + 0.22 and 1.25 + 0.23
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respectively in November2017 whereasthe AOD value at340 nm
was 1.44 + 0.25 in November 2011. Itis also observed that the
minimum value of AOD at wavelengths 500 nm, 440 nm,and 340
nm were 0.33 £0.10,0.38+ 0.08, and 0.51 £ 0.06 respectively in
March 2013. The results suggest that the AOD at 340 nm is
showing a small increase in trend (3 x10-5 per month), whereas
the AOD at both 440 nm and 500 nm is showing a small
increasing trend (2 x 10 per month). From Fig. 1 (b), it is
observed that the highest monthly average value of AE for
wavelengths 500 — 870 nm and 440-870 nm was found 1.56 £0.33
and 1.51 £ 0.31 respectively in July 2017 whereas AE values for
340 — 440 nm was 1.16 £ 0.1in Aug 2008. It was observed that
the lowest values of AE at wavelengths 340 —440 nm, 440 — 870
nm, and 500 — 870 nm were 0.37 = 0.06,0.24 + 0.09, and 0.21 +
0.10during April 2010. A small decreasing trend of AE (-1x10-3
per month) is observed at 340 — 440 nm, while small increasing
trends of 3x10-5 and 4x10-5 per month are observed between 440
— 870 nm and 500 — 870 nm respectively. The observed trends in
AE suggest a spectral variation in aerosol properties. The small
decrease in AE from 340-440 nm might indicate a reduction in
smaller or UV-active aerosols (Y. Li etal, 2024). Conversely, the
increases from 440-870 nm and 500—-870 nm suggest either an
increase in larger aerosol particles or a shift in aerosol
composition, affecting longer wavelengths more prominently
(Kapoor et al,, 2023; Yang et al,, 2024). In this study, the peak
values of monthly AOD and AE for certain wavelengths were
found during post-monsoon and monsoon respectively. This
occurred because burning biomass, industrial activity, and vehicle
emissions may alllead to an increase in aerosol emissions during
the monsoon and post-monsoonseasons. Peak levels during these
seasons might result from the large contribution of these aerosols
tothe AOD and AE values (Alam etal, 2010; Tiwariet al., 2013).
Seasons defined by the monsoon and post-monsoon bring with
them distinct weather patterns such as higher humidity,
precipitation, and altered wind patterns. Higher AOD and AE
values may result from these meteorological conditions' effects on
the aerosols' concentration, dispersion, and transit in the
atmosphere (Burtonetal.,2012). The minimum values of monthly
AOD and AE were recorded in pre-monsoon. This occurred due
to the commencement of rainfall in several places during the pre-
monsoon seasons. Wet deposition is a mechanism by which
precipitation efficiently eliminates particles from the atmosphere.
Raindrops function as scavengers, purging aerosol particles from
the atmosphere and reducing the concentration of raindrops,
resulting in decreased AOD and AE values (Z. Li et al,, 2010;
Solanki & Pathak,2023). When (Solanki & Pathak,2023) studied
the optical characteristics of the aerosol in the semi-arid and dusty
region of Jaipur they found that the pre-monsoon and post-
monsoon seasons had maximum and minimum values of AE and
AOD, respectively. Consequently, the results of this study are
consistent with those of earlier investigations.
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In Fig. 2, the monthly mean AOD with standard deviation
for AOD 500 nm, AOD 440 nm, AOD 340 nm, and AE 500—-870
nm, AE 440 — 870 nm, and AE 340 — 440 nm at Kanpur station
during 2015 are shown. The year2015 was chosen forthe monthly
variation of AOD over Kanpurdue to the abundant and consistent
accessibility of data forthe whole year. The highest AOD values
were found at a wavelength of 340 nm in November and then
reduced gradually as the wavelength increased.
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Fig.2. The monthly variations with mean + SD in the (a) Aerosol
Optical Depth (340 nm, 440 nm, and 500 nm) (b) Angstrom Exponent
(340-440 nm, 440-870 nm, and 500-870 nm) at Kanpur station.

Conversely, the lowest AOD values were recorded at 500 nm
in March and increased gradually as the wavelength decreased
(Fig. 2 (a)). Aerosols scatter shorter wavelengths, like blue and
UV light, more effectively than longer wavelengths, like red and
infrared, which is why this occurred. Thus, the scattering effect
diminishes with wavelength, resulting drop in AOD (Sharma et
al,,2010; Tiwari et al., 2013). According to the findings shown in
Fig. 2(b), it can be noticed that the maximum AE value was found
for the wavelength range of 500-870 nm. As the wavelength
reduced, the AE value gradually decreased as well. Conversely,
the lowest AE value was observed for the wavelength range of
340-440 nm. As the wavelength increased the AE value gradually
increased as well. Smaller aerosol particles including fine dust,
smoke, and pollutants scatter light more at shorter wavelengths.
Higher scattering at shorter wavelengths reduces the peak value
of the AE (Deep et al,, 2021; Yan et al., 2008). The lowest and
highest levels of AE are recorded in October and September
accordingly (Fig. 2 (b)). The best agreement has been found
between our results and the results of the earlier studies (Deep et
al., 2021; Solanki & Pathak,2023; Soniet al.,2014).

B. Seasonal variation in AOD and AE at distinct wavelengths
Fig. 3 shows the seasonal variation in AOD and AE, together
with mean and Standard Deviation, of the three distinct
wavelengths over the Kanpur station from January 2008 to
December 2018. The highest values of AOD340 nm, AOD440
nm, and AOD500 nm with standard deviation were found to be
1.16+0.18, 0.96+0.15, and 0.84+0.13, respectively, throughout
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the post-monsoon period (Fig. 3(a)). This occurrence is a result of
the regular drop in rainfall during the post-monsoon periods,
which leads to a decrease in the process of moist scavenging of
aerosols from the atmosphere. Consequently, aerosols remain in
the atmosphere forextended durations, hence leading to elevated
AOD values (Deep et al.,, 2021). However, the lowest values of
AOD340 nm, AOD440 nm, and AOD500 nm were recorded as
0.77+0.16, 0.63+0.06, and 0.57+0.07, respectively, during the
Monsoon season (Fig. 3 a).
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Fig.3. Seasonal variations in (a) Aerosol Optical Depth (AOD) and
(b) Angstrom Exponent (AE) with mean + Standard Deviation for three
different wavelengths at Kanpur station from January 2008 to
December 2018.

Heavy rainfall is a defining feature of monsoon seasons.
Rainfallremoves aerosolparticles from the atmosphere,actingas
anatural"cleanser" for the atmosphere. Consequently, during the
monsoon season, the number of aerosols in the atmosphere falls,
which lowers AOD levels (R. Kumar et al,, 2014). Fig. 3 (b),
illustrates that the highest values of AE with standard deviation
(SD) for wavelengths 500 — 870 nm and 440 — 870 nm, were
1.34+0.28, and 1.29+0.31, respectively during post-monsoon
whereas it was0.82+0.09 forthe wavelength 340 —440 nm during
monsoon. Because of increased humidity, convective activity, and
local sources like burning biomass and urban pollutants, post-
monsoon seasons usually see greater aerosol loading. A larger
percentage of smaller aerosol particles in the atmosphere due to
increased aerosol loading produces higher AE values at lower
wavelengths because they scatter light more effectively at shorter
wavelengths (Helin et al., 2021). The pre-monsoon season had the
lowest values of AE for wavelengths 500-870 nm and 440-870
nm, which were 0.37+£0.13 and 0.40+0.14, respectively, whereas
the winter saw the lowest values of AE for wavelengths 340—-440
nm, which was 0.59+0.15 as shown in Fig. 3(b). Shorter
wavelengths of light may be less scattered and absorbed because
of the density drop in the aerosol. Furthermore, air pollutants and
particulate matter may behave differently as temperatures drop,
which might lower their concentration and, in turn, their impact
on AE (Tiwari et al., 2016; Viswanatha Vachaspatietal.,,2018a).

C. Classification of Aerosol Types over Kanpur

The relationship between AOD and AE to comprehend the
main categories of aerosolsin the atmosphere. The Indo-Gangetic
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plains (Rupakhetiet al, 2018), the African subcontinent (Boiyo
et al, 2019), Southeast Asia (Khan et al, 2019), Central Asia
(Rupakheti et al, 2019), and various other locations in China
(Shaheenetal.,2019),India (S. Kumaretal., 2023; Patel & Singh,
2023a), Pakistan (Alam et al., 2016; Iftikharet al,, 2018) and
Nepal (Rupakhetiet al., 2018) have all been studied using this
methodology, including atmospheric conditions (such as haze
occurrences), various kinds of emissions, and geographical
locations. In order to distinguish between different kinds of
aerosols, we have taken the same threshold values for AOD
and AE as thoseused in previous studies (Rupakhetietal., 2019).
They are classified as the Continental Clean (CC) aerosol type
when the AOD is less than 0.2 and the AE is greater than 1.0; the
Clean Marine (CM) aerosol type when the AOD is less than 0.2
and the AE is less than 0.7; the Biomass burning/Urban-industrial
(BUI) aerosol type when the AOD is greater than 0.3 and the AE
is greater than 1.0; and the Desert Dust (DD) aerosol type when
the AOD is greater than 0.6 and the AE is less than 0.7. Aerosols
that do not meet any of the abovementioned requirements are
classified as the Mixed (MX) aerosol type. The scatter plots in
Fig. 4 depict the correlation between AOD and AE, indicating the
existence of many aerosol types in Kanpur.

= BUI

0.0 0.5 1.0 1.5 2.0 25 3.0 35 4.0
Aerosol Optical Depth (AOD 440nm)

Fig.4. The relationship between the aerosol optical depth (AOD) and the

angstrom exponent (AE) is used to categorize various types of acrosols

observed over Kanpur. The pie chart shows how different aerosol types

are distributed.

During the study period, the most prominent aerosol types were
BUI (58.86%), MX (28.86%), and DD (11.75%) which account
for 99.47% of the total aerosols. In the atmosphere, CC (0.38%)
and CM (0.15%) aerosols are present in smaller quantities. Since
the study area is geographically separated from the sea and Fig.5
presents a description of the seasonaldistribution of various types
ofaerosols. BUI is the most significant type of aerosolthat occurs
during post-monsoon (93.88%), winter (85.52%), and monsoon
(49.63%). During the post-monsoon period, the BUI type of
aerosol was the predominant kind of aerosol, and this is because
of the transportation of intensive crop residue burmning emissions
across the northwest IGP (Jethva et al., 2019; Ramachandran et
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al.,, 2015). Ocean, CC and CM aerosol levels are low (Filonchyk
et al, 2021). In all seasons, MX aerosols were observed in large
amounts, with the most (56.42%) in pre-monsoon and the least
(6.13%) in post-monsoon. Different-sized particles formed from
various sources are mixed to form MX aerosols (Boiyo et al,
2019; K. R. Kumar et al.,, 2018). Kanpur is the most densely
inhabited and commercial city in India. Pré-monsoon (24.22%),
monsoon (18.16%), and winter (0.82%) were the times when the
DD type of aerosol was detected; it was not present during the
post-monsoon. It is due to the winds carrying dust from local
industries and automobiles, as well as dust from streets and

@BUI @DD mCC mCM EMX

Winter Pre Monsoon Monsoon Post Monsoon

Contribution (%)
o ~
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G

Fig.5.Seasonal distribution of different types of aerosols and their
percentage contributions.

deserts during the pre-monsoon and monsoonseasons (Dey et al.,
2005; Singh et al., 2004). With just a fraction below 2% in all
seasons, CM and CC aerosol types made the smallest
contributions. Based on the results, it can be concluded that all
types of aerosols played a role in different seasons at different
levels of influence. Each aerosol type contributes to the seasonal
climate in a different way based on the type of climate, air mass

movement, and atmospheric chemical and physical processes
(Kumaretal,, 2018).

D. Study of Seasonal aerosol volume size distribution (VSD)

A sun/sky photometer evaluates the optical characteristics of
aerosols, which are significantly affected by the distribution of
columnaraerosoland particle size variations. Coarse particles are
defined as particles with a size more than 0.6 pm, whilst fine
particles are those with a size less than 0.6 pm. A total of 22
distinct radii, ranging from 0.05 to 15 um, are used by the
AERONET Kanpur station to accurately measure the aerosol
volume size distribution (VSD). The results obtained in pm?3/um?
units measured the volume of entire aerosol particles volume in
the vertical air column. Analysis of VSD data reveals bimodal
log-normal distributions for the seasonalmean VSD, seen in Fig.
6. It was noted that fine-mode aerosols were prevalent in each
season,equivalent to findings in other Eastern European cities like
Moscow (Chubarova et al.,, 2011) and Kyiv (Milinevsky et al,
2014).
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Fig.6.Variations in the aerosol volume size distribution over Kanpur

during different seasons.

According to Fig. 6, the highest percentages of fine particles
were found in the monsoon, post-monsoon, and winter seasons.
The volume concentrations within a radius of 0.18um were 0.059
um3/pm?2, 0.044 pm3/um?, and 0.079 pum?3/pum? respectively for
each season. A common source of aerosol formation is indicated
by practically similar volume distributions. The high relative
humidity and high temperature give rise to an increment in fine
particles during winter and post-monsoon (Filonchyk etal., 2021;
Priyadharshini et al, 2018; Yu et al, 2017). In contrast, VSD
during the pre-monsoon season is distinct from VSD throughout
other seasons. During the pre-monsoon season, the VSD
distribution in fine aerosols was measured to be 0.053 pm3/um?
The maximum radius of the fine mode decreased to 0.11pm in
comparison to other seasons. It appears that the increased mode
radius of fine particles can be attributed to the formation of
hygroscopic aerosols under pre-monsoon circumstances, which
are characterized by higher relative humidity. (Gobbi et al,
2007).Coarse particles have an important part in the overall
volume concentration. Agricultural activities, wind erosion, and
unfavorable weather conditions may create mineral dust aerosols
that have a notable impact on aerosol properties.VSD in the
coarse mode exhibited distinct variations across different seasons.
In the pre-monsoon and monsoon seasons, the VSD values were
noticeably higher, measuring 0.213 pm?3/pum?and 0.180 pm3/pm?
respectively. In contrast, the VSD values were diminished
throughout the winter and post-monsoon seasons, measuring
0.100 pm3/um? and 0.056 pm?3/um? respectively. These
measurements were taken within a radius of 5.06 pm. Ploughing
and crop harvesting are two examples of agricultural activities
that contributed to the higher values that were seen throughout the
pre-monsoon and post-monsoon seasons. In comparison with the
pre-monsoon volume concentration, the monsoon value is low
due to a large amount of precipitation in the region, which may
help to remove coarse particles (Patel & Singh, 2023b;
Viswanatha Vachaspatiet al., 2018b).

E. Study of the seasonal spectral variation of the AERONET-
retrieved parameters over Kanpur

Fig. 7 (a) illustrates the seasonal fluctuations of Single
Scattering Albedo (SSA) over Kanpur. The aerosol's direct
radiative forcing by considering the scattering factor and the

Institute of Science, BHU Varanasi, India

Journal of Scientific Research, Volume69, Issue 2, 2025

extinction coefficient is calculated by using SSA. Understanding
the geographical distribution of SSA is crucial during
emergencies like forest fires. Various biomass combustion
products may combine to form aerosol particles that possess
significant absorption capabilities due to their organic and black
carbon composition. Through its capability to absorb solar
radiation, carbon plays an important role in warming the
atmosphere of the Earth. Aerosols thatscattermore are indicated
by higher SSA values (=1), whilst those that scatter less are
indicated by lower SSA values (Dubovik et al., 2002). In order to
determine whether an aerosol will be cooling or heating, the SSA
is a key factor (Andrews et al, 2017). Fig. 7(a), shows that the
values of SSA at wavelength 675 nm for the single scattering
albedo are seasonal averages following an order: monsoon
(0.954+0.03) > post-monsoon (0.92+0.01) > pre-monsoon
(0.91+0.03) > winter (0.90+0.02).

(a) (b)
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Fig.7.Seasonality of (a) single scattering albedo (SSA), (b) asymmetry
parameter (ASY), (c) real refractive index (RRI), and (d) imaginary
refractive index (IRI) in Kanpur based on AERONET data.

Itis dominantthaturban aerosolsabsorb solarradiation during
the winter months over Kanpur, resulting in SSA thatis lower at
longer wavelengths since these urban aerosols do not interact with
solar radiation as much as at shorter wavelengths. Coarse
particles, mostly dust, are thought to constitute the predominant
component throughout the pre-monsoonand monsoonseasons. In
contrast, the SSA remains rather constant across different
wavelengths throughout the post-monsoon period. (Singh et al.,
2004). It was suggested that dust aerosols (Alam et al., 2011;
Iftikharet al., 2018; Tiwari et al., 2015) contributed to the same
spectralcharacteristics of SSA in the IGP region (here, values that
rise from visible to near-infrared wavelengths).

Fig. 7(b) illustrates the seasonalfluctuations of the Asymmetry
parameter (ASY) over Kanpur. Light scattering after interaction
with aerosol particles is characterized by ASY. This parameter
determines how much aerosol radiative forcing is caused by the
size and composition of particles. For totally forward scattered
radiation, the ASY values fall within therange of +1, whereas for
totally backward scattered radiation, they fall within the range of
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-1 (Dubovik et al, 2002). Since the sizes of aerosols are
equivalent to the wavelengths of interacting radiation, the
asymmetry ratio changes in accordance with the wavelength.
Throughout the complete study period, the average value of
ASYes75 was 0.68+0.02. The scasonal values were determined,
monsoon (0.70+£0.01) > pre-monsoon (0.69+0.02) > winter
(0.66+0.01)> post-monsoon (0.65+0.01). In Delhi, ASY¢75 values
for various aerosol kinds were reported: 0.71+0.01 for polluted
dust, 0.68+0.02 for polluted continental, 0.66+0.02 for most
importantly Black carbon, and 0.68+0.03 for most importantly
organic carbon.(Srivastava et al, 2014). The human activity that
occurred during the cold season led to a reduction in the amount
of ASY that was present at high wavelengths, which resulted in
the increased presence of fine particles.(Andrews et al., 2006).
The Refractive Index (RI) of aerosol particles provides details
about their nature and chemical composition. The RI consists of
both real and imaginary parts, known as RRI and IRI,
respectively. Fig.7(c) illustrates the seasonal fluctuations of the
real refractive index (RRI) over Kanpur. The RRI provides ideas
about the absorbing and scattering properties of aerosols by
relating hygroscopic growth and atmospheric humidity. Fig. 7(d)
illustrates the seasonal fluctuations of the imaginary refractive
index (IRI) over Kanpur. The higher RRI indicates that acrosol
particles scatter more effectively while the higher IRI indicates
that they absorb more (Singh et al,, 2004). As shown in Fig 7(c
and d), RRI and IRI exhibit varying spectral variations with
wavelength. RRI (and IRI) at 675 nm were found as 1.50+0.02
(0.0096+0.0015) throughout winter, 1.53+0.01 (0.0047+0.0014)
throughout pre-monsoon, 1.49+0.03 (0.0034+0.0014) throughout
monsoon and 1.53+0.01 (0.0084+0.0017) throughout post-
monsoon. During all seasons, RRI increases from 440nm to
675nm, with a decrease at 1020nm and an increase at 870nm
(except during the winter). In Winter, high RRI values at shorter
wavelengths may indicate that fine-mode dust aerosols are
present, while lower values at longer wavelengths show coarse-
mode dust aerosols (Adesina et al., 2017). The IRI demonstrates
the aerosols' moisture-absorbing capacity. Winter values are
higher due to higher concentrations of black carbon aerosols,
which also result in lower SSA values. Scattering coarse-mode
dust aerosols are present during monsoon and pre-monsoon
because of the low IRI in these seasons. (Filonchyk et al., 2021).

F. Source identification using Back Trajectories with the
HYSPLIT Model

The five-day back trajectories of the HYSPLIT model are
shown in Fig. 8 onthe dayswhen the observed AOD over Kanpur
is atits maximum. The several long-range transport mechanisms
are shown by the backward trajectories in terms of both height and
distance. The HYSPLIT model was used to calculate 5-day back
trajectories at altitudes of 500, 1000,and 1500 m. The trajectories
were used to identify the source of air pollutants and examine how
transportation patterns influence the levels of these pollutants in
Kanpur, India. As part of the research period, the days that had
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the greatest values of AOD (>2) for the Kanpur region were
chosen. The study analysed the back trajectories on specific dates
(19 January 2008,05 June 2010,30 October 2012, 03 November
2014, 24 December 2016, and 30 December 2018) over Kanpur
obtained through the Hybrid Single-Particle Lagrangian
Integrated Trajectories (HYSPLIT) model structured by the
National Oceanic and Atmospheric Administration at three
different heights. The model can be found at the following
https://www.ready.noaa.gov/HYSPLIT.php. Fig. 8
illustrates that the air mass at low and medium elevations arises
from the continental area. It seems like the air mass is being

website:

brought over Kanpur from faraway places like the Sahara Desert,
the Arabian Peninsula, and the Thar Desert from January to
December. Regardless of natural variations in meteorological
circumstances and aerosol transport, the two metrics (i.e., AOD
and AE) over Kanpur show very moderate and consistent
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Fig.8. The five-day back trajectories of the HY SPLIT model on certain
days in different seasons with the highest AOD over Kanpur.

Because seasonal wind patterns fluctuate, different types of
aerosols might be carried to the observation locations from
different parts of the world. Examples include ocean salt, desert
dust,and man-made aerosols originating from biomass and urban-
industrial activities. Air mass trajectories show that the Thar
Desert is the main origin of dust when the higher air masscomes
from the Persian and Oman Gulf areas. Aerosol sources similar to
those over the Indo-Gangetic Plain were identified by (Gautam et
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al,, 2010). Dominant air masses over Kanpur consist mostly of
polluted dust particles originating from the Thar Desert and
Middle Eastregions, according to Tiwari etal. (2015). During the
pre-monsoon season, larger particles such as sea salt and dust
become more prominent, traveling longer distances and causing
significant variations in latitudinal movements, leading to
instability in Kanpur (Tiwari et al., 2013).

CONCLUSION

The current study shows considerable variations in atmospheric
parameters overthe Kanpurregion. It focuses primarily on trends
in the Angstrom Exponent (AE) and Aerosols Optical Depth
(AOD) over the Kanpur between January 2008 and December
2018, classifying the different types of aerosols based on the
correlation between AOD and AE, thereby, different aerosol
particles are observed over the Kanpur region, allowing the
radiation budget and its impact on Earth's climate to be computed.
As a consequence of this, the availability of further ground-based
observations and the recognition of aerosols that are based on
geographic areas is of the utmost vital significance. The
uncertainty, limitations, and possible results of the present
research must be emphasized. The HYSPLIT modelmay provide,
within certain limitations, a critical outline of the pollutant transit
pathsto the target location. The current research observed that the
monthly AOD and AE peak values over Kanpur at specified
wavelengths occurred during the post-monsoon and monsoon,
respectively, whereas the monthly AOD and AE low values were
only seen during the pre-monsoon. During the seasonal
investigation, it was revealed thatthe fraction of AOD trend was
greater for wavelengths of 340 nm in comparison to 440 nm and
500 nm wavelengths. Conversely, the pattern for AE was
the opposite, with lower values reported for the same
wavelengths. The dominant form of aerosol seen throughout the
post-monsoon, winter, and monsoon seasons was BUI,
accounting for 93.88%, 85.52%, and 49.63% respectively. The
values of VSD were notably greater in the pre-monsoon and
monsoon seasons, whereas they were notably lower in the
remaining two seasons (winter and post-monsoon seasons).
Throughout pre-monsoon and monsoon seasons, fine particles,
mostly dust, are assumed to be the main component. Nonetheless,
throughout the post-monsoon phase, the SSA is rather stable at
various wavelengths. Throughout the whole duration of the
investigation, the mean value of ASY675 was 0.68+0.02. The
HYSPLIT model utilized trajectory analysis to point out the
source of air masses over Kanpur. Dominant air masses over
Kanpur consist mostly of polluted dust particles originating from
the Thar Desert and Middle East regions.
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