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Abstract
The Indo–Gangetic Basin (IGB) experiences one of the highest aerosol loading over the globe with pronounced inter-/intra-
seasonal variability. Four-year (January 2011–December 2014) continuous MICROTOPS-II sun-photometer measurements at
Varanasi, central Ganges valley, provide an opportunity to investigate the aerosol physical and optical properties and their
variability. A large variation in aerosol optical depth (AOD: from 0.23 to 1.89, mean of 0.82 ± 0.31) and Ångström exponent
(AE: from 0.19 to 1.44, mean of 0.96 ± 0.27) is observed, indicating a highly turbid atmospheric environment with significant
heterogeneity in aerosol sources, types and optical properties. The highest seasonal means of both AOD and AE are observed in
the post-monsoon (October–November) season (0.95 ± 0.31 for AOD and 1.16 ± 0.14 for AE) followed by winter (December,
January, February; 0.97 ± 0.34 for AOD and 1.09 ± 0.20 for AE) and are mainly attributed to the accumulation of aerosols from
urban and biomass/crop residue burning emissions within a shallow boundary layer. In contrast, during the pre-monsoon and
monsoon seasons, the aerosols are mostly coming from natural origin (desert and mineral dust) mixed with pollution in several
cases. The spectral dependence of AE, the aerosol “curvature” effect and other graphical techniques are used for the identification
of the aerosol types and their mixing processes in the atmosphere. Furthermore, the aerosol source–apportionment assessment
using the weighted potential source contribution function (WPSCF) analysis reveals the different aerosol types, emission sources
and transport pathways.
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Introduction

Atmospheric aerosols, one of the key constituents of the
Earth’s atmosphere, play a vital role in global and regional
climate change through their direct (scattering and absorption
of solar and long wave radiation), indirect (change of cloud
optical properties and lifetime), and semi-direct effects (evap-
oration of cloud droplet due to light absorption and heating)
(Altaratz et al. 2014; Grandey et al. 2013; Rosenfeld et al.
2008; Schwartz et al. 1995; Seinfeld et al. 2016; Twomey
1991). They also have sufficient potential to affect the general
atmospheric circulation patterns and bio-geochemical cycling
(Lau et al. 2006; Mahowald 2011). However, the climate im-
pacts of atmospheric aerosols associated with large spatial
distribution and heterogeneity are closely related to their large
uncertainties due to different emission sources, atmospheric
mixing, and chemical transformation processes, as well as
impacts on the regional meteorological conditions (IPCC
2013; Myhre et al. 2009). During the last few years, the un-
certainties in quantifying the aerosol radiative impacts have
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been decreased (IPCC 2013), but not up to the desired level.
Therefore, assessing the quantification of the aerosol impact on
climate is one of the most challenging issues in atmospheric
science due to the different complex non-linear interactions be-
tween aerosol, solar radiation, clouds, and precipitation (Huang
et al. 2006; IPCC 2013; Tiwari et al. 2016a). For better under-
standing of the aerosol effects, especially over high aerosol-laden
atmospheres such as north India, it is essential to examine their
physical, chemical, and optical properties at very high spatio-
temporal resolutions and for long periods (Tiwari et al. 2009;
Kaskaoutis et al. 2013; Lodhi et al. 2013; Mishra and Shibata
2012; Moorthy et al. 2013; Tiwari et al. 2016a).

The aerosol properties at any location are highly dependent
on the emission sources and the regional meteorological con-
ditions that are associated with aerosol mixing (external and
internal) (Srivastava and Ramachandran 2013). South and
East Asia (mainly India and China) experience heavy aerosol
loading, which is continuously increasing during the past few
decades due to large urbanization and continuous increase in
population density and related energy demands (Dey and Di
Girolamo 2010; Kang et al. 2016; Kaskaoutis et al. 2012a;
Lawrence and Lelieveld 2010; Lin and Li 2016; Moorthy et
al. 2013). India, and more particularly the Indo–Gangetic
Basin (IGB), experience very high aerosol loading with a
strong intra-seasonal to inter-annual variability (Kaskaoutis
et al. 2012b; Lodhi et al. 2013; Prasad et al. 2007; Sharma et
al. 2014; Singh et al. 2004; Tiwari et al. 2016a). Due to unique
topography and seasonally changed meteorological condi-
tions, IGB is a very interesting source region for aerosol stud-
ies and related climate implications (Meehl et al. 2008;
(Dumka et al. 2014; Gautam et al. 2010, 2011, 2013; Giles
et al. 2011; Kaskaoutis et al. 2014a; Singh et al. 2016;
Srivastava et al. 2011; Tiwari et al. 2015a)). During the pre-
monsoon (March–mid-June) season, IGB is strongly affected
by frequent and intense dust storms through long-range trans-
port from Arabia, southwest Asia, and the Thar Desert, which
enhance the coarse-mode aerosol concentrations (Gautam et
al. 2009; Pandithurai et al. 2008; Singh et al. 2016; Tiwari et
al. 2015b). During the monsoon (mid/end of June–September)
season, relatively lower aerosol concentrations are reported in
most of the studies due to rainy washout and weakening in
local dust re-suspension due to wet soil (Dey and Di Girolamo
2010; Lodhi et al. 2013; Tiwari and Singh 2013). However, a
large inter-annual variability in monsoonal aerosol loading
was observed over the IGB due to yearly changes in the onset,
duration, and intensity of the monsoon and the presence of
exceptional dry years (e.g. 2002 and 2004) (Kaskaoutis et al.
2012a). During the post-monsoon (October–November) sea-
son, crop residue burning is a common practice over the north-
western IGB (Haryana and Punjab states), which leads to very
high aerosol concentrations, mainly in the fine mode (Mishra
and Shibata 2012; Sharma et al. 2010; Tiwari et al. 2016a). In
association with favorable meteorological conditions, these

particles form a dense smoke plume that covers the whole
IGB, central-south India, and the coastal regions (Badarinath
et al. 2009; Kaskaoutis et al. 2014b; Kharol et al. 2012).
During winter (December–February), majority of the days in
IGB are covered by fog and haze due to weak convection,
high relative humidity, calmwinds, and a shallow atmospheric
boundary layer (Das et al. 2008; Gautam et al. 2007; Mishra
and Shibata 2012). Different aerosol modification processes
along with formation of secondary aerosol occur throughout
the year, leading to a well-mixed boundary layer or lower
troposphere with a diverse mixture of aerosol types or particle
sizes (Dey et al. 2008; Srivastava and Ramachandran 2013).
The mixing between mineral or desert dust with carbonaceous
aerosols from different emission sources results in the forma-
tion of a thick aerosol layer, popularly referred to as atmo-
spheric brown clouds (Ramanathan et al., 2005; Bonasoni et
al. 2010). Therefore, to investigate the aerosol behavior and
discriminate various aerosol types over IGB is a quite chal-
lenging task because of the different dynamic meteorological
processes and emission sources that govern their concentra-
tions and chemical composition. In this respect, a network of
ground-based aerosol measurements has been established by
the Indian Space Research Organization (ISRO) across the
country (> 36 stations) under the Aerosol Radiative Forcing
over India (ARFI) program in order to characterize different
types of aerosols and their seasonality and trends (Babu et al.
2013; Moorthy et al. 1999, 2013). Therefore, sun photometric
observations of aerosol columnar properties have been widely
conducted over the Indian subcontinent (e.g., (Dani et al.
2012; Kaskaout is e t a l . 2009, 2013; Kedia and
Ramchandran 2011; Moorthy et al. 2013; Tiwari and Singh
2013; Tiwari et al. 2015b, 2016a).

The present study aims to examine the aerosol optical prop-
erties and their seasonality during a 4-year period (January
2011–December 2014) over Varanasi, India, using
MICROTOPS -II sun-photometer measurements. Furthermore,
the aerosol modification processes and classification of differ-
ent aerosol types is attempted for the first time over this site.
The HYbrid Single-Particle Lagrangian Integrated Trajectories
(HYSPLIT) model is used along with the weighted potential
source contribution function (WPSCF) analysis in order to ex-
amine the aerosol source apportionment and to quantify the
contribution of different aerosol emission sources and transpor-
tation mechanisms. The current results are extensively com-
pared with previous findings from several aerosol studies over
the IGB and the Indian subcontinent, thus contributing to filling
the aerosol database of the ARFI project.

Site description andmeteorological condition

Varanasi (25.2o N, 82.9o E, 83 m above msl) is a city lying on
the bank of Ganges river, in the central IGB. Varanasi has high
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population density; 2399 residents per square kilometer
(Census India; 2011) and is heavily polluted and aerosol laden
throughout the year (Prasad et al. 2006; Tiwari and Singh
2013; Tiwari et al. 2015a). Large-scale uncontrolled urbaniza-
tion, industrial development, and bio-fuel combustions are
among the major causes for air, water, and land pollution over
IGB and surrounding countryside (Prasad et al. 2006; Vaishya
et al. 2017). Higher aerosol loading is observed over the entire
IGB, including Varanasi, during the pre-monsoon season
(Prasad et al. 2007; Singh et al. 2004; Tiwari and Singh
2013) due to the contribution of transported dust over an urban
aerosol layer leading to relatively higher radiative forcing at
the surface (Kaskaoutis et al. 2013; Sarkar et al. 2006;
Srivastava et al. 2011). On certain occasions, Varanasi can
be also influenced by marine aerosols transported from the
Bay of Bengal during the rainy monsoon season (Tiwari and
Singh 2013).

Figure 1 shows the daily and monthly mean variation of
the meteorological parameters, i.e., (a) relative humidity,
(b) temperature, (c) wind direction, and (d) wind speed,
over Varanasi for January 2011–December 2014 obtained
from India Meteorological Department (IMD). In spite of
being a sub-tropical site, there is a remarkable seasonality in
all the examined meteorological variables, which, however,
exhibit similar patterns and values in each year. In this re-
spect, the minimum relative humidity is always observed in
pre-monsoon (April 38 ± 4%) and continuously increases
during monsoon, reaching a maximum in the month of
August (82 ± 3%). The minimum temperature occurs in
January (14 ± 1 °C) and increases continuously until May
(34 ± 1 °C) and then slightly decreases during monsoon and
post-monsoon reaching a minimum in winter. The wind
speed is rather low (< 3 ms−1 on monthly mean basis), hav-
ing its maximum values during the late pre-monsoon and
monsoon seasons (maximum in June of 2.56 ± 0.42 ms−1).
At this time, the wind blows from south–southeastern di-
rections carrying humid air masses from the Bay of Bengal.
During the study period, the monsoon season seems to start
earlier in 2011 (mid of May) compared to 2012 (mid-June),
(Pai and Bhan 2012) as observed from the earliest change in
the wind direction (from west to southeast) and the earliest
increase in the wind speed in 2011. Therefore, the onset and
duration of the monsoon, as well as its intensity in view of
rainy days and rainfall amounts, play an important role in
the meteorological conditions over the IGB and influence
the aerosol loading and properties (Gautam et al. 2009;
Kaskaoutis et al. 2012a). Calm to weak winds from north-
western directions during the post-monsoon and winter sea-
sons (minimum of 1.05 ± 0.24 ms−1in November), cause
unfavorable conditions for aerosol dispersion, thus helping
the temperature inversions and accumulation of aerosol and
pollutants near the ground (Komppula et al. 2012; Misra et
al. 2012).

Instrumentation and data analysis

The ground-based spectral aerosol optical depth (AOD) mea-
surements were carried out continuously from January 2011 to
December 2014 under a clear sky using a handheld portable
multiband sun-photometer MICROTOPS-II (Solar Light
Company, USA). TheMICROTOPS-II contains five different
interference filters at 380-, 440-, 500-, 675-, and 870-nm
wavelengths and provides columnar information about aero-
sols. The sun-photometer works on the principle of extinction
of solar radiation intensity at a certain wavelength and has a
Full Width at Half Maximum (FWHM) bandwidth of 2.4 ±
0.4 nm at a 380-nm channel and 10 ± 0.15 at the other chan-
nels. The field of view (FOV) is 2.5° with a typical sun
targeting accuracy better than 0.1°. The error in the AOD
retrievals in the UV is in the order of ± 0.03, which drops at
± 0.02 in the visible, since the long-term stability of the filter is
better than 0.1 nm per year. More details about the
MICROTOPS-II characteristics, its calibration, performance,
and accuracy of the retrievals are given elsewhere (Morys et
al. 2001; Singh et al. 2010).

The factory-calibrated instrument is deployed and operated
at the Department of Physics, Banaras Hindu University,
Varanasi, since 2011 and is calibrated periodically once per
2 years from Solar Light Company, USA. Sun-photometer
measurements were deployed at every half hour from 9:00h
to 16:00h LST on clear-sky conditions. In order to minimize
aiming and cloud contamination errors, triplet Sun-
photometer measurements were taken during each observa-
tion; higher values obtained via this procedure are discarded,
because smaller values correspond to the most accurate Sun
pointing (Porter et al. 2001). To avoid any possible cloud
contamination, measurements were only done on clear days,
with few or no clouds covering the sky, particularly at angles
close to the Sun. Further, we applied the second-order poly-
nomial fitting to the scanned MICROTPS data and select only
those data which have maximum correlation (r > 0.97) and
minimum error in second-order coefficient (Sharma et al.
2014). Out of the 4-year period, 844 days allowed sun photo-
metric observations with a total number of 3455 scans.

The spectral AOD and the Angstrom Exponent (AE) are
the two main parameters for examining the columnar aerosol
loading and properties. The AE provides useful information
about the aerosol size distribution and can be easily deter-
mined via the Angstrom power law (Angstrom 1964):

τλ ¼ βλ−α ð1Þ

where τλ is the AOD at wavelength λ expressed inmicrometer
(μm), α is the AE, and β the turbidity coefficient, which
equals to AOD at λ = 1 μm. The AE is a relatively good
indicator of the aerosol particle size and fraction of fine- to
coarse-mode aerosols (Kaskaoutis et al. 2009; Schuster et al.
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2006; Tiwari et al. 2015a, 2016). The Eq. (1) is valid and well
fitted only for a limited wavelength range, where the columnar
aerosol size distribution follows the Junge power law.
However, for a wide wavelength range, a significant deviation
in Eq. (1) is found, particularly for multimodal size distribu-
tions, suggesting heterogeneity in aerosol types due to differ-
ent sources. The multimodal size distribution leads to the de-
parture from linearity in the ln(AOD) vs ln(λ) curve, resulting
in different AE values for different wavelength ranges
(Beegum et al. 2009; Eck et al. 1999; Kaskaoutis et al. 2007,
2009; Reid et al. 1999). Under such conditions, a second-
order polynomial fit can be applied to AOD spectra, which
can be used to quantify the curvature in the spectral distribu-
tion of AOD (Eck et al. 1999; Kaskaoutis and Kambezidis
2006). Therefore, a second-order polynomial fit was applied
to the lnτλ vs ln λ data as:

lnτλ ¼ A2 ln λð Þ½ �2 þ A1ln λð Þ þ A0 ð2Þ

where the coefficient A2 represents the curvature. Negative
values of A2 indicate aerosol size distributions dominated by
fine modes and positive values are indicative for size distribu-
tions clearly dominated by coarse-mode particles (Eck et al.
1999; Kaskaoutis et al. 2007; Kaskaoutis et al. 2009).
Although Eq. (2) is more precise than Eq. (1) for a wide
spectral range, yet large errors may occur especially for low

turbidity conditions (Kaskaoutis et al. 2007). Therefore, in
order to minimize these errors, only those data that attain a
second-order polynomial fit with r values ≥ 0.97 and associ-
ated with minimum errors in the curvature (A2) were consid-
ered in the current analysis. Figure 2a shows the correlation
between typical errors in the coefficients A1 and A2 computed
in the wavelength range 380–870 nm and AOD500 for all the
examined scans during the study period. The results show that
the larger errors in both A1 and A2 are associated with lower
AODs, while they decrease significantly as the AOD in-
creases. Similar results were also reported at other places
using sun-photometer observations (Kaskaoutis et al. 2010;
Sharma et al. 2014; Soni et al. 2011). The errors are minimized
during the winter season and are largest in monsoon and post-
monsoon, indicating a larger departure from the Ångström
power law in these seasons and larger uncertainties in the
spectral AOD retrievals. Figure 2b shows the scatter plot be-
tween the difference of the second-order polynomial coeffi-
cients (i.e., A2–A1) and AE (380–870 nm) for each scan on a
seasonal basis. According to Schuster et al. (2006) and the
verifications later on (e.g., (Kaskaoutis et al. 2007, 2010,
2011; Patel et al. 2017; Sharma et al. 2014)), A2–A1 equals
to the AE for the same wavelength band, while an excellent
linear regression between them suggests a high accuracy in the
spectral AOD retrievals. The current results show very good
performance between A2–A1 and AE, (r > 0.94) during all

Fig. 1 Variation in
meteorological parameters, i.e. a
relative humidity, b temperature,
c wind direction, and d wind
speed, during the study period
over Varanasi. The empty and
filled spheres represent the daily
and monthly variation while
vertical lines represent standard
deviation from their monthly
mean
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seasons, suggesting minimum errors in the parameters com-
puted from the spectral MICROTOPS-II AODmeasurements.

Results and discussion

Variation in AOD and AE

Figure 3 shows the daily mean variation of AOD500 as a func-
tion of the AE380–870 (in colored scale) over Varanasi during
2011–2014. The results reveal a wide range in both AOD500

(0.23–1.89) and AE (0.19–1.44) with mean values of 0.82 ±
0.31 and 0.96 ± 0.26, respectively. Such a large variation in
aerosol loading suggests very differing atmospheric condi-
tions in the view of aerosol emission sources and types and
seasonally changed meteorological conditions over central
IGB (Kaskaoutis et al. 2013; Tiwari et al. 2016a). Nearly
44% of the days exhibit AOD values above the mean, while
the AE values are greater than the mean on 55% of the days.
Earlier studies reported a little higher fraction for high AOD
(> 0.6) over New Delhi (76%) (Tiwari et al. 2016a) and
Greater Noida (70%) (Sharma et al. 2014) indicating more
turbid conditions around the national capital region. Very high
AODs, i.e., AOD >mean AOD + 1 standard deviation (σ) are
shown in nearly 18% of the days, while on these days the
fraction for AE >1.0 was 67%. This indicates that the very
turbid conditions over Varanasi are mostly attributed to en-
hancement of the fine –mode anthropogenic or biomass burn-
ing aerosols during post-monsoon and winter (see Suppl.

Fig.1), which contribute to the already high-background aero-
sol levels over central IGB. Suppl. Fig.1 clearly shows a larger
gradient in AOD towards shorter wavelengths during the
high-aerosol loading days (HAODAOD>mean + 1σ) against
the lower-aerosol loading days (LAOD, AOD <mean − 1σ)
and annual mean (all days considered). Lower values of AE,
associated with a similar range of AOD500, are shown during
April–June, which reflect the influence of the transported dust
plumes carrying higher concentrations of coarser particles
from the Thar Desert and Arabia. Earlier studies also reported
the dominance of coarse particles over IGB during pre-
monsoon due to dust storms from the west (Kaskaoutis et al.
2013; Lodhi et al. 2013; Singh et al. 2004, 2016; Soni et al.
2011; Tiwari and Singh 2013; Tiwari et al. 2016a). More than
50% days of the study period, AE values are higher than one
which is more prominent in post-monsoon (nearly 91% days)
and winter (nearly 75% days) season suggesting relatively
higher concentration of fine mode particles throughout the
year. On the other hand, in pre-monsoon season, nearly 60%
days, AE values are less than 0.8 suggesting a mixture of fine-
and coarse-mode particles. In addition, minimum AE values
along with high AODs (mostly > 0.7) are observed during the
end of June and in the monsoon period (July–September),
indicating dominance of coarse-mode particles and possibility
of hygroscopic growth of the fine-mode aerosols under a hu-
mid environment. In this respect, Tiwari and Singh (2013)
found an association between higher concentrations of coarse
aerosols and columnar water vapor over Varanasi during the
monsoon season. Singh et al. (2004) and Tiwari et al. (2016a)

Fig. 2 Correlation between errors
in the second-order polynomial fit
and AOD (a) and between the
coefficients A2–A1and AE (380–
870 nm) (b) for the whole set of
measurements in each season
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also suggested the possibility of hygroscopic growth of the
fine anthropogenic aerosols in Kanpur and NewDelhi, respec-
tively during the humid monsoon season, while maximum
aerosol loading during July is reported at Greater Noida,
Delhi outskirts (Sharma et al. 2014).

The AOD500 and AE380–870nm values from the current work
are compared on a seasonal basis with those over several other
sites in India, with emphasis over the IGB and the results are
summarized in Table 1. Maximum seasonal AOD500 in the
post-monsoon season was found over Varanasi highlighting
the strong influence of the agricultural crop-residue burning in
Punjab and the accumulation of a smoke plume over the
whole IGB for several weeks (Kaskaoutis et al. 2014b).
Similar results are also reported at other places over IGB, like
Delhi (Lodhi et al. 2013; Tiwari et al. 2016a), Greater Noida
(Sharma et al. 2014), and Kanpur (Kaskaoutis et al. 2013).
The seasonal AOD values at Varanasi are quite comparable
to those found in Greater Noida (Sharma et al. 2014) and
Kharagpur (Pani and Verma 2014) and slightly lower than
those reported for New Delhi (Tiwari et al. 2016a). The com-
parison with previous studies indicates that Varanasi has
higher AODs than several other locations in IGB and the rest
of the Indian subcontinent (Bhaskar et al. 2015; Dani et al.
2012; Guleria et al. 2012; Kannemadugu et al. 2015;
Kaskaoutis et al. 2012a; Ram et al. 2010; Reddy et al. 2016;
Srivastava et al. 2011) rendering it as one of the most polluted
and aerosol-laden urban environments in India. Previous stud-
ies also reported higher values of AE during the post-monsoon
and winter seasons over the IGB and other Indian regions
(Kaskaoutis et al. 2014b; Kumar et al. 2015; Sharma et al.
2010; Tiwari and Singh 2013; Tiwari et al. 2016a). It should
be noted here that some differences in the magnitudes of the
AOD and AE values summarized in Table 1 could be also
attributed to the different geographical locations,

meteorological conditions, time of observations, instrumenta-
tion techniques, and wavelength regions used for the AE
retrievals.

Figure 4 shows the monthly mean variation of AOD500

and AE380–870 (a) and the seasonal mean spectral variation
of AOD (b) over Varanasi during 2011–2014. The associ-
ated vertical bars represent ± 1σ from the respective mean
values. Figure 4a exhibits a distinct annual pattern for AOD
with two maxima during late pre-monsoon (May–June) and
late post-monsoon/winter (November–January). This is
very similar to those found over Kanpur (Kaskaoutis et al.
2013; Singh et al. 2004), Delhi (Lodhi et al. 2013), and
Greater Noida (Sharma et al. 2014). The primary maximum
in late post-monsoon/winter is associated with crop residue
and biomass burning, especially for years with extreme bio-
mass smoke emissions, like 2012 (Kaskaoutis et al. 2014b),
while the secondary peak in late pre-monsoon is attributed
to the influence from dust aerosols coming from the west
(Srivastava et al. 2011; Tiwari and Singh 2013). The month-
ly mean AOD500 and AE values at three wavelength ranges
(i.e., shorter range 380–500 nm, mid-range 500–870 nm
and long range 380–870 nm) are summarized in Table 2.
The maximum AOD was observed in November (0.99 ±
0.30), while the minimum one in March (0.59 ± 0.19),
which constitutes a transition period, without strong influ-
ence of dust (it usually starts from April onward). The max-
imum AOD500 in November is also associated with maxi-
mum AE values (AE380–870 = 1.17 ± 0.13), indicating the
dominance of the fine smoke aerosols. The minimum AE
is observed in May (AE380–870 = 0.69 ± 0.19), which sug-
gests dominance of coarse-mode aerosols, with concurrent
mixture of urban emissions. August and September are also
characterized with lower AODs (~ 0.65–0.7) reflecting
somewhat relatively clean atmospheric conditions due to

Fig. 3 Variation of daily-
averaged AOD500 over Varanasi
during January 2011–December
2014. The colored scale
represents the daily mean values
of the AE380–870. The solid red
line represents the annual mean,
while the dash red lines represent
the ± 1σ from the mean during the
study period
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rainy washout during monsoon. For better understanding of
the month-to-month variability in aerosols over Varanasi,
the anomalies in AOD and AE from the respective monthly
means are given in the Suppl. Fig. 2. The large anomaly
values in both AOD (± 0.25) and AE (± 0.3–0.4) in certain
months suggest a strong monthly mean variation along with
seasonal variation in atmospheric turbidity and meteorolog-
ical conditions. The seasonal mean spectral variation of
AOD (Fig. 4b) reflects significant differences between the
seasons. The spectral dependence of AOD values at UV–
VIS wavelengths indicate the importance of the fine-mode
aerosols in the scattering processes particularly during the

post-monsoon and winter seasons (Sinha et al. 2013).
Therefore, in spite of the very similar seasonal AODs at
870 nm (~ 0.5), post-monsoon and winter exhibit signifi-
cantly larger AODs (~ 1.1–1.2) at the shorter wavelengths,
which are attributed to the enhanced fine-mode aerosol
scattering compared to the longer wavelengths (Kedia and
Ramchandran 2011). The gradient between the spectral var-
iability in AOD at shorter (340 nm) and longer (870 nm)
wavelengths during the different seasons indicates the
asymmetric distribution of the aerosol size distribution,
i.e., seasonal changing effect on dominance of fine- and
coarse-mode aerosols. The seasonal AODs and their

Table 1 Seasonal AOD500nm and AE380–870 nm at different places in Indo–Gangetic Basin and its surroundings

Location Study period AOD500nm AE380–870nm Reference

W Prm M PoM W Prm M PoM

Varanasi 2011–2014 0.87 0.73 0.73 0.95 1.09 0.76 0.86 1.16 Present study

Varanasi 2011 0.90 0.67 0.68 0.78 1.11 0.70 0.72 1.2 Tiwari & Singh (2013)

GC** 2009 0.51–0.77 0.65–0.91 Srivastava et al. (2011)

GC** 2011 0.60–0.85 0.85–1.05 Tiwari and Singh (2013)

Kanpur 2001–2003 0.57 0.54 0.66 0.63 1.26 0.60 0.66 1.12 Singh et al. (2004)

Kanpur 2005–2010 0.63 0.59 0.60 .076 1.24 0.66 0.77 1.27 Kaskaoutis et al. (2012b)

Delhi 2011–2013 0.95 0.82 0.86 1.0 1.02 0.51 0.89 1.03 Tiwari et al. (2016a)

Delhi 2001–2012 0.77 0.78 0.74 0.91 0.97 0.49 0.66 0.93 Lodhi et al. (2013)

GN* 2010–2012 0.87 0.78 0.73 0.98 1.13 0.68 1.02 1.19 Sharma et al. (2014)

Jaipur 2011 0.50–0.80 0.38–0.60 Tiwari and Singh (2013)

Jodhpur 2004–2012 0.48 0.75 0.71 0.59 0.81 0.54 0.75 0.86 (Bhaskar et al. 2015)

Karachi 2010–2011 0.30–0.40 0.40–0.65 0.75–0.95 0.30–.40 Alam et al. (2012)

Lahore 2010–2011 0.63–0.76 0.55–0.75 1.0–1.25 0.40–0.60 Alam et al. (2012)

Ahmedabad 2002–2005 0.32 0.42 0.43 0.43 1 0.30 0.40 1.0 Ganguly et al. (2006)

Kharagpur 2009–2010 0.82 0.71 1.33 0.71 Pani and Verma (2014)

Kullu Valley 2006–2009 0.20 0.34 0.26 0.21 1.13 0.90 1.0 1.42 Guleria et al. (2012)

Nainital 2005–2008 0.11 0.30 0.15 0.09 Ram et al. (2010)

Gual Pahari 2009 0.64 0.53 Gautam et al. (2011)

Chitkara 2009 0.57 0.72 Gautam et al. (2011)

Goa 2008–2010 0.43 Shirodkar et al. (2015)

Pune 1998–2007 0.45 0.45 0.43 0.63 0.48 Dani et al. (2012)

Nagpur 2011 0.42 0.64 0.38 0.50 1.3 0.95 0.9 1.25 Kannemadugu et al. (2014)

Ananatpur 2007–2013 0.34 0.45 0.24 0.31 0.8–1.1 0.3–0.7 Reddy et al. (2016)

Hyderabad 2007–2008 0.55 0.65 0.60 0.46 1.06 1.02 0.58 0.89 Kaskaoutis et al. (2009)

Hyderabad 2008–2009 0.48 0.57 0.51 0.50 1.04 0.90 0.84 1.01 Sinha et al. (2013)

Dibrugarh 2001–2007 0.31 0.45 0.25 0.19 1.14 0.85 0.87 1.12 Gogoi et al. (2009)

Trivendrum 2002–2003 0.43 0.40 0.29 0.38 1.0 0.85 0.32 1.20 Moorthy et al. (2007)

Port Blair 2002–2008 0.31 0.26 0.93 1.1 Beegam et al. (2012)

AS## 1995–2002 0.29 0.47 0.70 0.30 Sateesh et al. (2006)

BoB# 2006–2012 0.26 0.44 0.41 0.27 Tiwari et al. (2016b)

AS## 2006–2012 0.24 0.34 0.77 0.33 Tiwari et al. (2016b)

Minicoy 1995–1998 0.32 1.12 Sateesh et al. (2002)

W winter, Prm pre-monsoon, M monsoon, PoM post-monsoon

GN* Greater Noida, GC** Gandhi College, BoB# Bay of Bengal, AS## Arabian Sea
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wavelength dependence over Varanasi are similar to other
studies over IGB (Lodhi et al. 2013; Sharma et al. 2014;
Tiwari and Singh 2013; Tiwari et al. 2016a) as well as other
locations in India (Kaskaoutis et al. 2009; Ramchandran
2007; Reddy et al. 2016).

Frequency distribution of AOD and AE

Figure 5 shows the frequency distribution of AOD500 and
AE380–870 for the four seasons, (a) pre-monsoon (Mar–Jun),
(b) monsoon (Jul–Sep), (c) post-monsoon (Oct–Nov), and (d)

Fig. 4 Variation of the monthly
mean AOD and AE (a) and the
seasonal spectral means of AOD
(b) over Varanasi during the study
period (2011–2014)

Table 2 Monthly mean ± 1σ value of AOD and AE during the study period over Varanasi

Months AOD (380 nm) AOD (500 nm) AOD (870 nm) AE (380–500 nm) AE (500–870 nm) AE (380–870 nm)

January 1.16 ± 0.37 0.92 ± 0.30 0.48 ± 0.17 0.87 ± 0.23 1.17 ± 0.21 1.08 ± 0.20

February 0.94 ± 0.38 0.72 ± 0.30 0.39 ± 0.18 0.98 ± 0.20 1.12 ± .032 1.08 ± 0.24

March 0.76 ± 0.25 0.59 ± 0.19 0.37 ± 0.14 0.90 ± 0.18 0.87 ± 0.34 0.89 ± 0.23

April 0.85 ± 0.23 0.66 ± 0.25 0.45 ± 0.16 0.90 ± 0.22 0.70 ± 0.20 0.77 ± 0.17

May 1.02 ± 0.27 0.81 ± 0.21 0.58 ± 0.17 0.83 ± 0.19 0.61 ± 0.27 0.69 ± 0.19

June 1.08 ± 0.36 0.86 ± 0.29 0.60 ± 0.23 0.86 ± 0.27 0.67 ± 0.38 0.74 ± 0.28

July 0.92 ± 0.39 0.76 ± 0.33 0.53 ± 0.28 0.73 ± 0.36 0.74 ± 0.36 0.74 ± 0.23

August 0.84 ± 0.37 0.69 ± 0.31 0.47 ± 0.30 0.78 ± 0.33 0.84 ± 0.46 0.83 ± 0.31

September 0.90 ± 0.38 0.72 ± 0.30 0.42 ± 0.21 0.89 ± 0.28 1.01 ± 0.34 0.98 ± 0.23

October 1.18 ± 0.42 0.89 ± 0.32 0.46 ± 0.17 1.04 ± 0.36 1.20 ± 0.29 1.15 ± 0.16

November 1.27 ± 0.36 0.99 ± 0.30 0.49 ± 0.15 0.92 ± 0.14 1.28 ± 0.19 1.17 ± 0.13

December 1.19 ± 0.41 0.95 ± 0.36 0.48 ± 0.21 0.86 ± 0.18 1.24 ± 0.18 1.12 ± 0.17
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winter (Dec–Feb). The seasonal mean AOD and AE along
with ± 1σ and the total number of scans (N) in each season
are also given in the corresponding graphs. A large range in
both AOD and AE distributions is observed for all seasons
indicating a significant variability in aerosol types and their
size distribution due to various emission sources and season-
ally changed meteorological conditions. The results reveal a
significant frequency for higher AODs (> 0.7) reaching to 49,
45, 76, and 64% in pre-monsoon, monsoon, post-monsoon,
and winter, respectively, indicating highly turbid atmospheric
conditions throughout the year. On the other hand, lower
values of AE (< 0.6) are found during the pre-monsoon and
monsoon seasons (21 and 19%, respectively), suggesting a
larger contribution of coarse-mode particles over Varanasi,
while this fraction becomes negligible (nearly 1.5%) during
post-monsoon and winter. A unimodal frequency distribution
is observed for both AOD and AE values during all the sea-
sons, but with different modal values, which are close to 0.8
for the AOD in all seasons except monsoon (0.6). However,
the AE distributions exhibit very contrary modal values,~ 1.2
for post-monsoon and winter and 0.8 for pre-monsoon.
During the pre-monsoon season, the AOD values vary widely
between 0.4 and 1.8, while the AE exhibits a similar range of
0.4–1.4, with mean values of 0.73 ± 0.25 for AOD500 and
0.76 ± 0.23 for the AE380–870, respectively. The highest fre-
quency (30–37%) is observed in the range of 0.7–0.9 for both
AOD and AE during pre-monsoon. During monsoon, the
AOD500 is somewhat shifted to lower values, with the highest
frequency around 0.6 and a progressive decrease afterwards.
The AE values are slightly shifted towards higher values with
maximum frequency around 1.0, characteristic of well mixing
atmospheric conditions and similar contributions of fine and
coarse particles (Eck et al. 2005). In contrast, during the post-
monsoon and winter seasons, although the AOD500 has simi-
lar distributions between 0.4 and 2.0 with maximum frequen-
cy around 0.8, the AE is strongly shifted to larger values with
~ 70–90% of the values lying in the range of 1.2–1.4, suggest-
ing enhancement of the fine particles and similar aerosol emis-
sion sources, i.e., anthropogenic combustion and biomass
burning.

Aerosol properties and modification processes

Figure 6 shows the scatter plots between the coefficient A2

obtained from the second-order polynomial fit (Eq. 2) and
the AOD500 in each season, while the color scale represents
the AE380–870. The coefficient A2 expresses the curvature of
the polynomial fit and has been extensively used for better
characterization of the aerosol properties and the dominance
between fine and coarse modes (Eck et al. 1999; Kaskaoutis et
al. 2007; Schuster et al. 2006). Therefore, the correlation be-
tween A2 and AOD could be used to discriminate different
aerosol types and provide vital information about their

physical properties (like volume fraction and effective radius)
for different AE values (Schuster et al. 2006). Values of A2 ≈ 0
correspond to negligible curvature and to aerosol size distri-
butions following the Junge power law (i.e., unimodal size
distribution) (Eck et al. 1999; Kaskaoutis et al. 2009). The
curvature is found to be mostly positive during the pre-
monsoon season associated with moderate-to-low AE values
(mostly below 0.9) and in many cases high (> 1.0) AODs
(Fig. 6a), suggesting bimodal size distributions with domi-
nance of the coarse mode (Eck et al. 1999; Schuster et al.
2006). However, for the highest AODs, there is a tendency
of the A2 to approach zero, as was also found over turbid
desert environments, like Solar Village (Kaskaoutis et al.
2007). Therefore, this seems to be a characteristic for the
coarse-mode particles under very turbid environments, i.e.,
weakening of the curvature and the flat spectral dependence
of the AOD, with AE values near to zero. On the other hand,
some data points in pre-monsoon that are characterized by
high AODs (~ 0.8–1.2) and AE values above 1.0, exhibit neg-
ative curvatures suggesting bimodal size distributions with
high or even dominance of the fine-mode aerosols, mostly
originating from urban emissions, agricultural burning of
wheat residue and forest fires in the Himalayan foothills
(Kumar et al. 2011; Vadrevu et al. 2012). Previous studies
have also reported bimodal size distributions and existence
of biomass-burning aerosols during pre-monsoon over various
sites in IGB (Ram et al. 2016; Srivastava et al. 2011; Tiwari
and Singh 2013). In contrast, mostly negative values of the
coefficient A2 are shown in post-monsoon and winter, espe-
cially for the higher values of AOD and AE. This suggests
dominance of fine-mode aerosols that express larger AE
values at the longer rather than shorter wavelengths and neg-
ative curvatures, while the opposite exists in the case of desert
dust (Eck et al. 1999; Schuster et al. 2006). This is consistent
with the findings by Kaskaoutis et al. (2014b), who reported
dominance of fine-mode aerosols due to biomass/crop residue
burning over the entire IGB (Varanasi site also included) dur-
ing the post-monsoon season. However, for lower AOD
values, a wide range and several cases of positive A2 are also
observed, which are associated with mixed aerosol state and/
or coagulation processes in the atmosphere that increased the
particle size and the coarse-mode fraction. It should be also
noted that these cases are associated with a larger degree of
uncertainty in the A2 retrievals, as shown in Fig. 2. Similarly,
relatively lower AE values are associated with lower AOD
and small positive curvature during the winter season suggest-
ing a possibility of increase in the fine-mode size through
coagulation/condensation processes. Similar results are also
observed at several IGB sites (e.g., Patiala, Delhi, Varanasi,
Kanpur, Gandhi College) during the late pre-monsoon and
winter (Gobbi et al. 2007; Kaskaoutis et al. 2014b), as well
as in Hyderabad (Sinha et al. 2012) and Bay of Bengal
(Kaskaoutis et al. 2011). Except of the lower values of the
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AE380–870 during pre-monsoon andmonsoon, the AEs at short
wavelengths (e.g., 380–500 nm) were found to be significant-
ly larger than the respective AE values at mid-range wave-
lengths (e.g., 500–870 nm), while the opposite exists in post-
monsoon and winter, indicating seasonally changed domi-
nance of aerosols of different origin, type, size, and composi-
tion within a year-round turbid urban environment.

The wavelength dependence of the AE has been success-
fully used for the characterization and identification of differ-
ent aerosol types as well as for examining the modification
processes in the atmosphere. The AE value computed at
shorter wavelengths gives useful information about changes
in the fine-mode particle size, while at longer wavelengths, it
provides valuable information about variations in the fine-to-
coarse-mode ratio (Kaskaoutis et al. 2007; Reid et al. 1999;
Schuster et al. 2006; Tiwari et al. 2016a). In this respect,
Gobbi et al. (2007) proposed a simple graphical method to
classify the aerosol types and examined the contribution of
the fine mode to the modification processes in the atmosphere
under increasingly turbid environments using the correlation
between AE440–870 and the difference in AE (dAE) between
440–675- and 675–870-nm bands (i.e., dAE = AE440–675–
AE675–870) for various fine-mode radius (Rf) and fine-mode
fractions (η). The classification scheme is totally based on the
Mie scattering and correlates the fine-mode fraction at 675 nm

and the effective radius of fine-mode aerosols for increasing
AOD groups. Negative values of dAE are associated with
negative curvature suggesting dominance of fine-mode aero-
sols and vice versa. Since, AE and dAE both are derived from
AOD value, a lower value of AOD (≤ 0.10) results to an error
in AE and dAE of ≥ 20% and ≥ 50% respectively (Gobbi et al.
(2007). Therefore, in order to minimize any possible uncer-
tainties, in the present analysis, the whole set of observation
having an AOD value greater than 0.15 (AOD> 0.15) is used.
More details about the classification scheme and sensitivity
analysis are discussed in Gobbi et al. (2007).

Figure 7 represents the variation of dAE between shorter
and longer wavelengths against the broadband AE440–870 as a
function of AOD500 during (a) pre-monsoon, (b) monsoon, (c)
post-monsoon, and (d) winter seasons. The black lines indi-
cate the effective radius (Rf) of the fine mode and the blue
lines the fixed percentage fraction (η%) of the fine mode,
while the colored spheres with increasing size represent the
increasing AOD500. In general, a large variation in both AE
and dAE is observed associated with a wide range of AOD in
all seasons, indicating significant heterogeneity in aerosol
types with a mixture of fine- and coarse-mode aerosols, as
discussed in the previous analysis. On some days, mostly in
pre-monsoon, the data points lie outside the graphical scheme,
which may be attributed to larger refractive index. Especially

Fig. 5 Seasonal frequency distributions of the AOD and AE values over
Varanasi during the study period. The total number of scans in each

season is given by ‘N’,while the seasonal mean AOD and AE values
with ± 1σ are also given
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in the pre-monsoon period, the high positive values of dAE for
lower AE values indicate large curvatures and significant
higher AE at shorter wavelengths characteristic of non-
spherical desert dust particles (Reid et al. 1999). Therefore,
the positive curvature is mostly observed for higher AOD (>
0.8) and lower (< 0.6) AE values, underlying the influence of
desert dust with low (< 30%) fine-mode fraction. Negative
dAE values are observed in very few cases under moderate-
to-low AODs, suggesting large contribution of urban anthro-
pogenic emissions in the absence of dust plumes. The increas-
ing AOD does not exhibit a clear shift of the data points
towards lower or higher Rf, but it suggests that the higher
aerosol loading in pre-monsoon is due to the presence of dust
plumes, leading to lower fine-mode fraction. However, on few
days, the highest AOD values are associated with values of
AE above 1.0, suggesting the abundance of crop residue burn-
ing or smoke from forest fires, as they are associated with η >
50–60%. Several previous studies have also reported the dom-
inance of dust and influence of biomass-burning aerosols on
certain circumstances over IGB during the pre-monsoon sea-
son (Gautam et al. 2009; Pandithurai et al. 2008; Srivastava et
al. 2011; Sharma et al. 2012; Singh and Beegum 2013; Tiwari
el al. 2013; Singh et al. 2016).

In the monsoon season, the scatter plot between AE and
dAE is totally different than the other seasons. The much

fewer data points due to cloudy-rainy conditions and the large
scatter provide inconclusive results about the aerosol modifi-
cation processes, but a general shift towards a lower η and
positive dAE is observed as AOD increases. Furthermore,
there is a slight shift towards the origin of the graphical
scheme, suggesting an increase in concentrations of coarse-
mode particles after hygroscopic growth (hydration processes)
(Ferrare et al. 2000; Gobbi et al. 2007). A shift towards the
origin was also reported over the humid environment of the
Arabian Sea (Kaskaoutis et al. 2010) and over Hyderabad in
monsoon (Sinha et al. 2012). In contrast, very different scatter
patterns are observed in post-monsoon and winter, since the
highest AODs (> 0.8) are associated with larger fine-mode
fractions (> 70%) and AE (> 1.0). The results suggest the
dominance of fine-mode aerosols of combustion origin (e.g.,
fossil fuels, biomass burning, crop residue burning). Similar
features for the aerosol modification processes over Varanasi
were reported during the post-monsoon of 2012, which is
characteristic of the enhancement in fine-mode aerosols due
to biomass/crop residue burning and coagulation processes
under very turbid urban environments (Kaskaoutis et al.
2014b). During winter, the change from low to high AODs
exhibits a shift towards larger Rf values (from 0.10to
0.20 μm), which is characteristic of condensation and coagu-
lation processes of urban aerosols under turbid environments,

Fig. 6 Scatter plot between AOD and curvature coefficient A2 as a function of AE (colored scale) during a pre-monsoon, b monsoon, c post-monsoon,
and d winter seasons
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and a significant increase (from ~ 50 to ~ 90%) in η. The same
feature was also shown over other polluted urban environ-
ments like Kanpur, Beijing (Gobbi et al. 2007), Greater
Noida (Sharma et al. 2014), Hyderabad (Sinha et al. 2012),
and over the Bay of Bengal due to intense continental pollu-
tion outflow during winter (Kaskaoutis et al. 2011). On the
other hand, slight positive dAE values for high AODs and
AE440–870 around 0.6 in winter correspond to aged smoke
plumes with larger sizes of Rf, while the η below 50% indi-
cates mixing with road re-suspended dust within the urban
environment.

Aerosol-type classification

Previous analysis showed that Varanasi experiences a mixture
of aerosol types with very different optical properties and size
distribution along the seasons. Therefore, for better understand-
ing of the aerosol characteristics, a classification of their types

and apportionment of their emission sources are needed.
Different researchers have followed various classification tech-
niques for the aerosol-type identification based on the correla-
tion between absorption and extinction Angstrom exponents
(Giles et al. 2011; Russell et al. 2010), on the correlation be-
tween single scattering albedo and fine-mode fraction (Lee et al.
2010; Tiwari et al. 2015b), on the wavelength dependence of
single scattering albedo (Eck et al. 1999) and the correlation
between AOD and AE (Kaskaoutis et al. 2009; Tiwari et al.
2016a). In this study, we used a scatter plot between AOD and
AE (Fig. 8) to classify different aerosol types over Varanasi.
Based on threshold values for AOD and AE from literature,
five dominant aerosol types were identified, i.e., Mostly dust
(MD), polluted continental (PC; dominant anthropogenic aero-
sols with dust), anthropogenic aerosol (AA; mainly coming
from urban/industrialized regions around the measuring site,
as well as from vehicular emissions), biomass burning (BB;
mainly coming through biomass/crop residue burning in the
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Fig. 7 Variation of the Angstrom exponent difference [AE(440–675 nm)
−AE(675–870 nm)], as a function of the AE (440–870 nm) and AOD500

(in colored scale) over Varanasi, for bimodal log-normal size distribution
during a pre-monsoon, b monsoon, c post-monsoon, and d winter

seasons. The black lines indicate the fixed effective radius of the fine
mode (Rf) and the blue lines the fixed fraction of fine mode to the AOD
(η)
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IGB), and mixed type (MT) aerosol. More specifically, the MD
type is associated with high AOD (> 0.7) and AE values less
than 0.6; PC has relatively higher AE (AE < 0.9) with AOD
values in the range of 0.3–0.7. Higher values of AE (AE > 0.9)
with a wide range of AOD (0.3–1.0) represent the AA type and
the cases with very high AOD and AE, both above 1.0, corre-
spond to the BB aerosol type. The cases that do not belong to
any of the above mentioned categories are inferred as MTaero-
sols. To understand the size dominance in individual inferred
aerosol particles, curvature coefficient (A2) is plotted against
AOD (Fig. 9). The results suggest that the MD and PC aerosol
types have mostly positive curvature indicating relative domi-
nance of coarse-mode aerosol particles, while the BB aerosols
exhibit negative curvature indicative of the dominance of fine-
mode particles. Apart from this, the MT and AA types have
both positive and negative curvatures suggesting a mixture of
fine as well as coarse-mode aerosols over the urban environ-
ment. The percentage contribution of each aerosol type on sea-
sonal and annual basis is shown in Fig.10. The analysis reveals
that during pre-monsoon, the aerosols over Varanasi are mostly
of PC type (≈ 40%) andMT (≈ 25%) due to the strong influence
of dust plumes transported from the Thar Desert or even Arabia
mixed with urban emissions. The AA type has maximum con-
tribution during post-monsoon and winter (≈ 56%) followed by
monsoon (≈ 41%).The BB aerosol type is more frequent during
post-monsoon (≈ 37%) and winter (≈ 22%) due to extensive
crop residue burning over northwestern IGB and less influence
of other natural aerosols. The BB type has negligible contribu-
tion during the pre-monsoon and monsoon seasons; despite the
several forest fires in the Himalayan foothills and the agricul-
tural burning in central India, as these aerosols are mixed with
desert dust or road dust re-suspension within the urban

environment in pre-monsoon. A small fraction (≈ 13%) of
MD aerosols also contributes in aerosol loading during pre-
monsoon and monsoon, which reduces on an annual basis (≈
7% only). The analysis shows that in post-monsoon and winter
seasons, the atmospheric conditions seem to be dominated by
fine particles and mostly composed of carbonaceous aerosols,
sulfates, and nitrates from urban/industrial emissions (e.g.,
power plants, vehicle emissions, brick kilns) and biomass burn-
ing (bio-fuel, wood and waste material burning for cooking and
heating, agricultural crop-residue burning) (Habib et al. 2008;
Li et al. 2017; Ram et al. 2010; Rehman et al. 2011; Tiwari et al.
2015a). On an annual basis, the AA type exhibits maximum
frequency (≈ 41%), followed by PC (≈ 19%), MT (17%) and
BB (16%) indicating a dominance of fine-mode aerosols on a
yearly basis.

Transport pathways and source apportionment

In order to identify the distant emission sources and trajectory
pathways for the various aerosol types, 5-days air mass back
trajectories ending at 1000 m above the ground level were
computed using the HYSPLIT model. The air mass back tra-
jectories provide significant information about the emission
sources of air pollutants and their transport pathways to the
measurement sites. Aerosol loading and their composition at
any location are highly influenced by the meteorological pa-
rameters over particular region which affect the air mass trans-
port. The daily 5-day air mass back trajectories from NOAA-
HYSPLIT (National Oceanic and Atmospheric Administra-
tion Hybrid Single-Particle Lagrangian Integrated
Trajectory) model were analyzed (Draxler and Rolph 2003)
at Varanasi. It provides a three-dimensional (latitude,

Fig. 8 Scatter plot between
AOD500 vs AE380–870 for
discrimination of different types
of aerosols over Varanasi on
seasonal basis
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longitude, and altitude) description of the pathways followed
by air masses as a function of time by using National Centre
for Environmental Prediction (NCEP) reanalysis wind data-
base as input to the model. Although these back trajectories
could define the transported pathways of aerosols, are unable
to effectively delineate the potential aerosol source regions
(Vaughan et al. 2002; Gogoi et al. 2011). Therefore, an addi-
tional statistical analysis, i.e., the potential source contribution
function (PSCF), is used to evaluate the contribution of the
emission sources. This technique is well accepted in examin-
ing the aerosol and pollutants source apportionment and wide-
ly used throughout the world (Kulshrestha et al. 2009;

(Dimitriou and Kassomenos 2016; Ding et al. 2017; Gogikar
and Tyagi 2016; Ming et al. 2017; Raman and Ramachandran
2011; Vaishya et al. 2017; Xin et al. 2016; Yao et al. 2016;
Zheng et al. 2017)). It represents the conditional probability of
potential direction of pollution sources and the contribution of
grid cells. The PSCF values for the grid cells are calculated by
counting the trajectory segment endpoints that terminate with-
in each cell and given by:

PSCFij ¼ mij=nij ð3Þ
where mij represents the number of end points of a pollution
trajectory traversing the grid (i,j) and nij represents the total

Fig. 10 Percentage contribution
of the different aerosol types (BB:
biomass burning; AA:
anthropogenic aerosol; MT:
mixed type; PC: polluted
continental; and MD: mostly
dust) over Varanasi on seasonal
and annual basis

Fig. 9 Scatter plot between the
curvature coefficient (A2) and
AOD500 for the inferred aerosol
types (BB: biomass burning; AA:
anthropogenic aerosol; MT:
mixed type; PC: polluted
continental; and MD: Mostly
Dust) over Varanasi
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number of endpoints of all trajectories falling within the grid
(i, j), while i and j represent the longitude and latitude, respec-
tively. Higher PSCF values indicate larger potential contribu-
tions of the pollutant concentration at the receptor site, while
the trajectories passing these cells represent the major trans-
port pathways leading to the high pollutant loadings at the
receptor site. In the present study, the experimental area
(Indian subcontinent) is divided into 1° × 1°grid. Since PSCF
is a kind of conditional probability, the error increases with
increases in the distance between grid and sample points.
Therefore, to reduce this uncertainty, PSCF is multiplied by
the weighting function which is given by:

Wij ¼
1:00 80 < nij
0:70 20 < nij≤80
0:42 10 < nij≤20
0:05 nij≤10

8
>><

>>:

ð4Þ

In order to reveal the differences in air mass trajecto-
ries and the possible aerosol hot-spot areas during the
different seasons over Varanasi, the weighted PSCF
(WPSCF) analysis for AOD is performed on seasonal
basis (Fig. 11). The colored scale represents the contri-
bution of the aerosol emission sources. The northwestern
IGB and the Thar desert have the maximum contribu-
tions during pre-monsoon, thus suggesting a mixture of
dust with pollutants and wheat crop residue burning on
this season (Kumar et al. 2011). Furthermore, long-range
transported dust plumes from Arabia, Middle East, and
southwest Asia are also favored during pre-monsoon and
in a much-limited scale in monsoon. Except for the IGB
sources, Varanasi may be also influenced by marine air
masses from the Arabian Sea and Bay of Bengal during
monsoon, while the rainfall contributes to washout of the
distant aerosols and pollutants, leading to local

Fig. 11 Weighted Potential Source Contribution Analysis (WPSCF) plots of 5 days air mass back trajectories at Varanasi during a pre-monsoon, b
monsoon, c post-monsoon, and d winter seasons
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contributions for the high AODs. On the other hand,
during post-monsoon, the aerosol sources are much more
limited over the IGB and Varanasi is mostly influenced
by the northwestern India, where significant paddy crop
residue burning occurs in this season (Kaskaoutis et al.
2014b; Rajput et al. 2014). During winter, the air masses
are mostly coming from northwestern directions, carrying
similar types of aerosols as in post-monsoon. There is
also possibility of long-range transported plumes from
Arabia and southwest Asia, which, however, are not so
enriched in dust due to low dust activity over these areas
in winter (Rashki et al. 2014). Furthermore, in order to
determine the possible emission sources of the inferred
aerosol types over Varanasi, the WPSCF was also per-
formed for the individual aerosol types on seasonal basis
(Fig. 12). The figure shows that the AA type mainly
comes from local emission sources; however, relatively
smaller contribution of AA aerosols is also observed
through transportation during pre-monsoon and winter

seasons. The BB aerosols mainly originate from local
sources during pre-monsoon, while in post-monsoon
and winter seasons, northwestern India exhibits the max-
imum contribution over Varanasi for this aerosol type.
The sources for the PC aerosol type show similarities
with those for the AA type with higher WPSCF values
over northwestern India, while a smaller contribution is
also found for long-range transport during the pre-
monsoon and winter seasons. The MD type exhibits
maximum WPSCF values near the arid western part of
India, while in certain cases, potential sources from
southwest Asia (Pakistan, Afghanistan) and southeastern
Arabia are shown, indicating significant contribution to
dust aerosols through long-range transport. The WPSCF
analysis highlights the different emission sources and
hot-spot areas for the different aerosol types over
Varanasi, also indicating the seasonally changed emission
potentials between anthropogenic and natural aerosols
that are accumulated over the IGB throughout the year.

Fig. 12 Weighted Potential Source Contribution Analysis (WPSCF) plots of 5 – days air mass back trajectories for the different aerosol types during pre-
monsoon (a–d), monsoon (e–h), post-monsoon (i–l), and winter (m–p) seasons
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Conclusions

Continuous MICROTOPS-II sun-photometer measurements
were carried out at Varanasi, located in the central IGB, for
4 years (January 2011 to December 2014) in order to examine
the columnar aerosol characteristics, the inter-/intra-seasonal
variability, the dominant aerosol types, and source regions.
The key findings of the present study can be summarized as
follows:

1. Significant heterogeneity in aerosol loading and proper-
ties was observed over Varanasi with a strong inter/intra
seasonal variability exhibiting maximum AOD (0.95 ±
0.31) and AE (1.16 ± 0.14) during the post-monsoon
season.

2. The frequency distributions of AOD and AE were found
to be unimodal during all seasons except monsoon with
different modal values.

3. A considerable curvature in the spectral variation of AOD
was observed, which was associated with higher values of
AOD and AE during the post-monsoon and winter sea-
sons indicating dominance of fine-mode aerosols.

4. Five different aerosol types were identified over Varanasi,
which showed a remarkable seasonal variation in their
contribution. Post-monsoon and winter seasons were
dominated by anthropogenic and biomass-burning aero-
sols, whereas the polluted continental and mixed types
were more frequent in pre-monsoon.

5. Source-apportionment analysis showed that the northern
India had major contribution in aerosol loading over
Varanasi, mostly for the anthropogenic and biomass-
burning aerosols, while the dust particles might also have
reached via long-range transport which originate from
distant sources (Arabia and southwest Asia).

Further analysis in aerosol properties and estimates of the
aerosol radiative effects is needed for better understanding of
their role in climate implications over northern India.
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