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Continuous measurements of absorbing carbonaceous aerosol termed as black carbon (BC) have been
carried out during April 2017 to March 2018 over Solapur, a semi-arid, rain shadow location in Peninsular
India using a multi-wavelength Aethalometer (AE-33). Statistically significant higher values of BC were
observed during the dry period (December–May, mean BC 4.3±1.2 lg m–3) as compared to the wet period
(June–October, mean BC 1.0 ± 0.15 lg m–3). Hourly variation depicted an almost similar pattern in both
wet and dry periods with a dominant morning peak followed by afternoon low and then a heightened
plateau during the evening to midnight hours. The absorbing Angstrom exponent (AAE) value was 1.36
± 0.16 and 1.10 ± 0.22, respectively, during dry and wet periods with an annual mean of 1.22 ± 0.23. The
source apportionment of BC using the Aethalometer model depicts the dominance of fossil fuel burning
throughout the year especially high during the wet period (89±11% to total BC) whereas biomass burning
contributed significantly during the dry period (30±14% to total BC). The observed temporal variation of
BC was mainly due to the varying strength of BC emission sources and changes in local meteorological
parameters. In addition, long-range transport from other regions might have also contributed during
certain periods as seen from the cluster and concentration weighted trajectory (CWT) analysis.
Keywords. Absorbing carbonaceous aerosol; temporal variation; absorbing Angstrom exponent; source
apportionment; cluster analysis.

1. Introduction
Atmospheric aerosols have natural as well as
anthropogenic origin and contain different constituents depending upon their source of origin and
transformation during transport. The physical,
chemical and optical properties of the aerosols
inCuence the atmospheric radiation balance as well
as precipitation formation mechanism. The composition of atmospheric aerosols mainly consists of

several organic (carbonaceous), inorganic and
metallic components. Carbonaceous aerosols (CA)
include organic carbon (OC) which forms the
majority of CA mass and elemental carbon (EC) or
black carbon (BC) which contributes comparatively less CA mass (Ram et al. 2008). Even though
both OC and EC or BC may be emitted from the
same combustion source, they exhibit different
physical and chemical properties (Lan et al. 2013).
BC is a strong, light-absorbing species whereas;
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OC is generally scattering-type particles. Even
though, the BC aerosols account for a relatively
small fraction of the atmospheric aerosols in terms
of mass and number density; their impact on
aerosol radiative properties is found to be significant (Ramanathan and Carmichael 2008; Panicker
et al. 2010). BC has been considered as the second
most significant forcing agent for climate change
after carbon dioxide (Bond et al. 2013). It is found
that BC can change the microphysical properties of
clouds thus aAecting the precipitation mechanism
and thereby the hydrological cycle (IPCC 2013).
BC is generally emitted as a combustion byproduct from trafBc-related exhausts. Size-wise
more than 90% of BC is present in B PM2.5 (particles with aerodynamic diameter B 2.5 lm) size
(Viidanoja et al. 2002). Several health-related
eAects especially those related with the increased
risk of asthma and bronchitis in children and the
elderly are related with BC emitted from trafBc
sources (Kim et al. 2004). Depending upon the
potential of source emissions, the absorption of
light by BC shows temporal and spatial variability
(Andreae and Gelencser 2006; Bond and Bergstrom
2006). BC aerosols are known to absorb solar
radiation over a broad spectral range, right from
ultraviolet (UV) to all the way into infrared (IR).
The eAects of BC are especially significant and
complex as well over areas where burning biomass
and coal combustion are extensively utilized for
fulBlling the energy needs (Venkataraman et al.
2005). Studies reveal that aerosol emissions from
urban places are inCuenced majorly by fossil
emissions (Tiwari et al. 2009) while those from
rural/semi-urban areas are inCuenced by emissions
from biofuels/biomass burning activities (Rehman
et al. 2011). The chemical nature and mixing state
of BC aerosols varies according to the type of
location, its topography, season of sampling, landuse pattern and also the human-induced activities
such as domestic cooking practices (Saud et al.
2012) and vehicular movement (Bond et al. 2013;
Zhu et al. 2013; Pandey and Venkataraman 2014).
Due to the large spatial and temporal variability of
BC aerosols, any assessment of their role in the
aerosol radiative forcing and thereby in the regional and global climate change is very difBcult. To
achieve this through modelling, there is a need to
have sustained observations for a longer period of
time from different environments across different
seasons (Sandrini et al. 2014; Segura et al. 2016;
Vaishya et al. 2017).
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Absorbing aerosols from natural and man-made
sources impacts the incoming solar radiation and
thereby makes changes in regional rainfall, agricultural crop yield, and human health (Bond et al.
2013; IPCC 2013; Grahame et al. 2014). A recent
study based on BC observations from Bfteen locations across India under the network of India
Meteorological Department by Kumar et al. (2020)
reveals that BC concentrations are higher over
North India and Indo Gangetic Plains (IGP) region
and fossil fuel is the dominant source for BC over
India. So far, observations on BC have been
reported from various locations in Peninsular India
(Moorthy et al. 2007 from Thiruvananthapuram;
Sreekanth et al. 2007 from Visakhapatnam;
Satheesh et al. 2011 from Bangalore; Dumka et al.
2013 from Hyderabad; Aruna et al. 2013 from
Chennai; Udayasoorian et al. 2014 from Ooty),
however, studies from the semi-arid regions are a
few (Gadhavi and Jayaraman 2010 from Gadanki;
Kumar et al. 2011 and Reddy et al. 2017 from
Anantapur; Gogoi et al. 2013 from Nalia; Begam
et al. 2016 from Kadapa). In the present study,
seven-channel Aethalometer (Model AE-33, Magee
ScientiBc, USA) measured mass concentration of
BC at an arid and rain shadow location in Peninsular India over one year period is used to assess
the (i) temporal evolution of BC, (ii) contribution
of emissions from burning of fossil fuel and biomass
to the total BC, and (iii) BC source characterization in terms of long-range transport.
2. Details on sampling location
and methodology
2.1 Sampling location
Under the cloud aerosol interaction and precipitation enhancement experiment (CAIPEEX) program of IITM, continuous measurements of BC
aerosol were carried out at the Sinhgad College
of Engineering, Solapur, Maharashtra, India
(17°430 45.433200 N, 75°510 24.447600 E) during April
2017 to March 2018. Solapur is a Cat, undulated
terrain and is a semi-arid rain-shadow region with
a dry climate and receives a mean annual rainfall of
about 600 mm (Purohit and Kaur 2017). The
maximum fraction (*80%) of the total annual
rainfall is received during the south-west monsoon
(June–September) and comparatively less rainfall
(*15%) is experienced during the post-monsoon
season (October–November). The whole district
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does not have any prominent hill range systems
and falls under the Deccan Trap Basaltic Lava
Cows. It has black soil associated with calcareous
kankars. There are many textile industries, sugar
factories and cement factories as major industrial
establishments around Solapur. Due to these
industrial establishments, there is a huge inCow
and outCow of vehicular trafBc which significantly
contributes towards the combustion of aerosols.
The sampling location is approximately 1 km distance from the Pune–Solapur national highway
(NH65) and it is also closer to Chincholi industrial
area. From one side, the sampling site is surrounded by few agricultural Belds and barren land.
Figure 1 shows the location of observational site at
Solapur on the map of Peninsular India.
2.2 Methodology: Aethalometer
Continuous monitoring of BC aerosol was carried
out at the Solapur using a multi-wavelength
aethalometer (MAGEE ScientiBc, model AE-33)
at 1 min interval and 3 LPM Cow rate. The
instrument has been placed on the terrace of the
building approximately about 40 feet above
ground level. The multi-wavelength aethalometer
measures the BC mass concentration across 7

Page 3 of 14 95
optical wavelengths, viz., 370, 470, 520, 590, 660,
880 and 950 nm and we have considered mass
concentration of BC at 880 nm. It is reported
that other aerosols (carbonaceous or mineral)
absorb significantly less at this wavelength and
absorption can be attributed mostly to BC alone
(Fialho et al. 2005; Sandradewi et al. 2008; Drinovek et al. 2015). The aethalometer measures
the light beam attenuation (ATN) transmitted
through the sample laden quartz Bber Blter,
which is directly proportional to the mass concentration of BC on the Blter paper tape (Hansen
et al. 1984). In order to compensate for the spotloading eAect, the new model AE-33 aethalometer uses the dual-spot technique in which the
results of attenuation of radiation on two spots
on Blter media are combined to eliminate the
non-linearity between attenuation coefBcient and
BC mass which provides compensated light
absorption by BC and thus gives corrected BC
mass concentration (Drinovec et al. 2015).
2.3 Methodology: Source apportionment of BC
Incomplete combustion processes during fossil fuel
burning (vehicular emissions) and biomass burning
(domestic and agricultural activities) are the major

Figure 1. Location of observational site at Solapur on the map of Peninsular India.
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sources for BC aerosols. The contribution of wood
burning and fossil fuel combustion to the total BC
was estimated using the Aethalometer derived
absorption coefBcients by applying the Aethalometer model developed by Sandradewi et al. (2008)
which is based on the difference in spectral
dependence of wood burning and fossil fuel combustion aerosol. Absorption 
Angstr€
om exponents
(AAE) at the ultraviolet (UV) and the infrared
(IR) wavelengths are used in order to apply the
model through the following calculation formulae
(Diapouli et al. 2017):
1
babs ðkUV Þbb ¼
 aff  abb
1  kkUV
 kkUV
IR
IR
"
#


kUV aff
 babs ðkUV Þ 
babs ðkIR Þ ;
kIR
ð1Þ


kUV abb
babs ðkIR Þbb ¼
babs ðkUV Þbb ;
kIR

ð2Þ

babs ðkUV Þff ¼ babs ðkUV Þ  babs ðkUV Þbb ;

ð3Þ

babs ðkIR Þff ¼ babs ðkIR Þ  babs ðkIR Þbb ;

ð4Þ

where aA and abb indicate the AAE values for pure
fossil fuel combustion and biomass burning aerosol,
respectively. Also, babs(kUV) and babs(kIR) show the
absorption coefBcients measured at the UV and IR
wavelengths, respectively. The terms babs(kUV)bb
and babs(kIR)bb represent absorption coefBcients at
UV and IR wavelengths, respectively, related to
biomass burning combustion and babs(kUV)A and
babs(kIR)A are the corresponding absorption
coefBcients at these wavelengths related to fossil
fuel burning combustion.
Several studies have been reported on apportionment of BC aerosols into fossil fuel combustion
and biomass burning by using this Aethalometer
model in spite of some uncertainties which are
mainly associated with the proper selection of
appropriate values for aA and abb. Zotter et al.
(2017) have computed the aA and abb by comparing the source apportionment of BC derived
from the Aethalometer model with 14C measurements for several locations in Switzerland. They
have reported the best combination of aA and abb
as 0.9 and 1.68, respectively, calculated at 470 and
950 nm. However, the limitation to this study was
that it was best suitable for the locations where BC

was originated from trafBc consisting of a modern
car Ceet and constrained residential wood burning
and therefore further studies should be undertaken
from different regions with different combustion
conditions and other BC sources or fuels used. In
the present study, calculations were performed for
the 470 (UV) and 880 nm (IR). In addition, a
sensitivity analysis was carried out in order to
assess the impact of the selected values for the aA
and abb on the estimated contributions from wood
burning and fossil fuel combustion. The value of aA
and abb vary depending upon the location, season
type of fuel burned and chemical nature of BC, i.e.,
its mixture with other chemical components of
aerosols. Different studies have reported different
values ranging between 0.8 for diesel soot and 2.0
for biomass/biofuel (Kirchstetter et al. 2004;
Rajesh and Ramachandran 2017; Dumka et al.
2019; Singla et al. 2019). In the present study, we
have used 1.0 and 2.0 as aA and abb values,
respectively. These values were decided after
computation of AAE values from the derived babs
for 470 and 880 nm wavelengths. The AAE values
using 470 and 880 nm wavelengths varied from 0.40
to 2.12 during the study period. There were some
negative values of both BCA and BCbb especially in
the wet season while computing source apportionment on daily basis. However, similar to the
approach adopted by Dumka et al. (2018), we have
not considered such spurious data values (negative
and[100%) for both BCA and BCbb while using the
Aethalometer model. We have also performed a
sensitivity study for aA and abb values by changing
the value of a, as 0.9–1.1 for fossil fuel and 1.5–2.1
for biomass burning and the change in respective
contributions of BB and FF were found to be
within 15% range.

3. Results and discussion
3.1 Seasonal variation of BC
Seasonal variation in the BC is studied to determine its behaviour during different meteorological
conditions prevailing in different seasons of the
year (Bgure 2a). Lower BC (0.99±0.12 lg m–3) was
observed during the south-west monsoon season
(June–September) mainly due to the scavenging by
rainfall as well as due to the inCux of marine air
masses (cleaner air mass with low background
aerosol) from south westerly winds coming from
the Arabian Sea. However, BC in post-monsoon
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Figure 2. (a) Mean seasonal BC at Solapur and (b) Mean BC during wet and dry periods at Solapur.

(October–November) showed equally low concentration (1.05 ± 0.28 lg m–3) due to the northeast
monsoon rains which further continue the removal
of BC during the months of post-monsoon. Solapur
receives about 25% of its annual rain in this period.
Maximum BC values (5.53±1.59 lg m–3) were
observed during the winter months (December–February). Lower atmospheric temperatures
accompanied with low wind speeds are conducive
for less dispersal of BC during winter thereby
enhancing its mass concentration. Also, the easterly/northeasterly winds coming from Hyderabad
and the Central Indian region tend to rise in BC
during this season. During summer (March–May),
mean BC was 3.15 ± 0.79 lg m–3. High temperatures (C40°C) lead to increased turbulence thereby
lifting the near-surface aerosols in the atmosphere
which further get dispersed thus causing comparatively less BC in summer than in winter. A similar
type of seasonal variation of BC was found at
another semi-arid rain deBcient location in Peninsular India, Anantapur (Kumar et al. 2011; Reddy
et al. 2017) and Kadapa (Begam et al. 2016). Reddy
et al. (2017) have reported mean BC concentration
as 3.45 ± 1.44 lg m–3 in winter, 2.55 ± 0.85 lg m–3
in summer, 1.75 ± 0.70 lg m–3 in post-monsoon,
and 1.22 ± 0.31 lg m–3 during the monsoon season

at Anantapur. Similarly at Kadapa, Begam et al.
(2016) reported strong seasonal variation with
maximum BC during winter (2.87±0.81 lg m–3)
and minimum in monsoon (1.30±0.31 lg m–3)
season. Overall, the annual mean BC at Solapur
during April 2017 to March 2018 was 2.68 ± 2.25
lg m–3. It is compared with that reported from
different Indian locations (table 1). It can be seen
from table 1 that mean annual BC observed at
Solapur was comparable with that reported from
other locations at different regions of India such as
semi-arid sites like Anantapur and Kadapa as well
as some other urban sites like Pune, Bangalore,
Thiruvananthapuram, and Bhubaneshwar. While
it was slightly less than that at Ahmedabad,
Hyderabad, Madurai, Pantnagar, Udaipur and
much less than that at Ahmednagar, Dhanbad,
New Delhi, Dibrugarh, Varanasi, Agra and
Agartala.
Apart from the above-mentioned variation of BC
during the conventional classiBcation of regular
seasons, an attempt is made to study the variation
of BC during the dry and wet period at the arid and
less rain-fed location of Solapur. The wet season is
considered to cover southwest and northeast
monsoons from June to November period whereas
the dry season is considered from December to
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Table 1. Mass concentration of BC at Solapur compared with that reported from different locations in India.
Location
Anantapur
Kadapa
Madurai
Ahmednagar
Ahmedabad
Pune
Pantanagar
Dhanbad
New Delhi
Bangalore
Dibrugarh
Thiruvananthapuram
Hyderabad
Bhubaneshwar
Udaipur
Varanasi
Agra
Agartala
Solapur

Period
Dec 2012–Nov 2014
Sep 2011–Nov 2012
Jun 2014–May 2016
Dec 2015–Dec 2016
2002–2005
2005–2010
May 2009–Dec 2012
Jan–Dec 2012
Jan–Dec 2011
2003–2008
Jan 2008–May 2009
Jan 2000–Dec 2003
Jan 2009–Dec 2010
Jul 2007–Jun 2008
Jul 2008–Jun 2009
Oct 2008–Mar 2010
Jan–Oct 2009
Sep 2010–Sep 2012
Apr 2017–Mar2018

May. Figure 2(b) depicts the mean monthly variation of BC during the wet and dry seasons. It can
be seen that mean BC mass concentration was
about four times more in the dry period (4.34 ±
1.16 lg m–3) than that in the wet period (1.01 ±
0.15 lg m–3). This feature clearly shows: (i) the
significant impact of scavenging of BC during the
wet period due to rains and (ii) the importance of
pollutant laden continental origin air mass over the
region.

3.2 Season-wise diurnal variation of BC
The season-wise diurnal variation of BC
(Bgure 3a) showed a significant peak during
morning hours (9–10 hrs) in summer (4.64 ± 3.65
lg m–3) and winter (9.10 ± 0.84 lg m–3) followed
by a sharp decrease with the lowest concentrations
during 16–17 hrs in the afternoon (2.01 ± 1.66 lg
m–3 in summer and 3.24 ± 0.56 lg m–3 in winter).
Later, BC again started increasing gradually and
formed a plateau-like structure during evening to
midnight hours (3.37 ± 2.81 lg m–3 in summer
and 5.55 ± 0.46 lg m–3 in winter). A similar type
of diurnal variation of BC was observed in monsoon and post-monsoon seasons but with comparatively much less magnitudes. The morning peak

BC (lg m3)
2.4 ± 0.80
2.2
5.1 ± 2.4
13.8 ± 10.4
4.1 ± 2.7
3.58 ± 1.55
5.5 ± 4.7
6.3 ± 2.7
6.7 ± 5.7
3.4 ± 0.9
9.5 ± 5.5
3.4 ± 1.6
4.45 ± 0.12
3.64 ± 0.09
5.6
14.5
7.5 ± 4.6
9.4 ± 4.9
2.68 ± 2.25

References
Reddy et al. (2017)
Begum et al. (2016)
Rajeshkumar et al. (2019)
Kolhe et al. (2018)
Ganguly and Jayaraman (2006)
Safai et al. (2013)
Joshi et al. (2016)
Singh et al. (2015)
Tiwari et al. (2013)
Satheesh et al. (2011)
Pathak et al. (2010)
Moorthy et al. (2007)
Dumka et al. (2013)
Das et al. (2009)
Vyas (2010)
Upadhyay and Singh (2010)
Satsangi et al. (2010)
Guha et al. (2015)
Present study

in monsoon was elongated and was observed at
around 8 to 12 hrs (1.2 ± 0.10 lg m–3) followed by
a gradual decrease up to around 18 hrs (0.9 ± 0.15
lg m–3) and then marginal increase at around
20–21 hrs (0.99 ± 0.06 lg m–3). Similarly in postmonsoon, a morning peak during 8–10 hrs (1.57 ±
0.12 lg m–3) was followed by a low at around 17
hrs (0.65 ± 0.10 lg m–3) and then again increasing
trend with another small peak at 24 hrs (1.05 ±
0.08 lg m–3). As seen in Bgure 3(b), the diurnal
variation of BC mass concentration during dry
season, i.e., December to May showed a morning
peak around 10 hours (6.71 ± 3.55 lg m–3) followed by a gradual decrease till it reaches a minimum around 17 hours (2.63 ± 1.26 lg m–3). Then,
there was a gradual increase leading to another
peak at 12 hours (4.46 ± 2.16 lg m–3). Whereas in
the wet season, i.e., June to November, there were
two peaks, one at 09 hours (1.32 ± 0.22 lg m–3)
and the other at 21 hours (0.98 ± 0.07 lg m–3) and
a low at 18 hours (0.84 ± 0.17 lg m–3). The
observed seasonal diurnal variation is mainly
attributed to the variation in the local boundary
layer and also to the strength of the sources.
Kumar et al. (2011) and Reddy et al. (2017) have
reported identical diurnal variation of BC from
Anantapur, another semi-arid location in peninsular India.
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Figure 3. (a) Mean season-wise hourly BC at Solapur and (b) Mean hourly BC during wet and dry periods at Solapur.

3.3 Contribution of fossil fuel and biomass
burning to total BC
As already stated in section 2.3, the contribution
from fossil fuel (BCFF) and biomass burning
(BCBB) to total BC have been computed for different seasons at Solapur using the absorption
coefBcients of BC at 880 and 470 nm and aA and
abb values of 1.0 and 2.0, respectively. The
absorption coefBcient (babs) values at 880 nm for
dry and wet periods were 33.5 ± 8.9 and 7.9 ± 1.2
Mm–1, respectively, whereas these values at 470 nm
were 80.4±22.7 and 15.8±2.6 Mm–1, respectively.
These babs values have been calculated by using the
product of BC mass concentration and mass
absorption eDciency (MAE) values for the
respective wavelengths. The MAE values as stated
in the Aethalometer (AE-33) manual for 470 and
880 nm are 14.54 and 7.77 m2 g–1, respectively. As
already stated, the AAE values have been computed for all the days. Figure 4(a) depicts the
variation of mean monthly AAE for 470 and 880
nm and Bgure 4(b) shows the variation of mean

hourly AAE for these wavelengths during the wet
and dry periods. These Bgures clearly show the
significant role of biomass/biofuel burning in the
dry season (mean AAE = 1.36 ± 0.16) and dominance of fossil fuel burning in the wet season (mean
AAE = 1.10 ± 0.22). The mean annual AAE was
1.22 ± 0.23 for the entire study period which infers
to the overall dominance of fossil fuel to the total
BC. A large number of the daily AAE values for
470–880 nm were below 1.4 (about 81%) which
infers towards the predominance of fossil-fuel
combustion as a major source for BC at Solapur.
However, about 19% of the cases exhibit AAE
values between 1.4 and 2.2 for 470–880 nm; suggesting a notable contribution from biofuel/
biomass burning. Therefore, it justiBes our
assumption for the AAE as 1.0 and 2.0 for pure
fossil fuel and biomass burning emissions, respectively, while using the Aethalometer model.
Season-wise variation of the percentage contribution of BCFF to the total observed BC at 880 nm
was studied. The total dominance of BCFF was
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Figure 4. (a) Mean monthly AAE at Solapur and (b) Mean hourly AAE during dry and wet periods at Solapur.

observed during monsoon and post-monsoon
seasons whereas; BCBB contributed significantly
during summer and winter seasons as a result of
increased crop residue burning activities at nearby
agricultural Belds and sugarcane factories. During
the summer and winter seasons, the FF% to total
BC at 880 nm was around 71±12% and 69±14%,
respectively. Whereas, in the monsoon and postmonsoon seasons, the FF% to total BC at 880 nm
was 92±13% and 85 ± 16%, respectively. A similar
kind of variation has been observed for dry and wet
periods. During the dry season, the contribution of
FF% to total BC at 880 nm was 70 ± 14% while
during the wet season, the contribution of FF% to
total BC at 880 nm was 89 ± 11%. The annual
mean contribution of fossil fuel (BCFF) to the total
BC at 880 nm was found to be 80 ± 17% over the
study region at Solapur. Overall, the dominance of
fossil fuel burning originated BC towards total BC
mass concentration is observed even though the
biomass burning contributed significantly during
the dry period (winter and summer season). Certain biomass/biofuel burning activities for agricultural and domestic purposes in the local
surroundings were responsible for enhanced BCBB
in this period. Whereas, the near absence of these
activities was conducive for dominance of BCFF

during the wet period (monsoon and post-monsoon
season). Recently Dumka et al. (2018) have given a
comprehensive account of contribution from fossil
fuel and biomass burning to BC aerosols from different locations from India and elsewhere. Their
study also inferred the dominant contribution of
fossil fuel burning sources to the total BC mass,
especially over the Indian region.
The diurnal variation of the percentage contribution of BCFF to total BC at 880 nm and 470 nm
was almost identical during all the seasons, therefore the diurnal variation of the percentage contribution of BCFF to total BC at 880 nm is only
depicted. Figure 5 shows the diurnal variation of
BCFF to total BC at 880 nm during the dry and wet
periods. Major contribution (65–75%) of BCFF in
the dry period was observed especially during the
early morning (1–7 hr) and evening through night
(15–24 hr) while it was slightly less (59–65%)
during late morning through afternoon (8–14 hr).
The mean hourly variation of AAE values during
the dry season (Bgure 4b) also shows enhancement
(AAE *1.50) during this period. During the wet
period, BCFF was significantly dominant and
showed about 88 to 99% contribution to BC except
during a short period during the morning (8–9 hr)
and evening (21–22 hr) when BCBB contributed
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Figure 5. Mean hourly BCFF at 880 nm to total BC during dry and wet periods at Solapur.

about 14% to total BC (AAE values showed a
slight increase and were around 1.2 during these
hours) and which could be attributed to some local
biomass burning activity mainly for residential
purposes in the nearby surroundings such as
burning of wood, dry leaves and cow dung cakes.
3.4 IdentiBcation of distant source regions
of BC by using cluster and CWT analysis
In order to visualize different sources around the
observational site that contributed to the observed
BC mass concentration through long-range transport, we have performed cluster analysis using
HYSPLIT back trajectory data. For this purpose,
we have extracted 5 day back trajectories with
hourly resolution ending at the observation site at
a height of 100 m above ground level (AGL) using
the Hybrid Single Particle Lagrangian Integrated
Trajectory (HYSPLIT) model (Draxler and Rolph
2003). Cluster analysis was performed for each
season and the optimum number of clusters is
chosen on the basis of Total Spatial Variance
(TSV) (Kodinariya and Makwana 2013; Petit et al.
2017). Figure 6 describes the results obtained from
cluster analysis for different seasons; Bgure 6(a, d,
g, j) represent the origin and travel pathways of
different clusters and Bgure 6(b, e, h, k) represent
the mean BC associated with each cluster during
summer, monsoon, post-monsoon, and winter season, respectively. Five clusters were obtained for
the summer season. Cluster 1 originated at Srilanka, travelled through the Bay of Bengal and
Andhra Pradesh before reaching the observation
site and it accounted for 10.0% of the back

trajectories. Cluster 2 originated from the Arabian
Sea and travelled through mega-city Mumbai and
then Pune before reaching the observation site.
Cluster 2 contributed maximally (40.0%) to the
total trajectories and the average BC associated
with the cluster was 2.0 ± 0.9 lg m–3. Cluster 3
originated in the Gulf region and travelled through
Arabian Sea and Mumbai before reaching the
location and contributed about 16.9%. Cluster 4
originated again from the southwestern Arabian
Sea and travelled through Pune before reaching
Solapur and contributed 26.2% of the total trajectories and was observed to be cleaner among all the
clusters. Cluster 5 was observed to be of continental origin coming from North and Central India
and it contributed 6.9% of the total trajectories.
Being originated from the continent, the cluster
was observed to be highly polluted amongst all the
clusters and the mean BC associated with the
cluster was 3.3 ± 1.8 lg m–3.
In monsoon, 5 clusters were obtained through
cluster analysis; four clusters (clusters 1, 2, 3, and 4)
were originated from the Arabian Sea which
accounted for about 96.5% of the total back trajectories reaching the observation site and one cluster
from the Bay of Bengal (cluster 5). Clusters 2 and 3
were found to be associated with the lowest BC
(0.98±0.69 and 0.98±0.62 lg m–3) and cluster 1 was
associated with the highest BC (1.13 ± 0.71 lg m–3).
The variability in BC among the clusters was found
to be very low which further indicates the origin of
BC to be majorly local. The inCuence of regional
transport during this season was found to be meager.
During the post-monsoon season, 5 clusters were
obtained through cluster analysis. Cluster 1
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Figure 6. Cluster analysis, cluster associated mean concentration of BC (box and whisker plot) and CWT analysis results for
Solapur during summer (a–c), monsoon (d–f), post-monsoon (g–i) and winter (j–l) seasons during 2017–2018. The upper level of
the box represents the 75th percentile and the lower level represents 25th percentile. The middle line of the box shows the median
(50th percentile) and the star represents the mean of the variable. The box represents the inter quartile range of the variable. The
upper and lowermost level of the line from the outside of the box deBnes maximum (95th percentile) and minimum (5th
percentile) of the variable. Data points which lie outside of the box and whisker are deBned as outliers and/or single data point.

originated from Gujarat, travels through north
Maharashtra before reaching the site and contributed 16.7% of the total trajectory. Cluster 2
was originated from Central India representing

37.9% of the total trajectories and was associated
with the lowest BC (0.87 ± 0.68 lg m–3). Cluster 3
originated from the east part of India and contributed about 14.7%. Cluster 4 contributed about
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21.5% and originated from West Bengal and
travelled through Chhattisgarh before reaching the
site and the average BC was 1.34 ± 0.92 lg m–3.
Cluster 5 originated at the Arabian Sea and travelled through Goa before reaching the site and
contributed 9.2%.
Cluster analysis during the winter season
revealed 4 clusters and most of them were of continental origin. Cluster 1, which was the slowest
moving cluster originated at Chhattisgarh and
accounted for 38.3% of the total back trajectories.
Cluster 2 was originated from the Bay of Bengal
and travelled through Andhra Pradesh, Telengana
and Karnataka before reaching the site and contributed 31.2%. Cluster 3 contributed 24.3% and
originated from Uttar Pradesh, travelled through
Madhya Pradesh before reaching the site.
Whereas, cluster 4 originated in Pakistan and
it travelled through Gujarat and accounted for
6.2% of the total back trajectories. The associated
average concentrations of BC for all the clusters
were 6.88 ± 3.52 lg m–3 (cluster 1), 5.65 ± 3.73 lg
m–3 (cluster 2), 6.37 ± 2.82 lg m–3 (cluster 3), 7.71
± 2.95 lg m–3 (cluster 4). The higher BC associated with all the clusters as compared to other
seasons depicts the importance of regional transport in addition to the local emissions.
In addition to the cluster analysis, we have also
performed concentration weighted trajectory
(CWT) analysis (Ashbaugh et al. 1985; Stohl 1996)
for different seasons in order to identify potential
sources contributing to the BC loading. We have
utilized 5 day HYSPLIT back trajectories (details
mentioned earlier) estimated at hourly time resolution along with the BC recorded at Solapur. In
CWT analysis, observed mass concentrations of
BC are distributed along with the trajectories
depending on the number and the corresponding
residence time of trajectories in a particular grid.
The CWT analysis was performed using ZeBr
(Petit et al. 2017) tool. Figure 6(c,f,i,l) describes
the results of the CWT analysis for summer,
monsoon, post-monsoon, and winter seasons,
respectively. During the summer season, BC is
mostly contributed by sources around the sites and
from distant megacities like Mumbai. During
monsoon season, BC was majorly contributed
through local emissions as the site was mostly
inCuenced by the clean air mass originated at the
Arabian Sea. On the contrary, during post-monsoon season, cities like Surat, Vadodara, etc., in
Gujarat are the major contributors of the transported BC observed at Solapur. There is also an

appreciable contribution of BC from the Central
Indian region possibly due to the high Bre counts in
these regions (Leena et al. 2017; Mukherjee et al.
2018; Buchunde et al. 2019). In the winter season,
the major contribution of BC comes from the
north-eastern part of Maharashtra and the Madhya Pradesh region. Major cities which are well
known as industrial regions like Nagpur (Maharashtra), Bilaspur (Chhattisgarh), Jabalpur
(Madhya Pradesh), etc., were identiBed as one of
the major possible contributors of transported BC.
The regionally transported BC particles might
have originated from these regions which could
have undergone atmospheric transformations
(ageing/coating) before reaching the site, therefore
modifying their physical and optical properties.
Therefore, the need for detailed characterization of
these aged BC particles will become critical in
assessing their inCuence on the local radiation
budget.

4. Conclusions
(1) Strong seasonal variation in mass concentration of BC was observed with lowest values
during wet period (June–November, 1.01 lg
m–3) mainly due to scavenging by rains and
highest values during dry period (December–May, 4.34 lg m–3) as a result of low mixing
heights in winter and more biomass burning in
summer.
(2) Diurnal variation of BC across both wet and
dry periods showed maxima during the morning followed by afternoon minima and then a
heightened plateau during the evening through
midnight hours, which could be attributed to
the variation in local meteorology and strength
of sources during the respective hours. However, the magnitude of peaks was comparatively less during the wet period.
(3) Dominance of fossil fuel (BCFF) was observed
(80% to total BC) during the entire study
period, especially more (89% to total BC)
during the wet period. However, the contribution of biomass burning (BCBB) was observed
to be significant (30% to total BC) during the
dry period.
(4) Cluster analysis and CWT analysis indicated
possible transport of BC from the north-west
region (Mumbai and adjacent area) during
summer and from the northeast and central
Indian region in the winter season to the
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sampling location at Solapur. On the contrary,
transport from both northwest and northeast
regions was observed during post-monsoon.
Local sources were mainly responsible for the
concentration of BC during the monsoon
season as synoptic winds were mainly from
west/southwest coming from the Arabian Sea.
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