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Abstract
This paper reports the chemistry of fine (PM2.5) and coarse (PM10) aerosols sampled 
over a period of three years during 2018–2021 at a semi -arid tropical location in the rain 
shadow region of the peninsular India. The data is classified in to dry (December to May) 
and wet (June to November) periods. Scavenging effect due to rains have culminated in 
to less concentrations of both fine and coarse aerosols and their ionic components in the 
wet period. Significantly high concentrations of the crustal components such as Ca, Na, 
K and Mg from the local dust resulted in the alkaline pH in both dry and wet periods 
with Ca and Mg emerging as major neutralizing components. Overall, < 20% samples of 
both fine and coarse aerosols depicted acidic pH. Concentration of SO4 was comparatively 
more than NO3 indicating towards more presence of stationary sources (industrial/domestic 
emissions) than mobile (vehicular emissions) sources. Combustion generated and highly 
absorbing black carbon aerosols showed high concentration during the dry period. Local 
activities comprising residential, agricultural, vehicular and industrial emissions were the 
major sources of aerosols at Solapur however, the contribution from the distant sources 
were also found to contribute as inferred from the cluster analysis and concentration 
weighted trajectories (CWT). The observed abundances of the alkaline dust aerosols that 
could act as cloud condensation nuclei or ice nuclei will have important implications on 
the studies related to cloud aerosol precipitation interaction over this region.
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1  Introduction

In the recent past, there has been a significant increase in the anthropogenic emissions of 
aerosols and their precursor gases in the Asian countries due to the rapid growth in econo-
mies that has pushed up enormously the consumption of energy resources (IPCC 2021). 
Apart from the several anthropogenic activities including vehicular and industrial emis-
sions; biomass burning for agricultural and residential purposes as well as natural phe-
nomena like dust storms, bubble bursting over the oceans, volcanic eruptions, etc. are the 
major key processes involved in the generation of atmospheric aerosols (Khemani 1989). 
These prevailing atmospheric aerosols are removed from the atmosphere mainly through 
dry and wet deposition processes (Yang et  al. 2019). Due to the varying microphysical 
and chemical properties, aerosols behave differently at different levels of the atmosphere 
(Kumar et al. 2011) The spatial and temporal variation in aerosol properties is also related 
with the variation in prevailing meteorological conditions and strengths of possible poten-
tial sources (Safai et al. 2010). Absorbing type aerosols such as black carbon (BC) warm 
the surrounding atmosphere whereas scattering type aerosols such as sea salt, sulphate 
and dust cool the surrounding atmosphere. Therefore, the composition of aerosols is very 
important for solar radiation balance and thereby the temperature structure in the lower 
atmosphere which has implications on the cloud micro physical properties and ultimately 
on the rainfall mechanism (IPCC 2014). It is now well recognized that atmospheric aero-
sols play an important role in global climate regime. Pan et al. (2015) suggest that over the 
Indian region, uncertainties in aerosol related impacts are due to their spatial and temporal 
variations, vertical distribution and chemical heterogeneity which determine the change in 
the regional climate as well as air quality index. Therefore, sustained observations from 
different locations are the need of the hour for any assessment and mitigation strategies for 
aerosol related climatic impacts in India. So far, various studies have tried to address this 
task but they are mainly limited to urban -industrial and rural-remote locations in India 
(Safai et  al. 2010; Chatterjee et  al. 2010; Gawhane et  al. 2017; Mukherjee et  al. 2018; 
Buchunde et al. 2022). However, such studies from the arid regions are very few (Reddy 
et al. 2007; Kumar et al. 2011; Pipal et al. 2011; Soyam et al. 2021) and are essential to 
understand the aerosol –cloud- rainfall interactions and their plausible impacts on regional 
precipitation mechanism.

The present study is focused on the measurement of ionic concentrations, sea-salt and 
non- sea salt (crustal and anthropogenic) fractions of PM2.5 (fine size particles less than or 
equal to 2.5 μm size) and PM10 (coarse size particles less than or equal to 10 μm size) in 
different seasons over the semi-arid rain shadow location Solapur in the peninsular India 
during March 2018 to January 2021.

2 � Sampling location and methodology

2.1 � Sampling location

As a part of the major national campaign on cloud aerosol interaction and precipitation 
enhancement experiment (CAIPEEX) of the Indian Institute of Tropical Meteorology 
(IITM), ground observational campaign for the determination of chemical characterization 
of atmospheric aerosols was carried out at the Sinhagad College of Engineering, Solapur, 
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Maharashtra, India (17°43’45.4332” N, 75°.51’24.4476’’ E) during March 2018 to January 
2021. Ionic composition of fine (PM2.5) and coarse (PM10) particles has been measured. 
Solapur falls under a semi-arid, rain shadow zone in peninsular India and the climate is 
mainly dry with mean annual rainfall of about 700 mm of which about 80% falls in summer 
monsoon (June to September) and 15% in winter monsoon (October-November). Solapur 
has a very dry weather with daily maximum and minimum temperature ranging from 30 to 
37 °C and 18 – 21 °C respectively. The physiography of the location is a flat, undulated ter-
rain in the Deccan Trap basaltic lava and does not have any prominent hill ranges. The black 
soil in the district is associated with calcareous kankars. The district has industrial estab-
lishments like textile, sugar and cement as major industries. There are about 600 units in 
the Solapur Textile Cluster of Industries. Solapur has the highest number of sugar factories 
in Maharashtra state. There are about 30 sugar factories in the Solapur district. Also, there 
are about 18 cement and concrete manufacturing industries in Solapur. Such large amalga-
mation of different anthropogenic sources covering industrial to agricultural products apart 
from the other household activities leads to the mixed type of aerosols over this region and 
needs to be explored.

2.2 � Methodology: sampling and chemical analysis of PM2.5 and PM10

Sampling of PM10 and PM2.5 was carried out using a dust sampler (NETEL India Pvt Ltd). 
Each sample was collected twice a week for the duration of about 24 h at an average flow rate 
of 16.7 LPM. Sampling was not continuous due to intermittent rain spells in the wet period. 
Also, due to the strict restrictions in the COVID pandemic related lockdowns, sampling was 
not undertaken during April to September 2020. A total of 134 samples of PM2.5 and 110 
samples of PM10 were collected using the pre-combusted 47  mm-diameter quartz filters. 
After the gravimetric analysis, samples were extracted for about an hour with ultrapure water 
using ultrasonic bath and were analyzed for the major water-soluble ions by using an Ion 
Chromatograph (Metrohm 850 Professional IC). The detailed description of the sampling and 
analysis procedures and the detection limits is given elsewhere (Budhavant et al. 2016). Field 
blanks were taken frequently and were analyzed using procedures similar to those adopted 
for the samples and necessary correction factors were taken into consideration while comput-
ing the ionic concentrations. The error in analytical reproducibility for the major components 
ranges from 0 to 5%. In addition, we are participating in the international inter-comparison 
studies, i.e., EANET’s Inter-laboratory comparison projects and WMO’s Laboratory Inter-
comparison Studies (LIS). The results from these comparison studies showed good agree-
ment, i.e., the variation is ≤ ± 10%.

The correctness of the analysis is further assessed following the principle of electrical 
neutrality by adopting the ionic balance (IB) i.e. balance between the equivalent weights 
of cations and anions. Since the analysis usually represent the major dissolved inorganic 
ions in aerosols (SO4, NO3, Cl, NH4, Ca, Mg, Na and K); equivalent amounts of these ions 
should be nearly equal except when the concentrations of bicarbonate ion (HCO3

−) are sig-
nificant. The ionic balance (IB) in percentage was calculated as below:

This data quality objective method is referred from the WMO manual (WMO GAW TD 
no. 1251 2004) and only those samples having IB within the threshold limits (20% for total 
ionic strength of > 100 µeq/L) were considered. Totally 99 samples each for PM2.5 and PM10 
that were sampled on the same days during this period have been considered for the present 

(1)(IB%) = 100 ∗ ΣCations − Σanions∕ΣCations + Σanions
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study. It was observed that the inclusion of HCO3
− was essential to obtain the ionic balance 

within prescribed limits. Similar results indicating important role of HCO3 ion in ionic bal-
ance have been reported by many studies, especially from the Indian region (Khemani 1989 
and references therein, Bhaskar and Rao 2017).The HCO3

− ion was computed from the pH 
value of the sample using the Henderson-Hasselbalch equation as:

where, pCO2 means partial pressure of CO2 in the atmosphere (presently 410 ppm global 
mean). Such methods using pH for computation of HCO3 are widely reported by several 
studies (Granat 1972; Kulshrestha et al. 2003; Rao et al. 2016).

The ionic balance for the water soluble extracts of PM2.5 and PM10 for all the four sea-
sons was within the WMO prescribed limits indicating the good quality of analysis. The IB 
values in summer, monsoon, post-monsoon and winter season for PM2.5 were 16, 16 10 and 
4%, respectively and these for PM10 were 18, 19, 10 and 17%, respectively.

3 � Results and discussion

3.1 � Mass concentration and pH of PM2.5 and PM10

As seen from Fig.  1, the mass concentration of both PM2.5 and PM10 showed similar 
seasonal variation with maximum concentration in winter (52 ± 22  µg/m3 for PM2.5 and 
97 ± 43  µg/m3 for PM10) and minimum in monsoon season (28 ± 18  µg/m3 for PM2.5 
and 51 ± 29  µg/m3 for PM10). PM10 showed equal concentration in winter and summer 

(2)HCO
3
= 0.03 ∗ pCO

2
∗ 10

(pH−6.1)

Fig. 1   Mean mass concentration of PM2.5 and PM10 during different seasons at Solapur
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(97 ± 33  µg/m3) seasons whereas the concentration of PM2.5 was comparatively less in 
summer (38 ± 14 µg/m3). However, post- monsoon season showed moderate concentrations 
for both PM2.5 (44 ± 24 µg/m3) and PM10 (72 ± 30 µg/m3). Apart from this regular conven-
tion of classifying the data in four seasons, we have separated the data in two major periods 
representative of dry (very few rainy days making up for ≤ 5% of annual rains) and wet 
(mostly rainy days that make up for ≥ 95% of annual rains) periods. The dry period com-
prises December to May months (winter and summer seasons) and wet period comprises 
June to November (monsoon and post-monsoon or south west and north east monsoon). 
Hereafter, to avoid the repetition of data interpretation and also to get the more broader 
view of variation in the aerosol composition with respect to precipitation; we will discuss 
the results for these two major periods i.e. dry and wet periods only. The mean mass con-
centration of PM2.5 and PM10 was obviously less during the wet period (36 ± 22  µg/m3 
for PM2.5 and 60 ± 31 µg/m3 for PM10) than that observed in the dry period (46 ± 20 µg/
m3 for PM2.5 and 97 ± 39 g/m3 for PM10). However, the enhancement in mass concentra-
tion of PM2.5 was about 28% whereas that in PM10 was about 62% during dry period than 
that in the wet period. The observed difference in the mean mass concentration of PM2.5 
and PM10 in the dry and wet periods is mainly attributed to the prevailing meteorological 
conditions over the sampling site. The scavenging effect of intermittent rains during the 
wet period causes significant reduction in both fine and coarse size aerosols, especially 
more in the coarse aerosols. Also during the dry period, low ventilation coefficients (in 
winter) restrict the dispersion of particles leading to their accumulation near the surface 
whereas more insolation gives rise to more turbulence thereby uplifting the particles, espe-
cially those in the coarse size at surface and making them airborne for longer duration (in 
summer). In addition, the local combustion activities related to residential and agricultural 
practices are increased during the dry period that generates more aerosol particles, both in 
fine and coarse size. It was observed that the threshold limit (60 µg/m3 for 24 h for PM2.5 
and 100 µg/m3 for 24 h for PM10 as per the National Ambient Air Quality Standard set 
by Central Pollution Control Board in India in the year 2009 (http://​cpcb.​nic.​in/​Natio​nal_​
Ambie​nt_​Air_​Quali​ty_​Stand​ards.​php) was exceeded on about 16% of occasions in the dry 
and 14% in wet periods for PM2.5 whereas, for PM10, the threshold limit was exceeded for 
about 44% of occasions in the dry period and about 15% of occasions in the wet period.

3.2 � Ionic composition of water soluble extracts of PM2.5 and PM10

As seen from Fig. 2, the significant dominance of dust (Ca and Mg) and sea salt (Na and Cl) 
over the secondary aerosols (SO4, NO3 and NH4) is clearly depicted in the ionic composition of 
PM2.5 and PM10 aerosols during both dry and wet periods at Solapur. The overall contribution 
of the anthropogenically originated secondary aerosols was around 10 to 14% across both dry 
and wet seasons for PM2.5 and PM10. Similarly, the precursor gases i.e. SO2 for SO4 and NO2 
for NO3 also showed concentrations within the prescribed threshold limits under the national 
ambient air quality monitoring standards by the central pollution control board in India in 2009 
(http://​cpcb.​nic.​in/​Natio​nal_​Ambie​nt_​Air_​Quali​ty_​Stand​ards.​php). The mean SO2 concen-
tration at Solapur was around 21 µg/m3 with zero incidences exceeding the threshold limit of 
80 µg/m3. Similarly, the mean NO2 concentration was around 35 µg/m3 with zero incidences 
exceeding the threshold limit of 80  µg/m3. The decreasing order of percentage wise domi-
nance in the dry season for PM2.5 is HCO3 (28%) > Ca and Na (17% each) > Mg (15%) > Cl 
(10%) > SO4 (5%) > NO3 and NH4 (3% each) whereas that for PM10 is HCO3 (23%) > Ca 
(19%) > Na (18%) > Mg (16%) > Cl (8%) > SO4 (7%) > NH4 (4%) > NO3 (3%). Similarly, 

http://cpcb.nic.in/National_Ambient_Air_Quality_Standards.php
http://cpcb.nic.in/National_Ambient_Air_Quality_Standards.php
http://cpcb.nic.in/National_Ambient_Air_Quality_Standards.php
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the decreasing order of percentage wise dominance in the wet season for PM2.5 is HCO3 
(28%) > Ca(19%) > Na (18%) > Mg (17%) > Cl (9%) > SO4 (4% ) > NO3 and NH4 (2% each) 
whereas that for PM10 is HCO3 (26%) > Ca (20%) > Na (18%) > Mg (17%) > Cl (9%) > SO4 
(4%) > NH4 (3%) > NO3 (2%). In fact, the crustal sources are more predominant than marine 
sources as Na at Solapur is found to be primarily from crustal source as observed from the Cl/
Na ratio and enrichment of Na from crust with Ca as reference for crustal source (these aspects 
are discussed in more detail in the Section 3.4). Being a site in the arid zone and having very 
scanty rainfall due to its location in the drought prone rain shadow region (leeward side of the 
Western Ghat mountainous ranges in Peninsular India); the aerosol chemistry at Solapur shows 
a typical feature indicative of enrichment from the highly alkaline ionic components mainly 
of crustal origin, irrespective of the season of sampling and the size of aerosols. Calcium and 
magnesium carbonates are reported to be the major components of soil in this region that occur 
in the form of calcite (CaCO3) and dolomite (CaMg (CO3)2) rocks. The high concentration of 
HCO3 (derived from pH as explained in Eq. (2) in Section 2.2) in both PM2.5 and PM10 in dry 
and wet periods corroborate this assumption. Mulani et al. (2019) have reported more calcare-
ous nature of soil with pH values ranging from 6.9 to 8.1 in the Solapur district whereas Das 
et al. (2005) have reported high pH values for river water of Bhima and its tributaries in this 
region with values ranging from 7.4 to 9.2. Das and Krishnaswami (2007) have reported sig-
nificant abundances of Na, Ca, Mg and K in the river sediments from the Deccan Trap with 
high CaCO3 in the basins of Krishna and Bhima rivers and Nira (tributary of Bhima) that flow 
in the Solapur region and which are supersaturated with calcite. It can be assumed that these 
elements released from the river basins could be responsible for the formation of the origin of 
particulate matter suspended over this region. Bhargava and Bhattacharjee (1982) have reported 
occurrences of saline and alkaline soils in the Deccan Plateau which contain more amounts of 

Fig. 2   Mean ionic composition (nEq/L) of the water soluble extracts PM2.5 and PM10 during dry (a and b) 
and wet (c and d) periods at Solapur
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Na, Cl, Mg and SO4. It is reported by several studies that the mineral dust aerosols have the 
potential to act as cloud condensation nuclei (CCN) and/or ice nuclei (IN) (Koehler et al. 2009; 
Yamashita et al. 2011) and thereby contribute towards cloud microphysical properties and pre-
cipitation mechanism (Twomey, 1977; Rosenfeld et al. 2008). This feature has important impli-
cations especially, over the rain shadow area in the present study location in semi-arid region of 
the peninsular India, where mineral dust aerosols have been observed to be in abundance.

From the SO4 / NO3 ratio, it was observed that SO4 was dominant in both PM2.5 (1.8 
and 2.8 in dry and wet periods, respectively) and PM10 (2.8 and 3.3 in dry and wet periods, 
respectively) indicating towards more impact of stationary sources (industrial/domestic 
emissions) than those from the mobile (vehicular emissions) on the aerosol acidic com-
ponents. This assumption is used by many researchers in their interpretation of pollutant 
sources (Xu et al. 2015; Tripathee et al. 2016; Gawhane et al. 2017; Keresztesi et al. 2019). 
The normal practice of temporary closure of certain industries in the wet period such as 
sugar and textile manufacturing factories which are the major sources for many of these 
aerosols such as SO4, NO3, (sugar and textile factories) Cl (textile factories); could have 
resulted in their comparatively less concentrations in the wet period.

The degrees of oxidation of SO2 to SO4 and NO2 to NO3 are represented as sulfur oxida-
tion ratio (SOR) and nitrogen oxidation ratio (NOR), respectively. Daily mean concentra-
tions of SO2 and NO2 at Solapur were obtained for the dry and wet periods for the period 
of Apr 2017 to Mar 2020 from the central pollution control board of India (app.cpcbccr.
com/ccr/#/caaqm-dashboard-all/caaqm-landing) and these values have been used to derive 
SOR and NOR using the corresponding days data for SO4 and NO3 of PM2.5 and PM10 
samples at Solapur. The SOR and NOR values have been derived using the following equa-
tions (Jiang et al. 2019):

Higher SOR and NOR for PM2.5 than for PM10 in both dry and wet periods clearly indi-
cates towards more oxidation of gaseous SO2 and NO2 in the atmosphere to SO4 and NO3, 
respectively for fine size aerosols across all the seasons. Further, the SOR and NOR values 
were observed to be always more during the dry period than during wet period which infers 
to the possible negative correlation between relative humidity (RH) with SOR and NOR. 
The mean RH at Solapur during the dry period is about 40% whereas that during the wet 
period is around 65%. For PM2.5, the ratio SORdry / SORwet was higher (2.7) than the ratio 
NORdry / NORwet (1.2). However, in case of PM10, the ratio SORdry / SORwet was equal to 
the ratio NORdry / NORwet (1.3 in both). The mean concentration of ozone was higher in 
the dry period (53.1 ± 21.2 µg/m3) than in the wet period (40.1 ± 15.9 µg/m3). Higher ozone 
facilitates more oxidation of SO2 to SO4 and NO2 to NO3 during the dry period (Jiang 
et al. 2019). The overall effect of reduced RH, higher ambient temperatures and increased 
ozone concentrations together along with the higher concentrations of the precursor gases 
in the dry period than in the wet period might have resulted in higher concentrations of 
SO4 and NO3 in the dry period through the enhanced oxidation rates of their respective 
precursor gases. This is clearly visible from the ratio values of (SO4)dry / (SO4)wet for PM2.5 
(1.13) and PM10 (1.35). Similarly, the ratio values of (NO3)dry / (NO3)wet were 1.40 and 
1.62 for PM2.5 and PM10, respectively. Apart from the anthropogenically originated sec-
ondary aerosols (SO4 and NO3), the combustion generated absorbing type carbonaceous 
particles termed as black carbon (BC) aerosols which were monitored at Solapur using 

(3)SOR = SO
4
∕(SO

4
+ SO

2
)

(4)NOR = NO
3
∕(NO

3
+ NO

2
)
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the next generation Aethalometer (Aerosol d.o.o., AE-33) also showed significant enhance-
ment during the dry period (3.7 ± 1.9 µg / m3) than in the wet period (1.0 ± 0.15 µg / m3) 
as reported by Soyam et  al. (2021). However, the increased concentrations of the acidic 
components SO4 and NO3 did not culminate into the lowering of pH values during the dry 
period for both PM2.5 and PM10 that could be mainly attributed to the significantly high 
concentrations of alkaline earth elements Ca, Na and Mg. This feature is discussed in more 
details in the succeeding section.

3.3 � pH, original pH and neutralisation factors

One of the basic and primary indicators for aerosol acidity is the pH of water soluble aer-
osol extracts. The CO2-equilibrated neutral pH value of 5.65 is widely considered to be 
the threshold for acidification of aerosols and precipitation though with its own limitations 
(Safai et al. 2004).

The water soluble extracts of both PM2.5 and PM10 samples were initially analyzed for 
the pH before subjecting them for their analysis for the ionic composition. Figure 3 depicts 
the mean pH of PM2.5 and PM10 for the above mentioned four seasons as well as for the 
dry and wet periods. It is clearly seen that the chemical nature of both fine and coarse 
aerosols was highly alkaline across all the seasons/periods with mean pH of 7.27 ± 0.24, 
7.47 ± 0.10, 7.53 ± 0.04 and 7.48 ± 0.14 for PM2.5 during summer, monsoon, post-monsoon 
and winter season, respectively while the same values for PM10 were respectively 7.31 ± 0.13, 
7.43 ± 0.09, 7.52 ± 0.11 and 7.48 ± 0.05. Overall, the mean pH for dry period was 7.38 ± 0.20 
for PM2.5 and 7.42 ± 0.11 for PM10 and during the wet period, it was 7.50 ± 0.08 for PM2.5 

Fig. 3   Mean pH of the water soluble extracts of PM2.5 and PM10 at Solapur



199Journal of Atmospheric Chemistry (2023) 80:191–209	

1 3

and 7.47 ± 0.11 for PM10. Dry period depicted comparatively more acidic samples of PM2.5 
(16%) and PM10 (18%) than in wet period for PM2.5 (12%) and PM10 (13%). As already men-
tioned, the reason for this high alkaline nature of pH of both fine and coarse size aerosols is 
indicative of the acid neutralizing capacity of the alkaline components i.e. Ca, Na, K and Mg.

The pH measurement shows the acidity of aerosols after neutralization by alkaline com-
ponents particularly Ca and Mg which show more abundance at Solapur; therefore the con-
centration of these two components should be added to the H+ ion concentration to get the 
original acidity of aerosols in the absence these two components which is depicted by the 
original pH or OpH (Galloway et al. 1987). The mean OpH of PM2.5 at Solapur during the 
dry and wet period was 3.46 and 3.40, respectively whereas the OpH of PM10 during the 
dry and wet period was 3.64 and 3.63, respectively. This indicates that the original pH of 
PM2.5 and PM10 was magnitude wise about four orders more acidic than the measured pH 
in dry and wet period which clearly infers to the vital role played by Ca and Mg in neu-
tralizing the acidification of aerosols over Solapur. The acidic potential of both PM2.5 and 
PM10 was neutralized by the alkaline ionic components and the measure of this neutral-
izing potential is attained by the computation of neutralization factors (NF) for each of the 
alkaline components (Possanzini et al. 1988) as:

where, X can be any one of the alkaline components such as Ca (nss Ca is not considered 
as Ca has been assumed to be a reference for the crustal source as explained in the Sec-
tion 3.4), Nss Mg, Nss K and NH4.

.
The NF values for Ca, NH4, Mg and K are depicted in Fig. 4a. It is observed that Ca has 

been the dominant neutralizer of aerosol acidity at Solapur with NF values of 2.7 ± 1.2 and 
3.7 ± 2.9, respectively in dry and wet period for PM2.5; and 2.4 ± 1.0 and 3.9 ± 1.8, respec-
tively in dry and wet period, for PM10. The next strong neutralizer was Mg for both PM2.5 
and PM10 in the dry and wet period. Neutralization factors were comparatively much less for 
NH4 and K indicating their marginal role in arresting the aerosol acidity. As reported from 
various studies (Khemani 1989 and references therein; Safai et  al. 2004), Ca contributes 
more to the neutralization of aerosol acidity followed by NH4. In fact, over Pune, an urban 
metropolis in SW India, it has been reported that NH4 showed more NF value than Ca dur-
ing post monsoon and winter seasons (Safai et al. 2010). However, as observed from the NF 
values; Ca and nss Mg were found to be contributing more towards neutralisation of aerosol 
acidity than NH4 and nss K in both fine and coarse particles and in both dry and wet seasons 
in the present study over Solapur. The term nss depicts non sea salt fraction which is com-
puted using Cl as reference for marine source as shown in Eq. (8) in Section 3.4.

It is reported that Ca (from local dust or soil source) is mainly responsible for contain-
ing the spread of acidification of aerosols and thereby of the rain water over the Indian 
region (Khemani 1989). In order to assess the balance between acidity and alkalinity; the 
ratio of neutralization potential (NP) to acidic potential (AP) is computed and the more the 
ratio value, the more is the alkaline contribution to aerosol composition. Normally, AP is 
the addition of concentrations of two major acidifying components namely, nss SO4 and 
NO3 whereas, NP is the addition of concentrations of nssCa and NH4 as these two are the 
premier alkaline components responsible for countering the aerosol acidity. However in the 
present study, we have taken the liberty to derive NP as addition of Ca and nss Mg because 
these two have shown much higher NF values than NH4 and nssK. Therefore NP/AP in the 
present study has been computed as below:

(5)NF X = Nss X∕(NO
3
+ NssSO

4
)
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Figure 4b depicts the mean values of NP / AP for PM2.5 and PM10 in dry and wet peri-
ods. The mean value of NP / AP for PM2.5 was 4.7 ± 1.9 and 5.6 ± 2.8, respectively during the 
dry and wet period. Whereas, the NP/AP ratio was estimated to be 4.5 ± 1.9 and 7.0 ± 3.2 for 
PM10, respectively in dry and wet period. This feature again emphasizes the major contribu-
tion of both the alkaline earth components (Ca and Mg) of PM2.5 and PM10 in the neutrali-
zation of aerosol acidity at Solapur. Especially, the neutralization potential is more dominant 
during the wet period for both PM2.5 and PM10 which is also clearly visible from the higher 
SOR and NOR values during the dry period than during the wet period as well as higher mean 
pH values during wet period than during the dry period for both PM2.5 and PM10.

3.4 � Marine, Crustal and anthropogenic fractions of PM2.5 and PM10

Generally the widely used method for computation of the non-sea salt (Nss) and sea salt 
(ss) fractions of different ionic components is by considering Na as the reference for 

(6)NP∕AP = (Ca + nss Mg)∕(nss SO
4
+ NO

3
)

Fig. 4   a NF values for Ca, K, Mg 
and NH4 for PM2.5 and PM10 in 
dry and wet period and b NP / 
AP values for PM2.5 and PM10 in 
dry and wet period at Solapur
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marine source and by using the standard sea water ratios for different ionic components 
(Keene et al. 1986). The Cl/Na ratio is also one of the widely used tests to assess any deple-
tion or enrichment of Cl with respect to its normal molecular form of sea salt (NaCl) from 
marine sources. The standard sea water ratio of Cl/Na is 1.8 if concentrations are in mg/L 
(Keene et al. 1986) and any deviation from this ratio is a measure in terms of Cl depletion 
or enrichment. Okada et  al. (1978) have given an elaborate discussion on Cl deficiency 
and it is also reported by Khemani et al. (1985) and Chatterjee et al. (2010) in their stud-
ies. In the present study, it is found that with respect to the standard sea water ratio, Cl 
was depleted in dry period (mean Cl/Na ~ 0.93) whereas in wet period, there was more Cl 
depletion (mean Cl/Na ~ 0.77) for PM2.5. Whereas, in case of PM10, the Cl/Na ratio showed 
more Cl depletion in dry period (mean Cl/Na ~ 0.68) than during wet period (mean Cl/
Na ~ 0.80). Normally, in the absence of sources other than sea for Na, the depletion of Cl 
is related with the probable reaction of sea salt with HNO3 or H2SO4 (Okada et al. 1978). 
However, in the present study, we have considered the deviation in Cl/Na ratio from the 
standard sea water ratio of 1.8 due to the high enrichment of Na instead of Cl depletion due 
to the considerably high concentrations of Na. Also, to check the feasibility of Cl depletion 
due to the possible reaction of Cl with acidic components; the ratios of Cl + NO3 + SO4 
to Na in both dry and wet periods for both PM2.5 and PM10 were computed and it was 
observed that these ratios were still less (varying between 0.9 and 1.1) than the standard 
sea water ratio of 1.8. This indicates that the reaction of sea salt with acidic components 
was not responsible for the significant deviation from standard sea water ratio and it was 
not depletion of Cl but rather it was due to the enrichment of Na. Even though, the Cl/Na 
ratio did not indicate both Cl and Na in sea salt form (NaCl), a good correlation coeffi-
cient was observed between Na and Cl (r ~ 0.70, p = 0.005) for both PM2.5 and PM10. But at 
the same time, a good correlation between Na and Ca (r ~ 0.70, p > 0.001) and Na and Mg 
(r ~ 0.70, p = 0.002) was also observed indicating that a good correlation merely does not 
indicate towards similar sources. Considering the possible contribution from other sources 
for Na (especially dust from the local soil and anthropogenic activity in cement making 
industries); we have computed the non-sea salt fractions for all the measured ionic compo-
nents of PM2.5 and PM10 by using Cl as the marine reference, which is the second highest 
component of sea water (Goldberg 1971). Keene et al. (1986) have given detailed delibera-
tions on the use of different components including Na, Cl, Mg and K as reference markers 
for marine source. For the selection of Cl as a marine source reference, we have used the 
rules adopted by Church et al. (1982) and Zhang et al. (2012) as follows:

(a)	 If the ratios of C1/Na and Mg/Na in the sample ≥ corresponding values of the standard 
sea-water (C1/Na = 1.8, Mg/Na = 0.23) then Na is the sea-salt tracer ion;

(b)	 If the ratios of Na/Cl and Mg/Cl in the sample ≥ corresponding values of the standard 
sea-water (Na/Cl = 0.86, Mg/Cl = 0.20) then Cl is the sea-salt tracer ion;

(c)	 If the ratios of Na/Mg and Cl/Mg in the sample ≥ corresponding values of the standard 
sea-water (Na/Mg = 4.40, Cl/Mg = 5.13) then Mg is the sea-salt tracer ion.

In the present study, the Cl/Na and Mg/Na ratios for PM2.5 and PM10 in both the dry 
and wet periods were less than the standard sea water ratios. Similarly, the Na/Mg and Cl/
Mg ratios for PM2.5 and PM10 in both the dry and wet periods were less than the standard 
sea water ratios. However, the Na/Cl and Mg/Cl ratios for PM2.5 and PM10 in both the dry 
and wet periods were more than the standard sea water ratios. This clearly infers towards 
the appropriateness of using Cl as the reference for marine source for the present study. 
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Accordingly, the sea salt fractions (ss) for all the measured ionic components were com-
puted by using Cl as a marine reference by using the formula:

where, ssX is the concentration of ionic species X in the aerosol sample originating from 
sea salts. [Cl]aerosol is the concentration of Cl in the aerosol sample.

The non- sea salt fraction (NssX) was the total concentration of ionic species X minus 
sea salt fraction of X (ssX) as given below.

After computation of sea salt fraction, crustal fraction was separated from remaining 
non sea salt fraction of the aerosol sample. For the crustal source, Ca is used as reference 
(normally, Al, Fe or Si are used as reference for crustal source however these components 
of PM2.5 and PM10 were not measured in the present study). Ca correlated well with Na 
(r ~ 0.70, p > 0.001) and Mg (r ~ 0.85, p > 0.0001). However, HCO3 showed comparatively 
less correlation with Ca (r = 0.27, p = 0.08) which might be due to possible formation of 
bicarbonates of aluminum or silicon or iron which could not be ascertained due to the non- 
measurement of Al, Si and Fe in the present study. Crustal fractions were assessed with Ca 
as tracer of crust-originated element in some studies for atmospheric deposition (Lammel 
et al. 2003; Lu et al. 2011). The crustal fraction was estimated using Ca as the crust-origi-
nated tracer using the following equation:

where CrX is the crust originated concentration of constituent X in the aerosol sample. 
[Ca]aerosol is the concentration of Ca in aerosol sample. (X / Ca) crust is derived from the 
crustal composition data (Horn and Adams 1966). The non-crustal fraction of X (NcrX) 
was computed in the similar manner as mentioned earlier for Nss X. Further, we have 
checked the enrichment factors (EF) for Cl and Na with Ca as a reference for crustal source 
and found that EF values for Na were significantly less (~1.1) as compared to that for Cl 
(≥ 100) which is clearly indicative of non-enrichment of Na (i.e. Na mainly from crustal 
source) and substantial enrichment of Cl (i.e. Cl mainly from non-crustal or presumably 
from the marine source). This again justifies our selection of Cl as reference for marine 
source instead of Na.

After computations of marine and crustal fractions for each ionic component of PM2.5 
and PM10, the remaining fraction is assumed to be from the anthropogenic sources (Safai 
et al. 2010).

As seen from Fig. 5, significant contribution from anthropogenic source was observed 
for secondary aerosols i.e. SO4, NO3 and NH4 for both PM2.5 and PM10 during the dry 
and wet period. For SO4, anthropogenic sources contributed about 70 to 80% whereas for 
NO3 and NH4, their contribution was from 94 to 99%. Crustal source was more predomi-
nant for K with about 85 to 89% contribution whereas marine source contributed about 
11 to 17% for both PM2.5 and PM10 during dry and wet period. Surprisingly, anthropo-
genic (generally combustion related activities) sources showed very marginal contribution 
for K. For Mg, major contribution was from crustal source (about 55 to 60%) followed by 
anthropogenic sources (about 30 to 35%) and marine source showed only about 11% con-
tribution for Mg. However, the more interesting thing was the significant contribution of 
crustal source for Na (40 to 60%) for PM2.5 and PM10 during both the dry and wet periods 
with marine sources showing about 40 to 45% contribution. This is contrary to the normal 

(7)ssX = (X∕Cl)seawater ∗ [Cl]aerosol

(8)NssX = [X]aerosol − ss X

(9)CrX = (X∕Ca)crust ∗ [Ca]aerosol
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feature observed over other parts of the Indian region wherein the marine source contrib-
utes almost entirely for Na and therefore making it the first choice for considering it as 
a reference element for this source. The significant contribution from the crustal source 
observed for Na indicates the most possible impact of emissions from the cement indus-
tries around this region as well as the important composition of the local soil. Higher con-
tribution from the marine sources (around 20%) was observed for SO4 especially in PM2.5 
during both dry and wet periods; however, in PM10 it varied from 13% in dry period to 19% 
in wet period. Several studies have reported marine emissions (through sea spray consist-
ing dimethyl sulphide emissions) as an important source for atmospheric SO4 (Khemani 
et al. 1985; Safai et al. 2010).

3.5 � Cluster and CWT analysis

At any location, existence of aerosols depends upon the local as well as distant sources. 
The possible long range transport of PM2.5 and PM10 from the distant sources was assessed 
by performing the cluster analysis during dry and wet periods utilizing data obtained from 
the Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT) back trajectories. 
Five day back trajectories ending at the observation site at a height of 100 m above the 
ground level (AGL) were extracted with hourly resolution by using the HYSPLIT model 
(Draxler and Rolph 2003). In this analysis, the optimum number of clusters is chosen 
on the basis of Total Spatial Variance i.e. TSV (Tang et al. 2015; Petit et al. 2017). The 
maximum percentage change in the TSV was used to identify the optimum cluster number 

Fig. 5   Percentage contribution of marine, crustal and anthropogenic sources for different chemical compo-
nents of PM2.5 and PM10 at Slapur during dry (a and c) and wet (b and d) period
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which was retained for the final representation of cluster trajectories. For the present study, 
maximum change was observed below three clusters hence three cluster solution was opted 
for the cluster analysis. The details of this analysis are given elsewhere (Petit et al. 2017; 
Mukherjee et al. 2020). Figure 6a shows the origin and pathways traveled for different clus-
ters for PM2.5 and PM10 during the dry period and Fig. 6b shows the statistical details for 
PM2.5 and PM10 concentrations during the dry period. Similarly, Fig. 7a, b show the same 
for PM2.5 and PM10 during the wet period.

Three clusters were estimated to dominate during the dry period. Cluster 1 originated 
from north of Solapur starting in the Vidarbha region and travelled over Wardha and other 
districts before reaching Solapur and contributed towards about 34% and 33.5% of the back 
trajectories and accounted for 49 µg/m3 and 96 µg/m3 mean mass concentration for PM2.5 
and PM10, respectively. Cluster 2 originated from the south east of Solapur starting from 
the coastal regions near Visakhapatnam and passed over Andhra Pradesh before reaching 
Solapur and contributed to about 33% and 34% of the back trajectories and accounted for 
55 µg/m3 and 100 µg/m3 mean mass concentration for PM2.5 and PM1o, respectively. Clus-
ter 3 originated from north west of Solapur starting from the Arabian Sea and passed over 
the metro cities of Mumbai and Pune before reaching Solapur and it contributed to about 
33% of the back trajectories and accounted for 36 µg/m3 and 94 µg/m3 mean mass concen-
tration for PM2.5 and PM10, respectively. Two out of three clusters showed air mass trajec-
tories from continental regions (which contributed about 67% of the observed air mass tra-
jectories for both PM2.5 and PM10) wherein the anthropogenic sources are located majorly 
whereas, one cluster showed air mass trajectories originating from marine region (Arabian 
Sea) but this too passed over the continental part covering metro cities and contributed 
about 33% of the observed air mass trajectories. The contribution of coarse (PM10) parti-
cles could be attributed to the incursion of dust from continental regions and sea salt from 
marine region (both generally in coarse size). Different types of anthropogenic activities 
leading to the formation of secondary aerosols that are generally formed from their precur-
sor gases through the gas to particle conversion mechanism could contribute to the fine 
(PM2.5) particle formations.

Fig. 6   a The origin and pathways travelled for different clusters, b statistical details and c results of the 
CWT analysis of PM2.5 and PM10 at Solapur during the dry period
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Three clusters were obtained for the wet period for PM2.5, PM10. Cluster 1 originated 
from north-west of Solapur starting from the Arabian Sea and passed over the metro cities 
of Mumbai and Pune before reaching Solapur and contributed to about 17% and 16% of 
the back trajectories and accounted for 25 µg/m3 and 61 µg/m3 mean mass concentration 
for PM2.5 and PM10, respectively. Cluster 2 originated from south west of Solapur starting 
from the Arabian Sea and passed over parts of the Konkan region in coastal Maharashtra 
before reaching Solapur and contributed to about 49% and 50% of the back trajectories 
and accounted for 30 µg/m3 and 52 µg/m3 mean mass concentration for PM2.5 and PM10, 
respectively. Cluster 3 originated from north east of Solapur starting from the Chhattisgarh 
region and then travelled across parts of the Telangana region before reaching the sam-
pling site and contributed to about 35% and 34% of the back trajectories and accounted for 
46 µg/m3 and 70 µg/m3 mean mass concentration for PM2.5 and PM10, respectively.

The Concentration weighted trajectory (CWT) analysis (Ashbaugh et  al. 1985; Stohl 
et al. 1996) was also undertaken for both dry and wet periods to mark the potential sources 
for PM2.5 and PM10 utilizing the earlier mentioned 5 day HYSPLIT back trajectories data-
set. In CWT analysis, observed mass concentrations of PM2.5, PM10 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 Zefir (Petit et al. 
2017) tool. Figure  6c describes the results of the CWT analysis for the dry period and 
Fig. 7c describes the same for the wet period. The results of the CWT analysis are also 
complementary to the cluster analysis and infer towards possible impact of distant sources, 
apart from that of surrounding local sources at Solapur especially more during the dry 
period. In addition to the distant sources, emissions from the local sources such as thermal 
power plant and cement, textile and sugar industries share a major fraction in the observed 
abundance of fine and coarse particles and their ionic components. During the dry period, 
the notable effect of transported pollutant particles especially from the continental regions 
of north-east (Chhattisgarh region where major coal mines and power plants are located 
and parts of Telangana), south-east (Visakhapatnam where shipping industry and steel 
plant, etc. are located.) and north-west (Mumbai-Pune where different type of industries 

Fig. 7   a The origin and pathways travelled for different clusters, b statistical details and c results of the 
CWT analysis of PM2.5 and PM10 at Solapur during the wet period
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are situated) was observed on the pH of PM2.5 and PM10. As seen in Fig. 3, mean pH was 
7.38 in dry period and 7.50 in wet period for PM2.5 whereas for PM10, it was 7.42 in dry 
and 7.47 in wet period, respectively. Similarly, mean NP / AP ratio (Fig. 4b) for PM2.5 and 
PM10 was 4.7 and 4.5 respectively during the dry period and it was 5.6 and 7.0, respec-
tively for PM2.5 and PM10 during the wet period indicating more acidic fraction in both fine 
and coarse aerosols during the dry period. The possible effect of long range transport of 
dust (from Gulf Coast) and sea salt particles (from Arabian Sea) along with some contribu-
tion from the Mumbai-Pune industrial belt was visible during the wet period. The impact 
of local tourist and residential/agricultural burning activities might be comparatively less 
during the wet period as compared to the dry period.

4 � Conclusions

A three yearlong study was conducted on the chemical composition of fine (PM2.5) and 
coarse (PM10) aerosols at a semi-arid rain shadow location, Solapur in the peninsular India. 
The major highlights of the study are as follows:

1.	 High mass concentrations of both fine and coarse aerosols in the dry period with domi-
nance of crustal components (Ca, Mg, k and Na) from local dust in both dry and wet 
periods leading to the alkaline (pH ≥ 7) nature of aerosols.

2.	 Sodium originated from both the crustal and marine sources in almost equal amounts 
thereby making Cl as a reference for marine source in the computation of sea salt frac-
tions of other measured components.

3.	 SO4 showed comparatively more concentration than NO3 inferring to more impact of 
emissions from stationary sources such as domestic and industrial activities than mobile 
ones such as vehicular exhaust.

4.	 The original pH of fine and coarse aerosols (in absence of Ca and Mg) was about four 
orders more acidic than the measured pH in dry and wet period which indicates to the 
important role of Ca and Mg in neutralizing the aerosol acidity.

5.	 The cluster and CWT analysis suggested possible important role of transported aerosols 
from distant source regions in both dry and wet periods with about 67% contribution 
from inland continental sources in dry period and near equal contribution from inland 
as well as marine sources in wet period.

6.	 Considering the rich abundance of mineral dust aerosols observed over Solapur and 
their potential role as CCN/ and/or IN in the cloud formation; the results obtained from 
this study will be useful for the on-going and future observational as well as modeling 
initiatives towards the understanding of the cloud aerosol interaction and thereby for the 
precipitation enhancement experiments in India.
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