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Abstract
India relies heavily on coal-based thermal power plants to meet its energy demands. Sulphur dioxide  (SO2) emitted from these 
plants and industries is a major air pollutant. Analysis of spatial and temporal changes in  SO2 using accurate and continuous 
observations is required to formulate mitigation strategies to curb the increasing air pollution in India. Here, we present the 
temporal changes in  SO2 concentrations over India in the past four decades (1980–2020). Our analysis shows that the Central 
and East India, and Indo-Gangetic Plain (IGP) are the hotspots of  SO2, as these regions house a cluster of thermal power 
plants, petroleum refineries, steel manufacturing units, and cement Industries. Thermal power plants (51%), and manufac-
turing and construction industries (29%) are the main sources of anthropogenic  SO2 in India. Its concentration over India 
is higher in winter (December–February) and lower in pre-monsoon (March–May) seasons. The temporal analyses reveal 
that  SO2 concentrations in India increased between 1980 and 2010 due to high coal burning and lack of novel technology 
to contain the emissions during the period. However,  SO2 shows a decreasing trend in recent decade (2010–2020) because 
of the environmental regulations and implementation of effective control technologies such as the flue gas desulphurisation 
(FGD) and scrubber. Since 2010, India's renewable energy production has also been increased substantially when India 
adopted a sustainable development policy. Therefore, the shift in energy production from conventional coal to renewable 
sources, solid environmental regulation, better inventory, and effective technology would help to curb  SO2 pollution in India. 
Both economic growth and air pollution control can be performed hand-in-hand by adopting new technology to reduce  SO2 
and GHG emissions.
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Introduction

Sulphur dioxide  (SO2) is a part of a chemical group called 
sulphur oxide, which is a short-lived, colourless, and foul-
smelling toxic gas, and is also classified as a “criteria pol-
lutant” by the European Commission in 2015 and the US 
Environmental Protection Agency in 2016. It is released 
from refineries, power plants, volcanoes, smelting of metal, 
and fossil fuel burning (National Ambient Air Quality Sta-
tus and Trends 2019). High amounts of  SO2 in the atmos-
phere can degrade air quality and cause acid rain (Tecer and 
Tagil 2013). Harmful chemical compounds like sulphurous 
acid  (H2SO3), sulphuric acid  (H2SO4), and sulphate aerosol 
 (SO4

2−) are formed by the oxidation of  SO2 in the gaseous-
phase reactions with the hydroxyl (OH) radical and aqueous-
phase reactions with hydrogen peroxide  (H2O2) or  O3. Sul-
phate aerosols are also responsible for producing particulate 
matter (PM) of aerodynamic diameter < 2.5 µm  (PM2.5). 
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These aerosols can impact regional climate by modifying 
the radiative forcing (Seinfeld and Pandis 2006), and affect 
cloud reflectivity and precipitation. Apart from these, sul-
phate aerosols reduce visibility and contribute to acid rain 
that damages the terrestrial and aquatic ecosystems. It is a 
precursor for tropospheric ozone, and nitrate and sulphate 
aerosols (Seinfeld and Pandis 2006).

SO2 has an adverse effect on the human respiratory sys-
tem and even short-term exposure to high levels might result 
in death. As per the WHO air quality guidelines (World 
Health Organization 2021), the recommended 24 h average 
 SO2 concentration should not be more than 40 µg/m3 for 
protecting human health. The National Ambient Air Quality 
Standard (National Ambient Air Quality Status and Trends 
2019) in India limits 24 h average  SO2 concentrations of 50 
µg/m3, which should not be exceeded 98% of the time in a 
year. Additionally, a higher level of  SO2 promotes stomatal 
opening, which makes excessive loss of water from plants 
and thus, reduces the quality and quantity of plant yield 
(Varshney et al. 1979). It reacts with surfaces in the gaseous 
phase and causes discoloration, as in the case of Taj Mahal 
(Bergin et al. 2015).

Several changes have been observed over the past dec-
ades in the global and regional  SO2 emissions. From 1990 
to 2015, global  SO2 emissions have decreased by 31%, 
although there are regional differences in emissions (Smith 
et al. 2011; Klimontz et al. 2013; Hoesly et al. 2018). For 
instance, the highest drop in global  SO2 emissions was 
found between 1990 and 2000, owing to the 54% reduction 
in Europe (Vestreng et al. 2007; Maas and Grennfelt 2016) 
and 21% reduction in North America (Lehmann et al. 2007; 
Hand et al. 2012). In addition, Europe (40%) and the USA 
(50%) also showed significant reductions in  SO2 emissions 
during the period 2000–2015 (Aas et al. 2019). However, 
East Asia experienced a 32% increase in  SO2 emissions in 
1990–2000 and about 70% in 1990–2005, but a reduction 
in emissions thereafter. India’s emissions increased from 
4.5 to 15 TgS from 1990 to 2015. Crippa et al. (2016) and 
Tørseth et al. (2012) observed a similar pattern in  SO2 emis-
sions, where developed countries showed a notable reduc-
tion in their emissions, whereas the developing countries 
continued to emit. However, a significant reduction in  SO2 
emissions is observed in developing countries due to the 
stringent emission controls and reduced use of fossil fuels 
in recent decade.

Recent studies show significant anthropogenic  SO2 emis-
sions from India, which currently exceed that of China and 
other counties (Li et al. 2017b, a; Aas et al. 2019). Over the 
last decade (2010–2017), China reduced 62% of its anthropo-
genic  SO2 emissions by implementing several control meas-
ures, such as the implementation of Flue Gas Desulphurisa-
tion (FGD) (Wang et al. 2017; Zheng et al. 2018). There are 
several studies on emissions and inter-annual variability of 

 SO2 over China and other countries (Wang et al. 2018; Jie 
et al. 2012; Zhang et al. 2012; Leishi et al. 2016; Maji and 
Sarkar 2020), but there is hardly any study on the long-term 
trends in  SO2 over India. Furthermore, about 33.5 million 
people inhabit the regions where  SO2 concertation is very 
high in India (e.g., IGP and Central India).

In India, coal accounts for 66% of 210 GW of its electric-
ity generation capacity. Emissions from the coal-fired power 
plants are responsible for a large burden on atmospheric pol-
lution. In 2010–2011, 111 plants with an installed capacity 
of 121 GW consumed 503 million tons of coal and generated 
2100 kt of  SO2 (Guttikunda and Jawahar 2014). Therefore, 
a dedicated long-term study on  SO2 distribution in India is 
needed to discuss the regional emission sources and devise 
a strategy to curb these emissions at the source level.

Here, we examine the long-term changes in  SO2 over India, 
analyse the sources and factors influencing  SO2 changes, and 
discuss the role of existing environmental regulations and tech-
nology to reduce  SO2 pollution. Furthermore, the socio-eco-
nomic impact of  SO2 pollution in India is also analysed. We 
use the ground-based and reanalysis data along with emission 
inventory for this analysis. This work includes a comprehensive 
assessment of the effectiveness of novel technology and environ-
mental legislation in reducing  SO2 pollution in India.

Data and methods

MERRA–2, CAMS, and CPCB data

We use the reanalysis data to supplement the ground-based 
measurements as the latter are station specific and sparse 
(Roy 2021; Courtial et al. 2022). Therefore, we use the Mod-
ern-Era Retrospective analysis for Research and Applica-
tions Version 2 (MERRA–2) and Copernicus Atmosphere 
Monitoring Service (CAMS) data. MERRA–2 is a reanalysis 
data produced using the Goddard Earth Observing System 
Model version 5 (GEOS–5) (Gelaro et al. 2017). It is an 
advanced version of MERRA, with a spatial resolution of 
0.5° × 0.625° for the period 1979–2020. To simulate par-
ticulates,  SO2, and sulphate, Goddard Global Ozone Chem-
istry Aerosol Radiation and Transport (GOCART) model is 
used. Anthropogenic and natural sources are considered for 
the carbonaceous and sulphate aerosol emissions (Randles 
et al. 2017). These include volcanic and biomass burning 
sources derived from satellite observations (Schultz et al. 
2008), QuickFire Emission Dataset version 2.4r6 (Darmenov 
and da Silva 2015), and the Global Fire Emissions Database 
version 3.1 (Randerson et al. 2013). The assimilation of  SO2 
concentration in MERRA–2 is completely unconstrained 
(Randles et al. 2017). Many studies show that MERRA–2 
 SO2 data are in good agreement with that of other datasets 
(Ukhov et al. 2020; Shikwambana et al. 2020).
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In addition to MERRA–2, the total column  SO2 from 
the CAMS reanalysis (CAMSRA) with a resolution of 80 × 
80 km are also employed (Inness et al. 2015). The biomass 
burning emissions from the CAMS Global Fire Assimilation 
System, and anthropogenic and biogenic emissions from the 
MAC City and MEGAN model, respectively, are used as the 
input to the CAMS model. It is a three-dimensional model 
that simulates atmospheric composition, aerosols, dust, car-
bonaceous aerosol,  SO2, and other chemical species.

The monthly averaged total column  SO2 data from 
MERRA–2 (1980–2020) and CAMSRA (2003–2020) are 
considered to study its seasonal and annual distribution over 
India. Along with column density,  SO2 mass concentration 
measurements from twenty surface stations in Indo-Gangetic 
Plain (IGP) run by the Central Pollution Control Board 
(CPCB) (Table S1) are also taken for the period 2013–2020. 
An analysis is also carried out for specific regions in India 
by finding their spatial average. The regions considered are 
Central India (CI), North Eastern India (NEI), Peninsular 
India (PI), northwest India (NWI), IGP, and Hilly Regions 
(HR), as displayed in Figure 1. Here, the seasons are defined 
as winter (December, January, and February; DJF), pre-mon-
soon (March, April, and May; MAM), monsoon (June, July, 
August, and September; JJAS), and post-monsoon (October 

and November; ON). The long-term trends are computed 
using the linear regression, and the statistical significance 
is defined with respect to the 95% confidence interval. To 
investigate the influence of major anthropogenic activities 
on  SO2 changes, the contribution from coal-based thermal 
power stations (TPS), steel production units, cement manu-
facturing industries, sugarcane mills, and refineries are 
considered.

Inventory data from EDGAR 

The Emissions Database for Global Atmospheric Research 
(EDGAR) is a bottom-up inventory for air pollution and 
greenhouse gases (Crippa et al. 2018). EDGAR provides 
emissions as national totals and grid maps at 0.1° × 0.1° 
resolution, with yearly and monthly data from 1970 to 2015. 
Here, we use data for the period of 1980–2015 to be con-
sistent with the  SO2 observation period. Energy, industrial 
operations, product consumption, agriculture, garbage, and 
other anthropogenic sources are the sectors considered in 
this inventory. The emission per source and country are 
calculated using the activity data and emission factors. 
Major anthropogenic sectors such as thermal power plants, 
manufacturing and steel industries, transport sector, oil and 

Fig. 1  a Average annual 
 SO2 column mass density as 
analysed from MERRA–2 
(1980–2020), overlaid with 
the location of thermal power 
plants with their installed 
capacity over Indian regions. 
b  SO2 surface mass concentra-
tion derived from MERRA–2 
and CPCB measurements 
(Circle) from 2013 to 2020. 
c  SO2 column mass density 
as analysed from MERRA–2 
(2003–2020) overlaid with the 
location of steel and refinery 
Industries. d  SO2 column mass 
density as analysed from CAMS 
(2003–2020) overlaid with the 
location of cement plants. The 
specific areas marked in the 
India maps are considered for 
regional analysis as discussed in 
the text (e.g. CI is Central India)

78639Environmental Science and Pollution Research (2022) 29:78637–78649



1 3

refinery industries, and biomass burning are analysed. The 
temporal evolution of  SO2 emissions from different anthro-
pogenic activities is considered together with the cumulative 
emissions. The total coal consumption in the country has 
increased owing to its application in electricity production 
and other industrial units. Here, we also investigate the tem-
poral evolution of coal, electricity, and petroleum consump-
tion together with India’s steel and cement production.

Sulphate, fire count, population density, land class, 
meteorology, and renewable energy data

The sulphate column mass density data are taken from 
MERRA–2 for the period 1980–2020. The wind, specific 
humidity, precipitation, and temperature data are also taken 
from MERRA–2 for the same period. These data are ana-
lysed to study their impact on  SO2 distribution and their 
role in sulphate formation. To assess the socio-economic 
impact of  SO2 pollution, population density and land class 
data based on the 2011 Indian census are taken from the 
NASA Socioeconomic Data and Applications Centre, and 

these data have a spatial resolution of 1 × 1 km. The infor-
mation regarding renewable energy installed capacity for the 
period 2014–2020 is acquired from the data source of the 
Ministry of Renewable Energy, Government of India. We 
have used the cloud-corrected fire count data with a resolu-
tion of 1 km from the MODerate Resolution Imaging Spec-
trometer (MODIS) Terra and Aqua for the period 2001–2020 
to assess the influence of biomass burning on regional  SO2 
distribution (Friedl et al. 2002; Singh et al. 2021). Further 
details about these datasets and their descriptions are given 
in Table 1.

Results and discussion

Annual average SO2 over India

Figure 1 shows the annual mean  SO2 column in India aver-
aged for the periods 1980–2020 and 2003–2020. It also 
depicts the location of one of the major anthropogenic 
sources of  SO2, the thermal power plants with their installed 

Table 1  Measurements and data used in this study. The period of availability, source, and other features are provided

Variables Spatial resolution Data source Time period

SO2 column mass density 0.5° × 0.625° MERRA–2 and CAMS MERRA–2: 1980–
2020, CAMS: 
2003–2020

Inventory 0.1° × 0.1° EDGAR V4.2 1980–2015
Sulphate column density 0.5° × 0.625° MERRA–2 1980–2020
SO2 surface mass concentartion ----- CPCB, MERRA–2 2013–2020
Meteorological factors
1. 10 m temperature
2. 10 m u and v wind
3. 10 m specific humdity
4. Precipitation

0.5° × 0.625° MERRA–2 1980–2020

Fire counts 1 km MODIS Terra 2001–2020
Population density 1 km × 1 km NASA Socio-Economic data 2011 Census
Land class -- NASA Socio-Economic data --
Topography 30 m ASTER --
Thermal power plant location -- NTPC, TATA power and respective state ministry --
Steel plant location -- Ministry of Steel, Govt of India --
Cement plant location -- Cement Information System (CIS), Department for Promotion 

of Industry And Internal Trade (DPIIT), Government of India, 
Ministry of Commerce & Industry

--

Refinary -- Ministry of Petroleum & Natural Gas, Govt. of India --
Coal consumption -- Ministry of Petroleum & Natural Gas and Ministry of 

Coal, Govt. of India
1980–2020

Energy consumption -- Indiastat 1980–2020
Steel production -- World steel organisation 1991–2019
Sugarcane prodcution -- Indiastat 1980–2020
Renewable energy capacity -- Ministry of Renewable Energy, Govt of India 2014–2020
Petroleum consumption -- Ministry of Petroleum & Natural Gas, Govt. of India 1980–2020
Cement production -- Indiastat 1980–2020
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capacity. The other prominent sources of  SO2 such as steel, 
refinery, and cement manufacturing plants are also marked. 
The MERRA–2 (1980–2020) data show the lowest column 
of about 0–2 mg/m2 in HR, as there are no big Industries and 
manufacturing units for  SO2 emissions. The regions NEI, 
PI, and NWI and some areas in CI show slightly higher  SO2 
values of about 2–6 mg/m2, except for the areas located near 
the thermal power plants. The industrialised regions show 
high  SO2 amounts of about 8–12 mg/m2. The IGP (6–16 
mg/m2) region is highly polluted with  SO2 because of many 
thermal power plants, coal mines, cement industries, and 
other source of  SO2 there. Therefore, the lower IGP regions 
with the major coal mines and thermal plants are the hot-
spots of  SO2 in India. The upper IGP region also has high 
 SO2 of about 8–12 mg/m2, which can be due to the emis-
sions from other prominent sources such as cement, steel, 
and other manufacturing industries (see Fig. 1). Although 
there are sources of  SO2 in PI, CI, and NWI, the columns 
are lower than that in IGP, which can be attributed to the 
dispersion of pollutants by the prevailing winds there. In 
India, power plants with a capacity > 300 MW contribute to 
most  SO2 emissions, with 63% coal consumption growth (Lu 
et al. 2013). The largest thermal power plant in Singrauli, 
Madhya Pradesh (CI), with a capacity of more than 300 MW, 
contributes to the high  SO2 values in CI.

The CAMS and MERRA–2 data (Figure 1, bottom panel) 
show high  SO2 amounts in IGP during the common period 
of 2003–2020. However, the MERRA–2 data overestimate 
CAMS, particularly in areas where anthropogenic sources 
are dominant (IGP and the regions near the industries). This 
might be due to the difference in emission inventories of 
both data sets. For instance, CAMS utilises MACcity emis-
sion inventory for anthropogenic  SO2 emissions, which is 
available on a 0.5° × 0.5° grid (Granier et al. 2011), whereas 
MERRA–2 has the EDGAR 4.2 emission inventory with 

0.1° × 0.1° resolution (Crippa et al. 2018). The spatial reso-
lution of CAMS (80 km) and MERRA–2 (0.5° × 0.625°) and 
issues in anthropogenic  SO2 simulation are also responsible 
for the high values in MERRA–2. However,  SO2 data from 
MERRA–2 are in good agreement with that of CPCB in all 
cities, although the former shows slightly higher  SO2 in the 
lower IGP region.

Monthly and seasonal changes

We present the monthly distribution of  SO2 columns over 
India averaged for the period 1980–2020 using MERRA–2 
reanalysis in Fig. S1. The IGP region exhibits a very high 
amount of  SO2, irrespective of month. The  SO2 concentra-
tion decreases from January to March in IGP, but increases 
in April and May (Fig. 2). Its concentration again decreases 
in June–July, and the lowest concentration is observed in 
August. There is a gradual increase in  SO2 concentration 
from September to December, and the highest concentration 
is observed during December in IGP. The monthly analyses 
also reveal that IGP and CI are the hotspots of  SO2 in India, 
where the concentrations are almost twice that of NEI, NWI, 
and PI. We also compared the monthly  SO2 total column 
of MERRA–2 to that of CAMS for the common period of 
2003–2020 (Figs. S2, S3). The monthly changes are simi-
lar in both data sets, where the differences are due to dif-
ferent periods (i.e. 2003–2020 has a higher concentration 
than that in 1980–2020 as the  SO2 emission is higher in the 
former period). As found in the annual averaged  SO2 data, 
MERRA–2 overestimates CAMS in industrial regions.

Since biomass burning events produce  SO2, we pre-
sent the fire count analyses for different regions of India 
between 2001 and 2020, as a proxy for biomass burning 
(Fig. 2, bottom panel). There are no noticeable fire events 
in HR, PI, NWI, and CI regions, but a substantial increase 

Fig. 2  Top: Monthly  SO2 
column mass density over 
selected Indian regions as 
analysed from MERRA–2 for 
the period 1980–2020. Bot-
tom: Panel shows the monthly 
fire count per day over the 
same regions for the period 
2001–2020

78641Environmental Science and Pollution Research (2022) 29:78637–78649



1 3

from January (150–200 /day) to March (800–900 /day) is 
observed over NEI. These fire events are due to the shift-
ing cultivation, which is still practiced in the hilly areas of 
NEI (Pasha et al. 2020). Shifting cultivation clears the forest 
through the slash and burn process, and cultivates the crop 
afterwards. Therefore,  SO2 concentration in NEI increases 
from January (3 mg/m2) to March (about 6 mg/m2), whereas 
a decrease in  SO2 is observed between January and March 
in other regions. The IGP region shows two peaks (May 
and October) in accordance with the Kharif ad Rabi harvest 
seasons, respectively (e.g. Kuttippurath et al. 2020; Singh 
et al. 2021). Therefore, the biomass or stubble burning con-
tributes to the  SO2 concentrations and both processes affect 
the annual  SO2 cycle over the regions concerned.

The seasonal distribution of  SO2 averaged over the 
period 1980–2020 using MERRA–2 observations is shown 
in Fig. 3. Our analyses reveal that the  SO2 concentration 
is lowest during the monsoon season. It increases in post-
monsoon and reaches its peak in winter. It again decreases 
during pre-monsoon, and the smallest concentration in the 
monsoon season is due to the scavenging of  SO2 from 
precipitation. It is also due to relatively higher humid-
ity during the monsoon season, which helps the forma-
tion of sulphate through the oxidation process. However, 
higher  SO2 amounts of about 10–14 mg/m2 are observed 

in the industrial areas during the monsoon seasons due 
to local emitters (i.e. industries in the areas). The sudden 
rise in  SO2 during post-monsoon can be attributed to the 
decrease in rainfall in this season. Furthermore, the lower 
concentration of  SO2 in the pre-monsoon season is associ-
ated with the higher temperatures and winds that disperse 
atmospheric pollutants there.

The highest amount of  SO2 is found during winter 
because of the lower boundary layer height and low tem-
perature (lower rate of oxidation process) during the sea-
son. Additionally, low wind speed restricts the dispersion 
of pollutants; contributing to the higher  SO2 in winter. 
The higher  SO2 in regions that are far from the industrial 
cluster might be due to the winds that transport  SO2 pollut-
ants to these regions. The MERRA–2 data for the common 
period of 2003–2020 over the same regions show higher 
values, as shown in Fig. S4. A sudden increase in  SO2 
over IGP (12–16 mg/m2) from 1980–2020 to 2003–2020 
in MERRA–2 (8–18 mg/m2) also reflects the industrial 
expansion and development in India in recent decades.

Temporal evolution and inventory analysis

Temporal changes in the seasonal  SO2 column from 1980 to 
2020 using the MERRA–2 observations reveal a continuous 

Fig. 3   Variations of  SO2 col-
umn mass density as analysed 
from MERRA–2 averaged 
over the period from 1980 to 
2020 during (a) winter (DJF), 
(b) pre-monsoon (MAM), 
(c) monsoon (JJAS) and (d) 
post-monsoon (ON) seasons. 
The overlaid contours are wind 
vectors
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increase in the column until 2010, as demonstrated in Fig. 4. 
The analysis shows the largest columns in winter, followed 
by post-monsoon throughout the period. Although CAMS 
observations in 2003–2020 are not similar, they show com-
parable results to that of MERRA–2, where the highest  SO2 
column is observed in winter and the lowest in monsoon.

The yearly averaged data show similar temporal changes, 
as the CAMS-derived columns underestimate the MERRA–2 
values. The peak observed in 1982 in MERRA–2 is associated 
with the El Chichon volcanic eruption. The data for the mon-
soon (June–September) period of 1991 is discarded from the 
analysis because of the very high values (about 35.3 mg/m2) 
associated with the Mount Pinatubo volcanic eruption. However, 
wet deposition of pollutants has reduced the impact of Mount 
Pinatubo eruption. Soni and Kannan (2003) have also removed 
the unusually large values from the seasonal analysis and trend 
detection in their study, and found that the increased turbidity 
due to the Mt. El-Chichon eruption was smaller than that of Mt. 
Pinatubo. Together with column  SO2, sulphate concentration 
also increased substantially during these periods. The seasonal-
ity in sulphate concentrations is similar to that of  SO2, as shown 
in Fig. S5. The energy use in India has increased substantially 
with coal consumption, as illustrated in Fig. S6. Similarly, the 

petroleum consumption, steel, cement, and sugarcane produc-
tion have also increased in align with the coal consumption, and 
are the major sources of anthropogenic  SO2 in India (Lu et al. 
2011; Sahu et al. 2015). In late 2000, energy consumption and 
coal burning increased significantly with a higher rate than those 
in 1980–2000, which made India one of the largest  SO2 emitters 
in the world (Lu et al. 2011; Li et al. 2017b, a).

Despite the increase in the abovesaid factors, the 
MERRA–2 data show no increase in  SO2 from 2010 onwards, 
as shown in Table S3. However, an increase in  SO2 is found 
in CAMS data in that period, although a record decrease of 
about 6–8% is observed in 2019 due to the lower coal con-
sumption in that year. A significant reduction in annual mean 
 SO2 (all India average) in 2020 (about 7–8%) compared to 
that in recent decade (2010–2020) is also evident due to the 
national lockdown and accompanied shutdown of industries 
due to the COVID–19 pandemic. A decrease in  SO2 amount 
in India during COVID–19 is also reported by other studies 
(Mahato et al. 2020; Nigam et al. 2021). As demonstrated in 
Fig. S7, majority of the cities show a constant or decreasing 
 SO2 concentration from 2013 to 2020. Except for Ranjiganj, 
which shows a rising trend, the cities near mining sites, such 
as Dhanbad, exhibit no significant change.

Fig. 4  Temporal evolution of 
average column  SO2 across the 
seasons and annual averaged 
data from 1980 to 2020 in 
MERRA–2 and 2003–2020 in 
CAMS. Two major volcanic 
eruptions are also marked. 
The very high values during 
the monsoon season in 1991 
(Mount-Pinatubo volcanic 
eruption) are discarded from the 
time series. The middle panel 
illustrates the anthropogenic 
emissions from thermal power 
plants (TPPs), manufacturing 
and construction industries 
(MIC), and total anthropogenic 
activities in tera gram (Tg) from 
1980 to 2015 using the EDGAR 
V4.2 inventory. Pie chart (top 
panel) represents the percentage 
contributions from TPPs, MIC, 
EBB (emissions from biomass 
burning), and others
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The near constant  SO2 concentrations since 2010 might 
be due to the implementation of new environmental laws 
such as Bharat Stage (BS) II and BS III emission norms in 
2005 and 2010, respectively. The stringent emission norms 
came into force with BS IV in 2017, allowing only 50 ppm 
of sulphur content in diesel and gasoline. With the imple-
mentation of BS VI norms in 2020, only 10 ppm of sulphur 
content in diesel and gasoline is permitted. The reductions 
in emissions of  SO2 from other anthropogenic sources, as 
shown in Fig. S8, also help to contain the  SO2 levels in 
India. The reduction of  SO2 in 2019 and 2020 provides fur-
ther evidence that strict environmental regulation, adapta-
tion of better technology, and shift of energy from coal to 
renewable would help to reduce the air pollution in India. 
Since 2015, renewable energy production has also increased 
substantially (Fig. S13) and this would play a vital role in 
reducing the  SO2 pollution in India. Studies have shown that 
almost 90% of these  SO2 emissions can be cut by installing 
FGD at the inlet of the power plant stack (India Brand Equity 
Foundation [IBEF] 2021). However, the implementation of 
 SOx and  NOx emission control devices (FGD, scrubber, and 
selective catalytic reduction) is still slow compared to the 
electrostatic precipitators for  PM2.5 control in power plants. 
As of September 2019, the FGD implementation in the states 
and private TPSs is about 1% of the proposed FGDs. The 
Central Electricity Authority plans to implement FGD in 
414 TPS units by 2022, which would significantly reduce the 
overall  SO2 emissions from the power sector (The Energy 
and Resources Institute [TERI] 2020).

To examine the contributions of different anthropogenic 
sources of  SO2 in India, an analysis is carried out using the 
EDGAR–4.2 inventory available for the period 1970–2015. 
Here, we use the inventory data from 1980 to 2015. The analy-
sis reveals that coal-based thermal power plants are the primary 
source of  SO2, followed by the manufacturing and construc-
tion industries. Emissions from the total anthropogenic activi-
ties, including both prominent sources, gradually increased, as 
shown in Fig. 4 (middle panel). This is because of the gradual 
increase in electricity demands and industrial production. Ther-
mal power plants alone contributed about 51% of total  SO2 
emissions in India from 1980 to 2015, and it increased to 56% 
in 2000–2015, as shown in Fig. 4 (top panel). Lu et al. (2013) 
also found that thermal power accounted for 51% of total  SO2 
emissions in India in the year 2016. However, the second largest 
contribution is from the construction and manufacturing indus-
try, with about 29% in 1980–2015. Contributions from other 
anthropogenic sources are reduced by about 5% in 2000–2015 
compared to that in 1980–2015. Furthermore, the contribution 
to the  SO2 burden over India from biomass burning is less than 
1%. Our results are in agreement with that of Li et al. (2017b, 
a) and Venkataraman et al. (2006), in which they found thermal 
power plant contribution is much higher than any other sector 
and the contribution from biomass burning is about 1%.

Emissions from other anthropogenic sources are shown 
in Fig. S8. The  SO2 emissions from steel or metal industries 
show a gradual increase, whereas those from railway trans-
port are highly reduced due to its electrification (The Energy 
and Resources Institute [TERI] 2021). Emissions from other 
sectors such as civil aviation, chemical industries, and water-
born navigation also show a gradual rise, consistent with 
the increase in transport and industries in recent decades. 
On the other hand, emission from refineries has decreased 
significantly from 1995 onwards.

Impact of meteorological factors

Figure 5 shows the annual  SO2 along with sulphate, tempera-
ture, specific humidity, precipitation, and topography for the 
period 1980–2020. Seasonal distribution is shown in Figs. S9-
S12. The annual averaged distribution shows very high sul-
phur (8–12 mg/m2) and sulphate density (21–27 mg/m2) in IGP. 
Specific humidity and temperature play key roles in converting 
 SO2 into sulphate (oxidation process). Here, we also observe 
more sulphate density in the regions where  SO2 concentration 
is very high, and with higher temperature and specific humidity. 
Despite higher specific humidity and temperature, relatively 
lower sulphate amounts are observed in the coastal regions 
because of lower  SO2 there. Low temperature and high-altitude 
topography of IGP help to increase  SO2 levels because of the 
lower boundary layer and poor dispersion of pollutants there, 
as shown in Fig. S9. The lower column  SO2 in NEI is also 
due to the wet deposition driven by high precipitation in the 
region. Higher temperatures are favourable for the dispersion 
and mixing of pollutants in the atmosphere (Fig. S10). How-
ever, higher precipitation in monsoon helps further to reduce 
 SO2 columns, as demonstrated in Fig. S11, but sulphate is rela-
tively higher during the period due to the high specific humidity 
and temperature, as this situation enhances sulphate formation. 
In post-monsoon, higher sulphate concentrations are observed 
in the upper IGP than that in the lower IGP, albeit with similar 
temperatures in the region (Fig. S12). This could be due to the 
comparatively higher precipitation in the lower IGP.

Long‑term trends in  SO2

We have estimated the long-term trends in  SO2 over India 
for different periods: 1980–2020, 1990–2020, 2000–2020, 
and 2010–2020, as listed in Table S3. The analysis reveals 
a significant positive trend during 1980–2020 (1.44 mg/m2/
dec), 1990–2020 (1.42 mg/m2/dec), and 2000–2020 (0.96 mg/
m2/dec) in the annually averaged MERRA–2 data. The sea-
sonal trends are also significantly positive, with a higher rate 
in winter followed by post-monsoon in all periods, except in 
2010–2020. The trends during winter are 1.8 mg/m2/dec in 
1980–2020, 1.74 mg/m2/dec in 1990–2020, 1.01 mg/m2/dec in 
2000–2020, and −0.45 mg/m2/dec in 2010–2020. The smallest 
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trends in MERRA–2 are computed in monsoon as the  SO2 
loading in the atmosphere is very small in this season. Similar 
results are also estimated from the CAMS data for the period 
2000–2020, where positive trends are observed in all seasons 
and in the annual averaged data. However, negative trends are 
observed for the period 2010–2020, except in winter. The IGP 
regions show significantly higher trend values of about 2 mg/
m2/dec, as depicted in Fig. 6. Positive trends estimated for PI 
and HR are comparatively smaller than those estimated for 
other regions, as the sources of  SO2 are very limited there.

Socio‑economic impact of  SO2

India has been in the phase of rapid industrialisation and urbani-
sation for the past four decades. The process consumed more 
energy and generated many air pollutants, including  SO2 and 
GHGs. Currently, India is the third largest producer and second 
largest consumer of electricity in the world (India Brand Equity 
Foundation [IBEF] 2021). The county has an installed capac-
ity of 382.15 GW, in which 202.7 GW comes from the coal 
thermal power generation, 31.6 GW from gas and lignite, and 
0.50 GW from the diesel thermal power plants. These constitute 
61.5% of the overall installed capacity, as of March 2021 (Cen-
tral Electricity Authority [CEA] 2021). Energy consumption 
with industrial development has a significant role in a country's 
economic growth. Energy, coal and petroleum consumption, 
and steel and cement production have increased significantly in 
the past four decades and are a part of the development of India. 
We have performed a correlation analysis with these factors 

and obtained a high correlation of  SO2 with energy consump-
tion (0.76), steel production (0.87), sugarcane (0.81), cement 
production (0.98), petroleum (0.80), and coal consumption 
(0.79) (as shown in Fig. 7 Top panel), suggesting major contri-
bution of these sectors to the increase in  SO2 pollution in India. 
However, as expected, the correlation with renewable energy is 
negative (0.5), as it hardly contributes to the pollution. There-
fore, an increase in renewable energy production in the future 
will help to reduce the  SO2 emissions in India.

Our analysis also reveals that the densely populated regions 
in IGP with high  SO2 pollution include the rural areas, as 
shown in Fig. 7 (bottom panel). Li et al. (2017b, a) reported 
that about 33 million people live in regions where  SO2 pollu-
tion is high in India. Although  SO2 emission has been constant 
or decreasing since 2010, it is still higher than that in other 
countries. India’s nationally determined contribution under the 
Paris Agreement for the period 2021–2030 includes achieving 
about 40% cumulative electric power installed capacity from 
non-fossil fuel-based energy resources by 2030 (Ministry of 
New and Renewable Energy (MNRE) 2020). India is well on 
its way to achieve these targets and currently has a cumulative 
installed renewable energy capacity of about 100 GW.

Conclusion and policy implications

We analyse the  SO2 measurements and reanalysis data over 
India for the period 1980–2020. The  SO2 column shows 
relatively higher values in winter and autumn in northern 

Fig. 5  Spatial distribution of 
annual  SO2, sulphate, tem-
perature, specific humidity, 
and precipitation for the period 
1980–2020 form MERRA–2. 
Elevation topography is shown 
using the ASTER data

78645Environmental Science and Pollution Research (2022) 29:78637–78649



1 3

India, particularly in IGP and eastern India. The increase 
in India’s energy demands in the past four decades has 
increased coal consumption, and as a result, more  SO2 is 
added to the atmosphere during the period. The large capac-
ity thermal power plants in the lower IGP and CI lead to high 
 SO2 pollution there. Long-term emission inventories need 
to be constructed for India, particularly for the hotspots for 
future assessments and policy decisions.

Among the seasons, winter shows the peak in  SO2 due 
to lower temperature, shallow boundary layer, and reduced 
wind speed to limit the dispersal of pollutants. A continuous 
increase in  SO2 emissions is observed from 1980 to 2010, but a 
reduction in emissions is noted thereafter, as analysed form the 
MERRA–2 data. This can be due to the strict emission control 
measures with the implementation of Bharat Stage emission 
standards (BS) III in 2010, BSIV in 2017, and BSVI in 2020. 
Replacement of the conventional fuel-based production in the 
power sector, iron and steel industries, refineries, and other fuel 
demanding sectors with renewable energy sources would help 
to reduce the overall  SO2 emissions in India.

Majority of the coal-based thermal power plants in India 
use bituminous or sub-bituminous coal, or lignite, which 

contain 0.7% sulphur by weight. Furthermore, Indian coal 
(Gondwana coal) contains a lot of ash (35–45%) and has 
a low calorific value (Reddy and Venkataraman 2002). 
Therefore, coal-fired power plants should be subjected to 
pollution standards, similar to those in emerging (such 
as China) and developed (e.g., EU, Australia, and USA) 
economies. For example, mandating existing coal-fired 
power plants to install FGD and scrubber systems can 
reduce  SO2 pollution.

Due to rapid industrialisation and urbanisation in the 
past decades, India’s energy demand has been increased 
substantially with coal consumption. Although these help 
economic development of the country, the air pollution also 
increases, which is a grave health concern. The analysis 
shows that the  SO2 emissions in India in the past decade 
are decreasing (2010–2020) and is an encouraging result. 
It is achieved primarily due to the strict control measures, 
adaptation of new technology, and shift towards renew-
able energy sources during the period. Therefore, both eco-
nomic growth and air pollution control can be performed 
hand-in-hand by adopting new technology that helps to 
reduce  SO2 emissions. These control measures can also 

Fig. 6  Annual and seasonal 
trends for  SO2 column mass 
density over Indian regions in 
MERRA–2 from 1980 to 2020. 
The hatched regions represent 
the statistical significance at 
the 95% confidence interval. 
The trends are statistically 
significant for all seaosns and 
for the annual averaged data. 
Therefore, the hatched regions 
are shown only for the annual 
averaged trends
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mitigate climate change, which is an added advantage of 
cutting the  SO2 emissions.

We also need an improved air quality monitoring network 
to understand the spatial and temporal changes of pollutants, 
which would help to make policies relevant to improve air 
quality and to meet targeted reduction in emissions. We have 
not computed the absolute emissions here, and the measure-
ments also have uncertainties. However, the trends computed 
are statistically significant across all Indian regions. There-
fore, our findings have important implications for future 
environmental policies on India’s  SO2 emissions and for 
understanding the impact of  SO2 on regional climate, air 
quality, ecosystem dynamics, and public health. This study 
also provides a baseline for future studies that would criti-
cally examine changes in  SO2 pollution as a result of the 
country’s socio-economic development.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s11356- 022- 21319-2.
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