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ABSTRACT

Sulfur dioxide (SO2) is one of the most important pollutants in Arak city, and its main source is the
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Shazand thermal power plant (TPP) which is located along with the dominant southwest wind. This

study aims to determine the role of Shazand TPP in the air pollution of Arak. A rational quadratic
function is proposed to develop the relationship between SO2 emitted from Shazand TPP and pollutant

Sentinel-5

Sulfur Dioxide

concentration in Arak city using Sentinel-5 satellite images over three years. Ground stations for air

quality monitoring have also been applied to assess the accuracy of Sentinel-5 satellite observations.

Thermal Power Plant

The proposed equation was fitted to the Sentinel-5 observations with a precision of 0.15 (relative error).

The cross-correlation coefficient between the observations of ground stations for air quality monitoring

Google Earth Engine

and Sentinel-5 images is 77%, indicating the reliability of Sentinel-5 satellite data. Experiments
demonstrate that the SO2 density of Shazand TPP can effectively influence the concentration of such

pollutant up to 62% in our study area.

1. Introduction

Air pollution is increasingly recognized as one of the
world’s most serious problems, contributing significantly to
global climate change and premature death. According to
the World Health Organization (WHO), air pollution is the
world’s leading cause of death, killing about three million
people each year (Lelieveld et al., 2015). In many urban
areas, the most likely causes of pollution are factors such as
population growth, the increase in the number of cars,
industrialization and increased energy demand. Therefore, it
is essential to reliably assess the amount of air quality at
local, regional and global levels with acceptable spatial and
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temporal resolution in order to establish the distribution and
impact of air pollutants and to provide managers with
solutions of various spatial resolutions (Saxena & Nalik,
2018). In general, there are several types of pollutants in the
atmosphere, the significant consequences of which have
become one of the most pressing concerns in the twenty-first
century, affecting air quality, the environment, human
health, and climate. The most significant air pollutants
include sulfur dioxide (SO2), carbon dioxide (COZ2), carbon
monoxide (CO), nitrogen dioxides (NO2), ozone (0O3),
methane (CH4), unstable organic carbon,
chlorofluorocarbons, and suspended particles or aerosols,
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among which, SO2 is considered as one of the most toxic
gases (Saxena & Naik, 2018).

Coal, petroleum, and other fuels are frequently impure,
containing sulfur and various organic chemicals. The sulfur
component of fossil fuels produced by burning is the
primary anthropogenic source of SO2 emissions. Sulfur is
also emitted in small amounts by forest fires, soil, and plants
(Saxena & Naik, 2018). The world’s largest SO2 producer
is coal-fired power plants (Tang et al., 2020; Wang et al.,
2020), which contributes to pollution, acid rain, and lead to
serious health problems such as lung and respiratory
diseases (Greenberg et al., 2016).

Emissions, local synoptic weather conditions,
topography, and atmospheric chemistry are all contributing
factors to air pollution episodes. The relative importance of
these elements is determined by various parameters such as
emissions, regional and global meteorological conditions,
atmospheric chemical processes, geographic region,
adjacent source regions, and timing (Kayes et al., 2019; Li
etal., 2019; Zeng & Zhang, 2017; Zhang, 2019).

Among various methods of monitoring air pollution, the
use of tools and technologies based on remote sensing is
especially important because it can generate continuous data
in space and time. Due to the low density and non-uniform
distribution of ground-based air quality monitoring stations
(AQS) in many cities in Iran, the use of satellite remote
sensing is useful for monitoring concentrations of air
pollutants. In addition, ground-based air pollution
monitoring systems have not yet been set up in many Iranian
power plants. This allows remote sensing data to be applied
to monitor the emissions from power plants.

In remote sensing, information is transmitted by
electromagnetic ~ radiation, and  vertical  profile
measurements as well as information about air pollutants
(Chenetal., 2018; Lin et al., 2015). The use of satellites and
remote sensing to monitor air pollution monitoring provides
a suitable platform for global assessment of current air
quality and future climate change. Because of factors such
as chemical composition, lifetime, and emission sources,
accurate monitoring of pollutants is also critical (Saxena &
Naik, 2018). Sentinel-5 and its sensor, TROPOspheric
Monitoring Instrument (TROPOMI), are highly capable of

recording pollution-related data and imaging and tracking
various gases and contaminants such as O3, formaldehyde
(HCHO), SO2, CH4, CO, aerosols and NO2.

A review of previous studies indicates the success of
applying Sentinel-5 satellite images in monitoring SO2
(Hedelt et al., 2019; Theys et al., 2019; Wang et al., 2020),
CH4 (Lorente et al., 2021; Schneising et al., 2019) CO
(Safarianzengir et al, 2020; Schneising et al., 2019) HCHO
(Sun et al., 2021; Vigouroux et al., 2020; Virghileanu et al.,
2020), O3 (Quesada-Ruiz et al., 2020; Zhao et al., 2021),
aerosols (Broomandi et al., 2020; Li et al., 2020; Tiwari et
al., 2015), NO (Filippini et al., 2020) and NO2 (Filippini et
al., 2020; lalongo et al., 2020; Koukouli et al., 2021; Omrani
et al., 2020; Shikwambana et al., 2020; Virghileanu et al.,
2020). The purpose of this article is to model the relationship
between SO2 emitted in Shazand TPP and SO2
concentrations in Arak using TROPOM I sensor images over
a three-year period. The impact of the Shazand power plant
on the air quality in Arak will also be assessed. A report on
the region’s weather situation is also included.

2. Material and Methods

Primarily, the study area is introduced and the data
applied is described. The mathematical model of the
relationship between SO2 emissions of TPP and pollutant
concentrations in our study area is explained in the next step.

2.1. Study area

In this research, Arak as the capital of Markazi Province
and one of the largest metropolitan areas in Iran is studied.
Arak is surrounded by mountains on three sides: south, west,
and east, with an average altitude of 1750 meters above sea
level. It is 260 kilometers distant from Tehran and close to
Qom and Isfahan. Arak is 110 square kilometers, and the
geographical region of the universal transverse Mercator
(UTM) coordinate system extends from the northeast
(385500 E, 3777700 N) to the southeast (374600 E, 3769900
N) (Figure 1). Maximum temperature can reach 35 C in
summer but can drop below 25 C in the winter. The average
annual rainfall is about 350 mm, and the relative humidity is
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Figure 1. Location of Markazi province and Arak city on the map

46%. In 2016, the population of Arak was estimated to be at
521000, making it the 18™ most populous city in Iran. Arak
has climatic characteristics similar to those of Iran’s central
plateau (cold and wet winters and hot and dry summers). The
climate of this region is unique, influenced by the mountains
surrounding Arak, Meyghan wetland, and the Farahan plain.

Precipitation ranges from 230 to 638 mm depending on
the year. Shazand Thermal Power Plant (TPP), Shazand
Petrochemical and Refinery, Aluminum, and Machinery
manufacturing are Arak’s largest industries. Arak ranks first
in terms of the diversity of industrial products and second in
terms of the presence of basic industries. It is also one of the
four industrial hubs of the country. Due to the presence of
basic industries, it produces 80% of the country’s energy
equipment, the existence of the country’s largest aluminum
producer, the country’s largest machine-building industry,
the country’s largest wagon and locomotive in the Middle
East, the Middle East’s largest combine, the Middle East’s
largest producer of heavy machinery and the country’s
mineral salt firm, Arak is renowned as Iran’s industrial hub,
making it one of the country’s most polluted towns. Not only
it is industrial, but it has a relatively high population density
(and, therefore, heavy traffic), as well as climate variables
that affect its air quality. Claimed to be the main cause of
fuel oil burning at Shazand Power Plant and Refinery, SO2
is arguably one of the most important pollutants in Arak.

2.2. Data

Sentinel-5 is the first satellite of the Copernicus program
and one of the most effective in terms of atmospheric
monitoring. The TROPOMI sensor on Sentinel-5 can record
UV radiation. The number of pollutants included in this
research was monitored using TROPOMI level-3 (L3)

products. Sentinel-5 has several important responsibilities,
including ensuring data collection from previous
(SCIAMACHY, GOME-2, OMI, and Envisat) and future
missions (de Vries et al., 2016). TROPOMI collects daily
data on the Earth’s atmosphere with a spatial resolution of
0.01 arc degrees, which is 13 times better than OMI
(Shikwambana et al., 2020). The eight TROPOMI imaging
bands include UV, near-infrared (NIR), and short-wave
near-infrared (SWNIR) wavelengths (SWIR) (Lorente et al.,
2019). TROPOMI can image and monitor many pollutants
using three types of processing: NRT (near real-time), OFFL
(offline), and reprocessing. Objects for NRT processing
must be available within 3 hours of sensing, whereas
products for OFFL (Offline) and reprocessing must be
available between 12 hours and 5 days after sensing
(Shikwambana et al., 2020). One of the most important
advantages of Sentinel-5 satellite imaging in pollution
monitoring is that it has the ability to collect data at high
altitudes in specific areas. This can be useful in determining
the geographic distribution of pollutants. However, data
collection using Sentinel-5 has limitations such as a small
number of observations during the day and the presence of
clouds in some observations. Monitoring with such images
may not be accurate due to the rapid diffusion of pollutants
in the atmosphere.

SO2 has absorption properties in the infrared band and
the initial characteristic wavelengths are 18.9 pm, 8.8 um
and 7.6 um (Chen et al., 2021). Therefore, TROPOMI can
be used to record SO2 concentrations. In this study,
Sentinel-5 images were used to monitor the concentration of
SO2 emitted from Shazand TPP and the concentration of this
pollutant in Arak. 1925 images have been recalled on GEE
from October 2018 to September 2021. The product used is
the vertical column density of SO2 at the ground level,
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calculated using the technique of differential optical
absorption spectroscopy (DOAS). The unit of measurement
for the concentration of this product is mol/m?2.

Due to data compatibility reasons, the May-August 2019
SO2 density monitoring data was not used because the
relating meteorological data was not available. GEE data is
collected daily by the Copernicus ESA’s Sentinel-5
spacecraft (Ghasempour et al., 2021).

Data from AQS were applied to evaluate the accuracy of

satellite observations. The cross-correlation coefficient
between SO2 concentrations observed by Arak AQS and
TROPOMI sensors will be calculated in 2020.
Iran Meteorological Organization has published some
statistics for the Shazand Synoptic Station (ID: 99441),
which is located at (Lat: 33.9417°, Lon: 49.4083°). These
data include changes in temperature, mean wind speed,
mean prevailing wind speed, and prevailing wind direction
over the study period. This information contributes to
demonstrating the impact of SO2 emissions from Shazand
TPP on air quality in Arak.

2.3. Proposed mathematical model

The steps of the proposed method in this study are shown
in the flowchart of Figure 2. In this paper, we investigated
the relationship between SO2 emissions of TPP and SO2
concentrations in neighboring cities using a rational
quadratic function. This is due to the tremendous flexibility
of the rational function (Sohn et al., 2005). This equation is
suggested as follows:

1)

b_ ¢, +C.p+c,.p’
1+c,.p+c,.p°

P stands for the SO2 concentration in neighboring cities,
while p stands for the SO2 concentration at the TPP. The

Sentinel-5 image
collection in GEE
from Arak city

Monthly average of
SO2 concentration
from Arak city

Sentinel-5 image
collection in GEE
from Shazand TPP

Monthly average of
SO2 concentration
from Shazand TPP

S — i 3

Evaluate the accuracy
of the TROPOMI
observation using AQS

rational equation’s coefficients are expressed by the values
of ¢o to ¢4, which must be computed.
These equations can also be considered based on equation 1:
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There are n observations in total. It can be said that the
linking model is specified by determining the matrix X,
according to Equation (3). By including the SO2 emitted by
the power plant in the proposed model, it is possible to
calculate the projected pollutant concentration in nearby
cities (Equation 4). The accuracy of the model fit based on
Equation 5 is demonstrated by the difference between the
calculated and monitored SO2 values in surrounding cities.
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P’ and p’ are the SO2 concentrations in neighboring cities
and the SO2 emitted in TPP by the suggested model,
respectively, in Equation (4).

Tolerance of change of SO2
concentration in Arak with
SO2 changes determination

Calculate rational
quadratic coefficient

I

Evaluate the accuracy
of the model fitting
(RMSE, MAE.R,RE )

—

Figure 2. Flowchart of the proposed method
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dL is the model error matrix estimated in Equation (5). The - Var(L)Var(L")
smaller the dL, the better the proposed model can establish
the relationship between the SO2 produced in the TPP and RMSE (9)
the SO2 concentration in the surrounding area. RE = —
Model fit and reliability were assessed using statistical z L,
measures of Root Mean Square Error (RMSE), Mean =l
Absolute Error (MAE), Pearson's Correlation Coefficient. n
The relative error (RE) has also been used to evaluate the 3. Results and discussion

accuracy of the model fitting, as well as the model’s : : :
validation and ability to estimate the values of the variable As already mentioned, the study area is Arak city and the

in other spatial locations. (Virghileanu et al., 2020) Shazand TPP. Before explaining the implementation results
(Equation 6-9). of the proposed model, it is desirable to show Figure 3.

# Mdnths with Dominant Wind

& Ay 3A%
16% " 8§

NE\/ 20

Figure 3. Location of Shazand TPP and Arak city along with the Dominant wind
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As shown in Figure3, the monthly predominant wind
blows from the southwest for 68% of the research period.
This means that most of the pollutants emitted from the
Shazand TPP end up in Arak. Considering that there are two
mountain ranges in the region, one in the north and the other
in the south, the wind is forced to pass through Arak. The
level of air pollution is partially determined by weather
conditions. In addition to wind speed and direction, the
temperature has a significant effect on pollutant
concentrations. Figure 4 depicts the changes in wind speed
and temperature in the study area.

ced (kmh )

Average Wind Sp

Monthly Time

(@)

ant Wind Speed (kmh )

age Domina

Monthly Time

(b)

Tem perature (°C )

(©)
Figure 4. Changes in moderate (a) and dominant (b)
wind speed and temperature (c) from Oct 2018 to Aug
2021

The coefficients of the proposed two-rational generic
equation include the effects of wind, temperature, and other
meteorological data.

Figure 5 shows the concentration of SO2 emitted from
Shazand TPP and the concentration of same pollutant in
Arak, as measured by Sentinel-5 satellite Images.
Comparing Figures 5 (a) and 5 (b), we can see the global
pattern of changes in SO2 concentration emitted from the
Shazand TPP and SO2 density in the city of Arak. Figure 6
shows the concentration of SO2 pollutants emitted from the
Shazand thermal power plant and the concentration of SO2
in Arak. The cross-correlation between these observations
is 0.73.

Monthly Time

@

Monthly Tim

(b)
Figure 5. Observed SO2 concentration by TROPOMI in

Shazand TPP and Arak city from Oct 2018 to Aug 2021

The proposed Equation 1 is utilized to construct a
relationship between the SO2 concentration at the Shazand
power plant and the concentration in Arak. The calculated
S02 pollutant concentration values are compared with the
observed values using the TROPOMI to evaluate the
suitability of the proposed equation for the situation. As
explained in the previous section, we evaluated the accuracy
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using statistical metrics such as RMSE, MAE, relative error, ~ Table 1 Differences in SO2 concentrations were monitored
and correlation coefficient. Figure 7 shows a comparison of and calculated using the proposed equation in the Arak city
these findings. Table 1 shows the criteria determined RMSE MAE Relative Correlation
following comparison. Error

Y= 0.2801133 * X +
STD of i
STD of sl

0.54 0.42 0.15 0.98

The proposed equation is properly-suited to the situation, as
shown in Table 1 and Figure 7.

In another experiment, by reducing and adding a certain
amount (half of the standard deviation by the operator) to
the concentration of SO2 emitted values in the Shazand
power plant, the effects on the concentration of this pollutant
have been investigated using the proposed equation in our
study area. Figure 8 depicts these tolerances.

502 Monitored in Arak City

¢ 2 4 6 8 10 1z 14 16 18 20 22 24 26 25 30 32
SO2 Emitted from the Thermal Power Plant

Figure 6. Comparison of SO2 vertical column density from
TROPOMI emitted from Shazand TPP and observed in

802 Vertical Column Density in Arak (mol/m2 )

Arak city.
i Q
#
[\ 9o 3 i : i §
E . ; 8 : Q Monthly Time
f feea? | é' .'5 Q ,-" "-_ Figure 8. Tolerance of SO2 concentration changes in Arak
5 o’ . o ‘n?\g_e@_d' $ S?ﬂ_o_&?.@ with changes in SO2 released in the Shazand TPP based on
’ ° ° proposed equation (Eq. 1)

As shown in Figure 8, monthly fluctuations in SO2

Figure 7. Comparison of computational SO2 concentration  ¢concentrations emitted from Shazand TPP can affect the
by the proposed equation (red line) with observable SO2 concentration of this pollutant in the study area by 8 to 62
concentration by TROPOMI (yellow line) in Arak city percent.

Table 2. shows the pollutant concentrations of SO2 in 2020 based on AQS (index) and TROPOMI (mol/m? x10 4) satellite
measurements.

Month Jan Feb Mar Apr May Jun Jul  Aug Sep Oct Nov Dec

AQS index 82 92 593 395 412 572 348 35 415 725 526 67.8

TROPOMI 1117 6.13 423 315 158 199 176 141 08 319 286 725
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The accuracy of Sentinel-5 observations is often assessed
using ground-based AQS (lalongo et al., 2020; Verhoelst et
al.,, 2021). In addition, the accuracy of Sentinel-5
observations was assessed using the Arak AQS index.
Monthly, we compared 2020 ground station observations
with TROPOMI observations over the same period. Table 2
shows the outcomes of this comparison.

The cross-correlation coefficient between ground and
satellite measurements was determined using the values in
Table 2. The cross-correlation coefficient between Arak
AQS and TROPOMI observations is acceptable at 0.77,
indicating that Sentinel-5 data are reliable.

4. Conclusion

Air pollution is currently regarded as one of the most
pressing challenges in Iran and the world, as it has a
significant influence on climate change and human health.
Toxic pollutants in the atmosphere, such as SO2 harm
human health. The sulfur component of fossil fuels
produced by burning is the primary anthropogenic source of
SO2 emissions. The world's largest producer of SO2 is a
coal-fired power plant, which causes health problems such
as pollution, acid rain, lung and respiratory illnesses. As an
industrial city in Iran, Arak metropolitan area is constantly
exposed to such pollutants, and the Shazand power plant is
one of the largest producers of SO2. Limited studies have
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