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Abstract

Introduction: The current study investigated temporal variations in six air pollutants: PM, ,, PM,
, SO,, NO,, O,, CO in the cities of Ahvaz, Bandar Abbas, and Bushehr during 2018-2022, with
a focus on the pre- and during-COVID-19 periods.

Methods: SO,, NO,, CO, and O, data were obtained from the TROPOMI sensor onboard
Sentinel-5P (7 x 7 km resolution) using Google Earth Engine (GEE). PM, ;and PM, S concentrations
were estimated from Aerosol Optical Depth (AOD) data derived from MODIS MCD19A2 (1 km
resolution) using a regression model calibrated with ground-based monitoring data. Records
with>30% cloud cover or missing values were excluded, and monthly and annual means were
calculated. Satellite observations were bias-corrected via linear regression against ground-based
data and downscaled using bilinear interpolation. Inter-city comparisons were conducted using
independent t-tests, while pre- vs. during-pandemic differences were assessed using paired
t-tests.

Results: Ahvaz recorded the highest mean concentrations of PM, ,, PM, , SO,, and CO. In most
cases, pollutant concentrations were higher before the COVID-19 pandemic, particularly for
PM,. and PM, in Ahvaz and Bushehr (P<0.05). Correlations between satellite-derived and
ground-based measurements of PM, ; and PM, ; were strong and statistically significant in Ahvaz
and Bushehr, but weak or non-significant for SO,, NO,, and O,.

Conclusion: The integration of satellite observations with ground-based monitoring systems
provides a reliable and cost-efficient approach to air quality assessment. Reductions in certain
pollutants, especially particulate matter, were associated with decreased industrial activity and
transportation during the pandemic.
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Introduction

The COVID-19 pandemic, with its unprecedented
global reduction in human activities such as industrial
production, transportation, and social gatherings,
provided a rare opportunity to study the direct impact of
anthropogenic activity on urban air quality."” This “natural
experiment” allows for a clearer understanding of how
human-induced emissions influence the concentrations
of key pollutants, including particulate matter (PM,_,
PM ), sulfur dioxide (SO,), nitrogen dioxide (NO,),
carbon monoxide (CO), and ozone (O,). Monitoring and
assessing air quality in such fields requires strong, high-
resolution data.** Although ground-based monitoring

stations provide accurate, site-specific measurements
of pollutant concentrations, they are often limited in
spatial coverage, particularly in large urban or industrial
areas. To overcome this problem, satellite remote sensing
has emerged as a complementary approach, offering
consistent, broad-scale observations of atmospheric
pollutants. Sentinel-5P, launched by the European
Space Agency, is particularly valuable as it delivers daily
high-resolution data for multiple pollutants across wide
geographic regions. The integration of satellite-derived
observations with in situ measurements from ground
stations allows for more comprehensive monitoring,
validation of data, and improved understanding of spatial
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and temporal pollutant patterns. Previous studies have
demonstrated that combining these two data sources
can enhance the accuracy of air quality assessments and
help identify pollution hotspots, trends, and anomalies,
especially during periods of atypical human activity such as
pandemic lockdowns. For instance, in 2022 Shikwambana
etalanalyzed changesin SO,and NO, levelsin South Africa
from December 2018 to September 2019, illustrating that
wind patterns influenced pollutant dispersion—reducing
levels in summer and increasing them in winter.® Also, in
2019 Schneising et al developed an operational algorithm
to simultaneously retrieve carbon monoxide (CO) and
methane (CHj4) from Sentinel-5 TROPOMI data using
the WFM-DOAS method. Their results showed random
errors of 5.7% (CO) and 0.8% (CH,), and systematic errors
0f1.2% and 0.2%, respectively. The satellite data accurately
captured natural variations, with correlation coefficients
ranging from R=0.91 to 0.97 based on daily averages.®
Pham et al (2024) examined the impact of the COVID-19
pandemic on air quality in Ho Chi Minh City, Vietnam,
using Sentinel-5P and MODIS satellite data. The results
indicated a significant decrease in the concentrations
of pollutants such as NO,, SO,, and PM,, during the
lockdown compared to the same period in previous
years.” Singh et al (2025) identified air pollution hotspots
at the micro level and analyzed changes in air quality in
the National Capital Region of India using Sentinel-5P
satellite data. The results showed significant variations
in pollutant concentrations during the COVID-19
pandemic.® Amiri et al investigated air pollution changes
in Ahvaz, Iran, using Sentinel-5P satellite data and the
Google Earth Engine platform. The findings indicated
a notable reduction in the concentrations of pollutants
such as CO, NO,, SO,, and HCHO during the COVID-19
pandemic.’

Despite these advancements, significant gaps remain
in the literature. In Iran, few studies have systematically
combined satellite and ground-based data to evaluate
air quality changes across multiple coastal cities. Most
existing research focuses on single pollutants, limited
temporal spans, or individual cities, leaving a critical
need for integrated, multi-parameter, spatially explicit
analyses. Furthermore, limited attention has been given
to understanding the differential impact of reduced
anthropogenic activity on various pollutants and across
diverse urban and coastal contexts. Identifying these
patterns is essential not only for scientific understanding
but also for informing environmental management,
urban planning, and public health policies. The present
study dealt with these gaps by investigating the changes
in concentrations of PM,,, PM,, SO,, NO,, CO, and O,
in Ahvaz, Bushehr, and Bandar Abbas before and during
the COVID-19 pandemic. This research specifically
aimed to (1) analyze spatial and temporal variations in
pollutant concentrations, (2) validate satellite-derived
measurements against ground-based observations,
and (3) identify cities and regions most affected by air
pollution.

Air quality before and during COVID-19 in Iranian cities

By focusing on multiple pollutants and integrating high-
resolution satellite data with ground-based measurements,
the study provided a comprehensive assessment of urban
air quality in the context of significant reductionsin human
activity. Moreover, the research highlights the utility of
Sentinel-5P imagery in monitoring air quality across
heterogeneous urban environments and emphasizes
the indispensable role of ground-based stations in data
validation and local-scale analysis. Ultimately, this study
contributed to a more coherent understanding of the
relationship between human activities and air pollution,
addressed a clear research gap in the Iranian coastal
context, and offers practical insights for evidence-based
interventions to mitigate pollution and improve public
health. By elucidating how reductions in anthropogenic
emissions during the COVID-19 pandemic affected
multiple air quality parameters, this research reinforced
the importance of integrated monitoring strategies and
data-driven policies for sustainable urban environmental
management.

Materials and Methods

Study area

In this study, satellite data were obtained from the
Sentinel-5P TROPOMI (Tropospheric Monitoring
Instrument) via the Google Earth Engine (GEE) platform,
including daily Level-3 datasets for six air pollutants
(PM,,, PM,, SO, NO,, CO, and O,) with a native
spatial resolution of approximately 7x7 km at nadir.
Ground-based measurements from fixed monitoring
stations in Ahvaz, Bushehr, and Bandar Abbas were used
for validation. Daily satellite data from January 2018
to December 2022 were processed and aggregated to
monthly and annual averages for comparative analyses.
The “before COVID-19” period was defined as January
2018 to February 2020, and the “during COVID-19”
period as March 2020 to December 2022. All the satellite
data were pre-processed in GEE, including cloud masking
and spatial subsetting to the study area. Pollutant values
were extracted over each city’s boundaries, matched with
the corresponding ground station observations, and
prepared for statistical analysis. The map of the study area
has been presented in Figure 1.

Data Analysis

In this study, satellite data were obtained from the
Sentinel-5P TROPOMI (Tropospheric Monitoring
Instrument) via the Google Earth Engine (GEE) platform.
The products used included daily Level-3 datasets for
SO,, NO,, CO, and O; (total column density in mol/m?)
with a native spatial resolution of approximately 7 x 7 km
at nadir. Since PM, _ and PM  are not directly measured
by Sentinel-5P, Aerosol Optical Depth (AOD) data were
retrieved from the MODIS product (MCD19A2) at 1 km
resolution and converted to PM concentrations using a
multiple linear regression model calibrated with ground-
based measurements from monitoring stations in Ahvaz,
Bushehr, and Bandar Abbas.
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Figure 1. Location of the stations studied: Ahvaz, Bushehr and Bandar Abbas

The satellite datasets had a daily temporal resolution
covering the period from January 2018 to December
2022. For statistical analyses, daily values were aggregated
to monthly and annual means. The “before COVID-19”
period was defined as January 2018 to February 2020,
and the “during COVID-19” period as March 2020 to
December 2022. Data pre-processing in GEE included
cloud masking (removing pixels with more than 30%
cloud cover), spatial subsetting to the boundaries of
each city, and temporal aggregation. Missing data were
handled by excluding days without valid measurements,
and monthly averages were computed only from valid
days.

To reduce systematic bias, satellite-derived pollutant
values were bias-adjusted using linear regression against
co-located ground station measurements for each city.
This correction was applied prior to further analyses. For
spatial downscaling, bilinear interpolation was applied to
match the satellite resolution to the exact location of each
monitoring station.

Comparisons among cities were conducted in a pairwise
manner. For each pollutant, an independent t-test was
used to compare the means between two cities at a time.
In other words, in each analysis, only the data from
two selected cities were included and compared. This
approach allowed us to examine the differences between
each city pair; however, it does not account for the
simultaneous comparison of all three groups. Therefore,
for future research, the use of statistical methods such as
ANOVA or Kruskal-Wallis is recommended for multi-
group analysis.

Results and Discussion

To investigate the objectives of the study, the mentioned
tests were separated into two main parts and were
conducted to compare the average concentrations of the
studied pollutants before and after the COVID-19 period
and also to compare the average of the particles in the
studied cities in pairs. For each of the tests, parametric
conditions such as the assumption of normality were
examined and depending on the result, the relevant
parametric or non-parametric test was used. First, a

description of the pollutant concentrations in the form of
the average (standard deviation) is reported in Table 1.

Accordingto Table 2, the highest average concentrations
of PM, ., PM, , and SO, were recorded in Ahvaz, followed
by Bushehr, and then Bandar Abbas. The standard
deviation values, shown in parentheses in the table,
indicate considerable variability in some pollutants—
particularly PM,, and PM;,—suggesting fluctuations
in their concentrations over time. The highest average
concentration of carbon monoxide (CO) was also
observed in Ahvaz, followed by Bandar Abbas, while
the average CO concentration in Bushehr was reported
as zero. In contrast, the highest average concentration of
ozone (O,) was found in Bandar Abbas. Nitrogen dioxide
(NO,) levels were reported as zero across all three cities:
Ahvaz, Bushehr, and Bandar Abbas.To assess whether the
differences in average pollutant concentrations between
cities were statistically significant, an independent t-test
was conducted.

To compare the mean concentrations of pollutants
among the studied cities, pairwise comparisons were
conducted, meaning that in each analysis, data from only
two cities were selected and compared. For this purpose,
independent t-tests were applied to evaluate the differences
in means for each city pair. This approach allows for the
identification of significant differences between each pair
of cities, although it does not account for simultaneous
comparison of all three groups. Therefore, for future
studies, the use of statistical methods such as ANOVA
is recommended for multi-group analysis. The results
of this analysis have been presented in Table 2. The null
hypothesis for each test was that there is no difference in
the average concentration of the pollutant in the two cities
being compared.

Table 3 presents the mean differences, t-test values,
and P-values for all pollutants across the three studied
cities. As shown, all tests yielded statistically significant
results (P-value <0.05). For several indicators, including
PM, . and PM,, a significant difference in the average
concentrations between the compared cities was
observed. In the next step of the analysis, the average
particle concentrations before and after the COVID-19
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Table 1. Mean (standard deviation) of the studied particles in the cities of Ahvaz, Bushehr, and Bandar Abbas during 2018-2022

Air quality before and during COVID-19 in Iranian cities

Particle/City (pg/m?®) Ahvaz Bushehr Bandar Abbas
PM, 44.61(35.21) 15.39 (19.70) 12.95 (19.10)
PM,, 124.42 (80.37) 52.34 (18.73) 33.92 (60.31)
SO, 0.02 (0.03) 0.00 (0.00) 0.00 (0.01)
NO, 0.00 (0.02) 0.00 (0.00) 0.00 (0.02)
O, 0.00 (0.00) 0.00 (0.00) 0.02 (0.02)
cO 2.02 (2.27) 0.00 (0.00) 1.72 (2.09)

Table 2. Pairwise comparison of the mean levels of the studied particles in the cities

Particel Statistical index Ahvaz-Busheher Ahvaz-Bandar Abbas Bushehr-Bandar Abbas
Average difference 22.29 31.66 2.44

PM:s t-test (P-value) 29.38 (<0.001) 32.06 (<0.001) 3.50 (<0.001)
Average difference 70.09 90.50 20.41

Pio t-test(P-value) 26.15 (<0.001) 36.53 (<0.001) 8.73 (<0.001)
Average difference 0.02 0.02 -0.005

*0: t-test(P-value) 31.15 (<0.001) 22.03 (<0.001) -15.40 (<0.001)
Average difference 0.008 0.004 -0.0005

NO: t-test(P-value) 19.34 (<0.001) 5.52 (<0.00T1) -8.87 (<0.001)
Average difference 0.007 -0.02 -0.02

©s t-test(P-value) 27.44 (<0.001) -26.02 (<0.001) -37.89 (<0.001)
Average difference 2.01 0.29 -1.72

o t-test(P-value) 35.93 (<0.001) 3.86 (<0.001) -33.46 (<0.001)

Table 3. Comparison of mean particle sizes before and during the COVID-19 pandemic, by cities studied

Pollutant Study city (t-value) Average difference Paired t-test (P-value)

Ahvaz 0.10 (0.062) -12.47 -6.25 (<0.001)
PM, Bushehr 0.13(0.11) -8.31 -8.95 (<0.001)

Bandar Abbas 0.12(0.025) 5.19 4.29(<0.001)

Ahvaz 0.06(0.246) -6.23 -1.88(0.061)
PM,, Bushehr 0.09(0.076) -47 .43 -20.16(<0.001)

Bandar Abbas -0.13(0.014) 20.56 5.18(<0.001)

Ahvaz 010(0.063) 0.005 -4.52(<0.001)
SO, Bushehr - - -

Bandar Abbas - 0.002 7.20(<0.001)

Ahvaz - -0.004 -4.93(<0.001)
NO, Bushehr - - -

Bandar Abbas 0.007(0.896) 0.006 0.06(0.002)

Ahvaz - -0.001 -6.40(<0.001)
O, Bushehr - - -

Bandar Abbas 0.05(0.307) 0.02 11.40-6.40(<0.001)

Ahvaz 0.35(<0.001) -1.22 -9.37-6.40(<0.001)
CcO Bushehr - - -

Bandar Abbas 0.25(<0.001) 0.68 8.73-6.40(<0.001)

period were compared across the studied cities. These
results are presented in Table 3. The null hypothesis for
this comparison states that there is no difference in the
average concentration of each pollutant before and after
the COVID-19 outbreak.

The correlation values presented in Table 4 are generally
low. However, a stronger correlation was observed for CO

concentrations before and during the COVID-19 period
in Ahvaz and Bandar Abbas. In most cases, the mean
difference in particle concentrations during the pandemic
was negative, indicating that pollutant levels were higher
before the outbreak. This decrease may be attributed
to restrictions imposed on industrial activities and
transportation, which led to reduced emissions during
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Table 4. Correlation (significance) and regression coefficient (significance) between station-measured and satellite-measured particle values; in the regression
relationship, the independent and dependent variables are the station- and satellite-measured values of each particle, respectively.

Correlation (P-value)

Regression coefficient (Sig.)

Particel

Ahvaz Bushehr Bandar Abbas Ahvaz Bushehr Bandar Abbas
PM, 0.02 (0.975) 70.73 (<0.001) 7.63 (<0.001) 0.001 (0.487) 0.32 (<0.001) 4.29 (<0.001)
PM,, 5.05(0.013) 36.19 (<0.001) 32.90 (<0.001) 0.06 (0.007) 0.40 (<0.001) 0.37 (<0.001)
So, -0.92 (0.212) -0.006 (0.652) 1.40 (0.274) -0.03 (0.106) -0.01(0.326) 0.03 (0.137)
No, NA NA 0.258 (.968) NA NA 0.001 (0.484)
O, 0.02 (0.168) NA 0.02 (0.185) 0.03 (0.084) NA 0.03 (0.093)
Co -1.89 (0.525) NA 31.82 (<0.001) -0.02 (0.262) NA 0.16 (<0.001)

* Cells marked NA were not output due to lack of data.

the pandemic. However, there were exceptions: in Bandar
Abbas, theaverage concentration ofall pollutantsincreased
during the pandemic, and in Ahvaz, SO, levels were also
higher during this period. These anomalies may be due to
meteorological conditions or alternative emission sources
that influenced pollutant concentrations. Except for PM, |
in Ahvaz, a statistically significant difference was observed
in the mean concentrations of all studied pollutants before
and during the COVID-19 pandemic (P<0.05). The
reductions in industrial operations, agricultural activities,
public transport, and urban mobility likely contributed
to the overall decline in air pollution levels during the
pandemic. However, factors such as local atmospheric
conditions, human behavior, and geographical variability
can also influence air pollution patterns, explaining the
irregular trends observed in Bandar Abbas. To further
investigate the relationship between satellite-based and
ground station measurements, linear regression analysis
was performed in addition to correlation tests. The results
of these analyses have been presented in Table 4.

According to Table 4, after verifying the assumptions
for each statistical method, the correlation and regression
coefficients were found to be statistically significant
for most pollutants. For PM,,, both the correlation
and regression coefficients were significant in Ahvaz
and Bushehr, but not significant in Bandar Abbas
(P-value <0.01). In the case of PM, , significant correlation
and regression values were observed in all three cities—
Ahvaz, Bandar Abbas, and Bushehr (P-value<0.05).
However, for SO, NO,, and O,, neither correlation nor
regression coefficients were statistically significant in any
of the three cities (P-value >0.05), indicating weak or no
linear relationship between satellite-derived and ground-
based measurements for these pollutants. For CO, a high
and statistically significant correlation and regression
coefficient was observed only in Ahvaz (P-value<0.01),
suggesting a strong agreement between satellite and
station data in this location.

The results of this study demonstrate clear spatial and
temporal differences in air pollutant concentrations
across the three coastal cities of Ahvaz, Bushehr, and
Bandar Abbas during the period 2018-2022. Statistical
analyses revealed that, with the exception of PM,  in
Ahvaz, the mean concentrations of most pollutants were
significantly different before and during the COVID-19

pandemic (P <0.05). Specifically, substantial reductions in
PM,, and PM,  were seen in Ahvaz and Bushehr, whereas
Bandar Abbas exhibited an opposite trend with increased
levels of these pollutants during the pandemic period.
The significant correlation between satellite-derived and
ground-based measurements for PM, , and PM, , in most
cities indicates that Sentinel-5P TROPOMI data can
reliably capture particulate matter variations at the urban
scale. However, the weak or non-significant correlations
for SO,, NO,, and O, suggest that satellite retrievals for
gaseous pollutants may be affected by local meteorological
conditions, atmospheric mixing, or the relatively low
background concentrations observed in these cities.
In Ahvaz, the consistently higher concentrations of
PM, . and PM  can be attributed to the city’s industrial
activities, petrochemical facilities, and frequent dust
storms originating from surrounding arid regions.
Bushehr, while also influenced by industrial emissions,
benefits from stronger coastal winds that may disperse
particulate pollutants more effectively. In contrast, the
increase in particulate matter in Bandar Abbas during the
pandemic could be linked to local construction activities,
port operations, and meteorological patterns that trap
pollutants within the urban boundary layer.'®!" Overall,
these findings confirm that integrating satellite-based
remote sensing with ground-based monitoring networks
offers a cost-effective and spatially comprehensive
approach for air quality assessment. This methodology
is particularly valuable for identifying pollution hotspots
in coastal regions where industrial, transportation, and
natural dust sources interact. However, limitations such
as the inability of satellite sensors to fully capture short-
term variability, and potential underestimation of gaseous
pollutants in low-concentration environments, should be
considered when applying such data for policymaking
and environmental management.

These findings align with those of Broomandi et al, who
reported a reduction in aerosol concentrations during the
COVID-19 outbreak in China, consistent with the results
of the present study. Similarly, the highest average PM
concentration was observed in Ahvaz, and the lowest in
Bandar Abbas (Table 2)."? This trend also corresponds to
the findings of Tobias et al, who documented a reduction
in aerosol concentrations—especially 10-um suspended
particles—during the pandemic in Spain. The highest
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average concentration of SO, from 2018 to 2022 was
recorded in Ahvaz; however, in most records, the average
value was zero (Table 2).”* The studies by Hedelt et al
and Theys et al”® also found that SO, concentrations
remained unchanged or even increased during the
pandemic. This could be attributed to the lack of strict
restrictions in some regions or the presence of alternative
sources of SO, emissions. As shown in Table 2, the average
concentration of NO, was consistently zero across all
cities. However, research by Ogen et al'%, Shikwambana
et al’, and Koukouli et al reported a decline in NO,
concentrations during the pandemic in 2021 compared
to pre-pandemic levels. The average concentration of O,
was also reported to be nearly zero in all cities from 2018
to 2022. Although pairwise comparisons between cities
showed statistically significant differences, the differences
in mean values were negligible, as seen in Table 3. This
finding is consistent with studies by Zhao et al in 2021
and Quesada-Ruiz et al in 2020%, who observed reduced
O, levels during the COVID-19 period. In the case of CO,
the average concentration in Bushehr was reported as
zero, while similar levels were found in Ahvaz and Bandar
Abbas. In Ahvaz, CO concentrations were higher before
the COVID-19 outbreak, whereas in Bandar Abbas, they
were higher during the pandemic. This difference was
also statistically significant (P-value <0.05). These results
align with the findings of Schneising et al in 2019° and
Bodah et al in 2022, who reported a reduction in CO
concentrations during the pandemic.

Conclusion

The findings of this study revealed that during the 2018-
2022 period, the highest concentrations of pollutants,
particularly PM,, and PM,, were observed in Ahvaz.
In most cases, pollutant levels were higher before the
COVID-19 pandemic than during it, likely due to the
reduction in industrial activities and transportation
during lockdown restrictions. Correlation analysis
showed strong agreement between satellite-derived and
ground-based measurements for PM,, and PM, in some
cities, indicating that satellite observations can serve
as a valuable complement to ground monitoring. The
combined use of remote sensing and ground station data
provides a cost-effective and efficient approach for long-
term air quality monitoring and detecting spatiotemporal
changes in pollutants. Future studies are recommended
to incorporate more advanced modeling techniques and
multi-source datasets to improve the accuracy of pollutant
estimates and support air pollution mitigation strategies.
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