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Obijective: This study aims to analyze greenhouse gas variations across Iran and to
identify the gases that exert the greatest influence on their overall dynamics. The findings
enhance understanding of atmospheric pollution patterns and support the development of
effective mitigation strategies. These results provide a scientific basis for climate-change
mitigation planning in Iran. The study relies on satellite-based remote sensing datasets.
Methods: This study analyzes the temporal and spatial variations of major greenhouse
gases including carbon monoxide, nitrogen dioxide, ozone, water vapor, and methane
across Iran from 2019 to 2024. Sentinel-5P satellite data were extracted via the Google
Earth Engine platform, and after filtering and removing low-quality observations, the data
were standardized using the Z-Score method to enhance comparability and correlation
analysis. Principal Component Analysis (PCA) was applied to reduce data dimensionality
and identify dominant variation patterns. Temporal and spatial trends were then
quantified using complementary statistical techniques.

Results:

Methane exhibited a consistent increasing trend from late 2021 through 2024 and
accounted for the largest share of total variance (R? = 0.87), likely reflecting intensified
anthropogenic activities and regional climatic shifts. CO, NO2, and Os were mainly
affected by seasonal fluctuations and nonlinear factors, and no clear long-term increasing
or decreasing trends were observed. Water vapor showed a direct relationship with
temperature variations, water sources, and atmospheric patterns, with its lowest
concentrations recorded during the cold months and increases observed in the warm
months. PCA analysis indicated that the first two principal components explained more
than 70% of the total data variance, with CHa, Os, and NO: contributing the most to the
overall variations.

Conclusions: The study results indicated that greenhouse gas variations in lIran are
simultaneously influenced by natural factors and human activities. The combination of
satellite data, statistical analysis, and PCA enabled a precise assessment of the temporal
and spatial trends of greenhouse gases, providing valuable information for planning
pollutant reduction and developing strategies to combat climate change.
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EXTENDED ABSTRACT

Introduction

Global warming and climate change resulting from increased greenhouse gas concentrations
have underscored the urgent need for a precise understanding of their spatial distribution across
different atmospheric layers. Lidar systems, recognized as advanced and effective remote
sensing tools, enable accurate monitoring, tracking, and analysis of greenhouse gas emissions
(Sadovnikov et al., 2024). Despite the critical role of greenhouse gases in climate change, the
main sources and sinks of carbon dioxide (CO:), methane (CHa), and nitrous oxide (N20)
remain insufficiently understood. Improved knowledge of these sources is essential for
predicting climate trends and greenhouse gas fluxes in the 21st century (Bréon and Ciais, 2010).
Understanding emission patterns supports the assessment of environmental and public-health
risks and provides a foundation for developing evidence-based mitigation strategies.
Accordingly, this study examines spatial and temporal patterns of greenhouse-gas
concentrations across Iran using satellite-derived datasets and established scientific evidence.

Methods

This study evaluated monthly greenhouse-gas variations across Iran from 2019 to 2024 to
characterize their spatial and temporal patterns. Initially, to estimate greenhouse gases including
carbon monoxide (CO), nitrogen dioxide (NO:z), ozone (Os), and water vapor (H20) in units of
moles per square meter, and methane (CHa) in terms of dry-air volume mixing ratio (unitless
fraction), Level-3 products from the Sentinel-5P satellite were used. These data were corrected
for systematic errors and resampled in Google Earth Engine (GEE) to a spatial resolution of
approximately 1,113.2 meters, with a temporal resolution of roughly every 1-2 days, ensuring
near-daily coverage of each region. To facilitate comparison of the trends in greenhouse gas
parameters, the acquired data were normalized using the Z-Score method. Remote-sensing and
atmospheric datasets were processed in Google Earth Engine (GEE) using satellite-image
analysis algorithms implemented through the JavaScript API. Furthermore, to better examine
the greenhouse gas variables, Principal Component Analysis (PCA) was applied using
XLSTAT software. PCA, as a multivariate statistical technique and a branch of machine
learning, is effective in dimensionality reduction. In this method, the principal components are
linear combinations of the original variables that explain the maximum variance in the data,
thereby preserving the most information. Finally, for enhanced visual interpretation, the
greenhouse gas maps extracted from Sentinel-5P via GEE were prepared and visualized in
ArcGIS software

Results

The results indicated that the highest concentration of carbon monoxide was observed in August
2021. The 2019 values were close to the mean, while an increasing trend was recorded in 2024.
Moreover, the linear trend of CO revealed that its variations were influenced by multiple
nonlinear factors. The highest nitrogen dioxide concentrations occurred in April 2023, with the
coefficient of determination further confirming the impact of several nonlinear drivers on NO2
changes. Similarly, the maximum ozone concentration was detected in August 2024. During
the initial years, the standardized ozone values (Z-Score normalized) were near zero or slightly
negative, reflecting lower deviations from the mean and lower retrieval sensitivity in the early
observations, rather than negative actual ozone concentrations. These values showed an
increasing trend in later years, and the coefficient of determination indicated that ozone
variations were largely influenced by nonlinear factors. The highest concentration of water
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vapor was recorded in January 2020. Water-vapor fluctuations were primarily controlled by
temperature changes and large-scale atmospheric circulation patterns. No clear linear trend was
observed in the study area during the investigated years. A marked increasing trend in methane
concentrations was recorded from late 2021 through the end of 2024, with the maximum value
observed in May 2024. The coefficient of determination (R2 = 0.87) indicated a significant
linear trend in the rise of methane, which can be attributed to anthropogenic activities and
climatic changes. The results of the Principal Component Analysis (PCA) showed that the first
two principal components (PCA: and PCA?) accounted for approximately 71.27% of the total
data variation, with methane, ozone, and nitrogen dioxide contributing the most to the overall
variability

Conclusion

Considering the increasing trend of methane and the monthly and annual variations of other
gases, it can be concluded that Iran—particularly its urban and industrial regions—faces
significant challenges related to air pollution and climate change. The rise in greenhouse gases,
especially methane, is likely to intensify local warming and influence precipitation patterns.
Furthermore, the seasonal fluctuations of CO and NO., in association with stable winter
atmospheric conditions, can deteriorate air quality and pose risks to urban populations. The
results of this study demonstrated that variations in greenhouse gases in the study area are
simultaneously influenced by natural factors and human activities. The integration of satellite
data, statistical analysis, and PCA enabled a precise assessment of the temporal and spatial
trends of greenhouse gases, providing valuable insights for pollution mitigation planning and
the development of strategies to address climate change. Ultimately, the findings of this study
emphasize that greenhouse gas mitigation measures, fuel consumption optimization, water
resource management, and urban planning can play a crucial role in reducing the adverse
impacts of climate change in Iran.
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