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Abstract

Air pollution is a primary environmental concern mainly in urban areas. Previous research on air pollution in the Konkan region has primarily
focused on ground-based measurements, often lacking comprehensive spatial coverage and long-term trend analysis. This study uses satellite
data of Sentinel-5P to examine the spatiotemporal trends and hazard zonation of NO: concentrations in the Konkan region of Maharastra
from 2019 to 2023. Various statistical tools such as central tendency and other parameter estimation, along with correspondence analysis
were used to assess the variability. The classification was done using the binary mask having a threshold of 0.9*10%, and logical operation
was employed for hazard zonation. The classification reveals 2,065 sq. km. of the area under the highest hazard level. The analysis also
highlighted that the mean NO: concentration rose from 0.7027 x 10~* mole/m? in 2019 to 0.7680 x 10~* mole/m? in 2023, with consistent
spatial variability. It may be attributed to persistent emission sources like industrial zones and highways. Spatial correspondence analysis
revealed strong associations between consecutive years but a decline over longer periods. However, the overall association value was quite
high over the study period. Persistent pollution is observed in areas like Thane, Mumbai, Navi Mumbai, Washi, Dadar and Colaba, along
with the highest level of hazard. It reflects the consistency of pollution over a certain area and the need for targeted intervention for pollution
control and sustainable environmental development. Overall, this study underscores the significance of satellite-based monitoring for
identifying pollution trends and hotspots. It also offers insights into evidence-based mitigation strategies to improve air quality and protect

public health.
1. Introduction

Air pollution is a critical environmental issue, particularly severe in
urban centers with high population densities as well as in mining and
industrial regions. This severity is primarily attributed to intense
industrial activities, vehicular emissions, energy production, and
unregulated urban expansion, all of which contribute significantly to
the deterioration of air quality (Chan and Yao, 2008; Gond et al.,
2024; Gupta et al., 2024; Mishra et al., 2024; Sahu et al., 2020).
Nitrogen dioxide (NO:), a major pollutant, poses significant risks to
air quality and public health. Prolonged exposure to elevated NO-
levels can contribute to asthma development and increase
susceptibility to respiratory infections, highlighting its serious
environmental and health implications (Bose and Leitmann, 1996;
Haque and Singh, 2017; Maltare and Vahora, 2023; Organization,
2021; Pandey et al., 2021). Studies in India reveal rising levels of
pollutants like sulfur dioxide (SO2), nitrogen oxides (NOy), and
particulate matter (PM2.5), with severe health consequences, mainly
in urban and industrial areas. Researchers emphasize the
requirement for enhanced monitoring and regulatory measures to
safeguard public health (Meo et al., 2022; Sharma et al., 2019;
Suthar et al., 2022).

Developing countries face economic challenges in addressing air
pollution. A study analyzed tropospheric NO: over Tehran using
Sentinel-5P data, revealing a 6% reduction in NO: levels in 2020
compared to 2019, attributed to COVID-19 restrictions. The most
polluted areas were northern, northeastern, and central Tehran, with
Pearson’s correlation coefficients of 0.58 (2019) and 0.61 (2020)
(Sharifi and Felegari, 2022). Another study shows NO, a key
precursor to photochemical smog, has significantly increased in
China due to rapid economic growth. Sentinel-5P TROPOMI data

(2018-2019) reveal seasonal (higher in winter) and spatial (higher
in the East) NO: patterns, with economic activities like industrial
output and vehicle ownership strongly influencing concentrations.
The findings guide region-specific NO: reduction strategies (Zheng
et al., 2019).

In India, limited monitoring stations result in uneven air pollution
data, highlighting the importance of satellite data like Sentinel-5P
TROPOMI. This study analyzes spatial-temporal trends of key
pollutants (2019-2022), showing NO: and SO: hotspots in
megacities and industrial zones, with seasonal variations and notable
lockdown-related reductions. Findings offer insights for hotspot
identification and strategies to mitigate pollution, improve health,
and enhance environmental quality (Mathew et al., 2024). A study
analyzes spatio-temporal variations of tropospheric NO: and total
CO in Punjab and Haryana, highlighting pollution hotspots like
Delhi and Lahore using Sentinel-5P data. Winter pollution peaks
due to crop residue burning and boundary layer effects, while the
COVID-19 lockdown led to significant NO: reductions (up to 59%).
Lockdown stringency moderately correlates with NO: levels,
factoring in meteorological influences (Shabbir et al., 2024).

The COVID-19 lockdown in 2020 improved air quality across India,
with significant reductions in NOz, SO., HCHO, and aerosols
compared to 2019. However, pollutant levels, including NOz, SO,
HCHO, and CO, rose in 2021 due to relaxed restrictions. Pyrogenic
and agricultural sources influenced the air quality, particularly for
HCHO, CO, and CH4 (Behera et al., 2022). During the COVID-19
lockdown, while stratospheric ozone showed repair, lower
atmospheric ozone (0s) levels significantly increased over India,
driven by emissions from sources like stubble burning. This study
estimated Os concentrations over Pune using Sentinel-5P data and
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compared Ordinary Least Squares (OLS) and Random Forest (RF)
regressions, achieving high accuracy (R2: 0.90-0.968). The findings
highlight the role of multiple factors influencing Os levels and the
utility of satellite data for efficient estimation (Reshi et al., 2022).

Previous studies lack detailed spatiotemporal analysis and the study
of the persistency of pollutants over a specific area. This study
employed various statistical tools to investigate the distribution
pattern and its temporal dynamics for the Konkan region.
Parameters such as mean, extremes, and standard deviation for
different years were used to assess the spatiotemporal variability of
NO:2 over the study area. Further, the Global Morans Index was used
to assess the association between the distribution zones over the
years. Hazard zonation was done using the logical operation
between the two class raster maps of different years. Two class maps
were made using the binary mask, which divides the area into
hazardous and non-hazardous. Overall, the study provides detailed
information that can be used as effective pollution control measures
in the Konkan region.

2. Study Area
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Figure 1. Study area map of the Konkan region illustrating
different NO2 distribution classes based on mean value over five
years. Important locations within the region are also shown.

The Konkan division, located along the western coast of India,
stretches across Maharashtra, Goa, and Karnataka (Chore et al.,
2021; Nayak and Hanamgond, 2010). The study area bound from
20.5° N (near Daman in Gujarat) to 15.5° N (near Karwar in
Karnataka), and from 72.5° E (along the Arabian Sea coast) to 74.5°
E (towards the Western Ghats). The region is known for its scenic
landscapes, it includes lush forests, fertile plains, and pristine
beaches (Borkar et al., 2018). The region experiences a tropical
monsoon climate, which influences its rich biodiversity and
agricultural activities, including rice, coconut, and cashew
cultivation. Major urban centres like Mumbai and Goa contribute to
the region's economic significance. Additionally, the Konkan is
vulnerable to environmental challenges, including air pollution,

particularly in industrial and urban areas, making it a critical area
for environmental monitoring and study (Doke, 2017).

The Konkan division of the Maharastra state, comprising Palghar,
Thane, Mumbai Suburban, Mumbai City, Raigad, Ratnagiri, and
Sindhudurg, experiences varying levels of environmental conditions
influenced by urbanization, industrial activities, and its coastal
geography (Figure 1). Palghar faces moderate pollution due to
emissions from industries and vehicles, while Thane is affected by
rapid urbanization and construction dust, leading to increased
pollution. Mumbai Suburban and Mumbai City are heavily impacted
by traffic congestion, industrial outputs, and dense urban
settlements, contributing to significant environmental concerns.
Raigad, with its mix of industrial hubs and semi-rural areas,
experiences moderate pollution levels, while Ratnagiri and
Sindhudurg benefit from their coastal winds, greenery, and limited
industrialization, making them the least polluted parts of the region.
Despite its natural advantages, the northern and central parts of the
Konkan region are increasingly impacted by human activities,
leading to noticeable environmental challenges.

3. Methodology

3.1 Dataset

Remote sensing satellite data, specifically Sentinel data, is crucial for
hazard monitoring, providing high-resolution, real-time information
on environmental changes. It aids in tracking disasters like floods,
wildfires, land surface deformation, pollutants accumulation, and
landslides, enabling timely responses and effective mitigation
strategies (Bhattacharjee and Garg, 2024; Chowdhury and
Dwarakish, 2022; Guptha et al., 2022; Hasan and Ahmed, 2023;
Karanam et al., 2021; Kumar et al., 2022; Maurya et al., 2022;
Mondal and Paul, 2023; Pritipadmaja et al., 2023; Sharifi and
Felegari, 2022; Soudagar et al., 2025; Srivastava et al., 2025; Tang et
al., 2024; Thakur et al., 2025a, 2025b, 2024; Verma and Vijay, 2024;
Yaseen, 2024). Sentinel-5P satellite from the Copernicus program is
efficient in monitoring atmospheric pollutants. It helps in providing
high-resolution (resampled to 1 km*1 km) global measurements of
various atmospheric gases (Bodah et al., 2022; Caseners et al., 2019).
Sentinel5P satellite is part of the European Space Agency's (ESA)
Copernicus Earth observation program and monitors air quality and
atmospheric composition. It uses the Tropospheric Monitoring
Instrument (TROPOMI) to capture detailed air quality data. Its global
coverage and daily observations make it useful for accessing trends
of different pollutants in most parts of the world, which helps get
information on different air pollutants while away from a specific
place. The most important thing related to the Sentinel 5 satellite is
that it helps provide air pollutant information transiently.

3.2 Processing

Hyperspectral remote sensing plays a crucial role in determining
material properties by capturing spectral signatures across a wide
range of wavelengths, enabling precise identification and analysis of
surface and atmospheric components (Ahmed et al., 2024; Cavalli et
al.,, 2011; Fan et al., 2020; Kokaly, 2012). The methodology for
estimating NO: air pollutant concentrations using Sentinel-5P data
involves several key steps. The measurement technique utilized is
known as Differential Optical Absorption Spectroscopy (DOAS),

This contribution has been peer-reviewed.
https://doi.org/10.5194/isprs-archives-XLVI1I-G-2025-1381-2025 | © Author(s) 2025. CC BY 4.0 License. 1382



The International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume XLVIII-G-2025
ISPRS Geospatial Week 2025 “Photogrammetry & Remote Sensing for a Better Tomorrow...”, 6—11 April 2025, Dubai, UAE

which works on the principle of selective absorption of light by
atmospheric trace gases. It exploits the unique absorption features of
gases like NO: and Os in the visible and ultraviolet spectrum. As
sunlight passes through the atmosphere, these gases absorb light at
specific wavelengths, allowing their concentrations to be identified
and quantified by analyzing the differences between the measured and
reference spectra (Anand et al., 2015; Chan et al., 2012; Platt et al.,
2008).

First, Sentinel-5P satellite data is acquired in a slant direction along
the satellite's look angle. The acquired data is then pre-processed to
get improved accuracy and usability. This includes geolocation
correction (adjustments made to ensure that each satellite observation
is accurately mapped to its correct geographic location) and cloud and
quality filtering (the removal of pixels affected by cloud cover, sensor
noise, or other atmospheric interferences, to ensure that only reliable
and clear-sky data are used for analysis) to ensure accuracy. The slant
column densities (SCDs) of NO. are computed by fitting the
absorption spectrum to the measured radiance captured by the satellite
sensor along its line of sight through the atmosphere (Equation 1).
This quantifies the total amount of NO: present along the slanted path
from the Sun to the satellite sensor, encompassing both tropospheric
and stratospheric components.

SCD = [L.n(z) dz ...(Equation 1)

L is the path length, and n(z) is the NO: number density as a function
of altitude z. Further, the slant column density is converted to the
vertical column density (VCD) using the air mass factor (Equation 2).

vep = 32
AMF

...(Equation 2)
Where AMF is the air mass factor, AMF is a dimensionless quantity
that depends on factors such as observation geometry, atmospheric
conditions etc.. This process involves the hyperspectral measurement.
AMF corrects for the viewing geometry and atmospheric scattering
(Dimitropoulou, 2021). The obtained data is spatially averaged over
specific grids to produce detailed maps with reliable information and
reduced noise. Finally, yearly statistical metrics—minimum,
maximum, mean, and standard deviation—were calculated to assess
temporal changes and spatial variability. A distribution map of NO-
concentrations was overlaid on the topographic map to identify high-
concentration zones and pollution hotspots.

To evaluate NO: spatial distribution changes in Mumbai City,
Sindhudurg, and Ratnagiri, NO: concentration maps for 2019-2023
were reclassified using the quantile method, creating equal-area
classes ranging from very low to very high. The Global Moran's |
formula was applied to determine the spatial association between
yearly maps (Lee and Li, 2017; Zhang et al., 2008). Pairwise Global
Correspondence values were computed to assess the similarity
between distribution patterns for consecutive years. Statistical
shifts were analyzed in relation to economic, industrial and
lockdown periods. Distribution maps were then overlaid on a
topographic map to identify spatial patterns in NO: concentration
across the area.

For hazard zonation, a binary classification approach was applied
to raster maps for each year from 2019 to 2023. A threshold
concentration of 0.9 x 10~ mol/m? was used to classify each pixel,
where values below the threshold were assigned 0 (non-hazardous)

and values at or above the threshold were assigned 1 (hazardous).
Subsequently, the classified raster maps for all years were
combined using the raster calculator. The resulting composite map
had pixel values ranging from 0 to 5, where 0 indicates no hazard
over the five-year period, and 5 represents the most critical zones,
consistently hazardous across all years.

4, Results and Discussions

4.1. General statistical analysis

Table 1. Spatial statistics of measured NO: of the Konkan region
for different years. Values are in *10** mole/sg.m.

Year Minimum | Maximum | Mean Standard
deviation
2019 0.5388 1.6406 0.7027 0.1643
2020 0.5002 1.4266 0.6516 0.1377
2021 0.5619 1.6372 0.7217 0.1535
2022 0.5449 1.6577 0.7124 0.1633
2023 0.5964 1.7363 0.7680 0.1636

Table 1 summarizes the spatial statistics of NO2 concentrations in
the Konkan region from 2019 to 2023 (Figure 2). Figure 3
represents the NO2 column density distribution over the region. It
reveals trends in air pollution over time. The mean NO:
concentration increased over the years, from 0.7027 x 10~ mole/m?
in 2019 to 0.7680 x 10~* mole/m? in 2023, while the maximum
concentration rose from 1.6406 x 10 mole/m? to 1.7363 x 10™*
mole/m2. These changes indicate a regional trend of worsening air
quality. It is particularly in hotspots with the highest pollution
levels, such as Mumbai, Thane and its suburban area. Despite the
rising concentrations, the standard deviation shows consistency
over time. It suggests that the spatial distribution of NO: emissions
did not change drastically over the area. However, the standard
deviation in 2022 has decreased drastically with decrement of other
parameters reflecting the impact of the COVID-19 lockdown.
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Figure 2. Various statistical parameters over the year.

The observed trends could be attributed to several factors. Increased
urbanization and industrial activity in the Konkan region, including
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growth in transportation networks and energy demands, likely
contributed to higher NO: emissions. Seasonal meteorological
conditions, such as reduced wind speeds or temperature inversions,
may have exacerbated the concentration of pollutants in some years.
Furthermore, any lapses in emission control measures or delays in
adopting cleaner technologies could have intensified the issue.
Conversely, the consistent standard deviation points to persistent
emission sources, such as industrial zones or highways, maintaining
similar spatial variability across the years.
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Figure 3. Year-wise NO2 column density distribution over the
Konkan region.
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4.2. Correspondence analysis

Table 2. Global measure of spatial association between the
reclassified maps of NO2 distribution over the Konkan region.

Year 2019 2020 2021 2022
2020 0.7974

2021 0.7634 0.7549

2022 0.7153 0.7150 0.7349

2023 0.6470 0.6407 0.6485 0.7266

Table 2 presents the Global Correspondence values between
reclassified maps of NO: distribution over the Konkan region from
2019 to 2023 calculated based on Global Moran's | (Figure 4). The
quantile method ensured equal area under each class, as shown in
Figure 5. The values indicate the degree of similarity in NO: spatial
patterns between the corresponding years, with higher values
reflecting stronger associations. For example, the spatial
association between 2019 and 2020 is 0.7974, indicating highly
similar NO: distribution patterns, while the association between
2019 and 2023 is lower at 0.6470, suggesting noticeable spatial
changes over the years. Generally, closer consecutive years show
higher associations (e.g., 0.7266 between 2022 and 2023), while
associations decrease over longer time intervals, highlighting
evolving spatial patterns in NO: distribution.
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Figure 4. Continuous plot of global measure of spatial association
showing declination over increasing time gap.

The observed trends can be attributed to several factors. The high
association between consecutive years may result from consistent
emission sources, such as industrial zones or urban areas, which
tend to maintain similar spatial patterns over short periods.
However, the decline in association over longer periods could stem
from urban expansion, infrastructure development, or changes in
emission regulations altering the spatial distribution of NO..
Additionally, meteorological variations, such as wind patterns and
seasonal rainfall, could influence pollutant dispersion, contributing
to these observed changes. These factors indicate a dynamic
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interplay between anthropogenic activities and environmental
conditions in shaping NO: distribution over time.
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Figure 5. Relative spatial distribution of year-wise NOz over the
Konkan region during the study period.

4.3. Hazard Zonation

Table 4. Area Distribution by Hazard Levels Based on NO:
Concentration (2019-2023).
Hazard Level Area (sg.km.)
26706

809
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2065
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The composite hazard zonation map provides a spatial
representation of NO: concentration hotspots and their persistence
over time (Table 4). Figure 6 shows the distribution of the study
area in different hazard zones. The level of hazard indicates the year
of consistency of the NO2 over the area. The maximum persistency
of NO2 was observed in areas like Thane, Mumbai, Navi Mumbai,
Washi, Dadar and Kolaba, which have level 5 hazards. It may be
attributed to continuous vehicular emissions, industrial activity,
port operations, and meteorological effects. These factors create a
sustained high pollution level, classifying these regions as level 5
hazard zones in the composite hazard zonation map. Effective
pollution control measures, such as strict emission norms, green
infrastructure, and improved urban planning, are necessary to

mitigate long-term exposure to NO».
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Figure 6. Hazard Zonation Map based on the consistency of NO:
concentration during the study period.

5. Conclusion

The analysis of NO: concentrations over the Konkan region from
2019 to 2023 reveals a consistent and measurable increase in air
pollution, with both mean and maximum concentration values
rising over the years. Specifically, the mean NO: concentration
increased from 0.7027 x 10~* mole/m? in 2019 to 0.7680 x 10
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mole/m? in 2023, while the maximum value rose from 1.6406 x 10~*
to 1.7363 x 10 mole/m?. Despite these increases, the standard
deviation remained relatively stable, indicating that the spatial
distribution of NO: emissions across the region did not fluctuate
drastically, suggesting persistent emission sources such as
industrial zones and transportation corridors. Spatial analysis using
Global Moran’s I further underscores the evolving distribution of
NO:.. The degree of spatial association between consecutive years—
such as 0.7974 (2019-2020) and 0.7266 (2022-2023)—is higher,
whereas longer gaps show a decline, as seen in the reduced
association between 2019 and 2023 (0.6470). This trend reflects
gradual spatial shifts, likely driven by ongoing urban expansion,
infrastructure development, and modifications in emission
regulations or land-use practices. Seasonal meteorological
influences, such as wind dispersion and rainfall, may also
contribute to these evolving patterns.

The composite hazard zonation map highlights the persistence of
NO: pollution hotspots, particularly in high-risk urban and
industrial clusters such as Mumbai, Navi Mumbai, Thane, Washi,
Dadar, and Kolaba. Areas falling under level 5 hazard zones
covering approximately 2065 sq. km—represent locations with
sustained high concentrations throughout the study period.
Additional zones, including levels 3 and 4, cover another 1055 sq.
km combined, further demonstrating the spatial extent of air quality
concerns. These findings emphasize the urgent need for region-
specific and multi-layered mitigation strategies. Implementing
stricter emission standards, investing in sustainable urban
development, transitioning to cleaner fuels and transportation
technologies, and improving environmental monitoring systems are
critical to managing the growing air quality challenges in the
Konkan region. Long-term planning should also integrate climate-
sensitive urban policies to mitigate the effects of meteorological
variability on pollutant dispersion.
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