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ATMOSPHERIC PRECISION: VALIDATING SENTINEL-5P AND DATA AGAINST
GROUND-BASED MEASUREMENTS IN SRI LANKA

PVU Kalpana!, PGRNI Pussella? and JK Gunatilake®
Abstract

This study demonstrates the accuracy of satellite-based air pollution data from Sentinel-5P (OFFL and
NRTI products) by comparing it with ground-level measurements of NO2 and SO: collected by the
Central Environmental Authority (CEA) of Sri Lanka. This study seeks to determine how reliable and
precise satellite monitoring is compared to traditional ground-based methods, especially in areas where
data is limited. Satellite-derived column densities (mol/m?) were processed using Google Earth Engine
(GEE) and converted to parts per billion (ppb) by considering variations in altitude and atmospheric
pressure. Comparative analyses were performed for the cities of Kandy and Battaramulla, where CEA
monitoring stations are currently in operation. The results were then evaluated against CEA
observations using standard error metrics, including Mean Absolute Error (MAE), Mean Squared Error
(MSE), Root Mean Squared Error (RMSE), and Mean Absolute Percentage Error (MAPE). The results
show a clear seasonal pattern and a significant correlation between satellite and ground-based
measurements for NO2, demonstrating that the satellite effectively captures trends in urban pollution.
On the other hand, the data for SO. demonstrated less consistency, pointing out the challenges that
satellite sensors face in accurately measuring SO: levels close to the ground. Such variability is probably
due to the reactive characteristics of SO: and the localised sources associated with its emissions.
Differences can be explained by factors such as spatial averaging, the integration of the atmospheric
conditions, and variations in measurement methods. The analysis finds that Sentinel-5P data, especially
regarding NO, is important for assessing air quality in developing countries. It suggests combining this
data with ground-based networks to improve monitoring efforts. Future research should look into Al-
enhanced fusion models and the growth of ground station networks in challenging environments.
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Introduction

Air pollution is a significant issue for the environment and public health globally. It leads to respiratory
and heart diseases, affects ecosystems, and causes climate change (Al-Alola et al., 2022). Nitrogen
dioxide (NO3) and sulfur dioxide (SO:) are significant air pollutants that considerably affect air quality
and human health. Nitrogen dioxide (NO:) mainly comes from burning fossil fuels in cars and
industries. It helps create ground-level ozone and fine particulate matter. SOz is commonly emitted by
power plants and industries, contributing significantly to acid rain and causing respiratory issues.

To address these challenges, satellites and remote sensing techniques have become helpful for
monitoring air quality. The European Space Agency's Sentinel-5 Precursor (Sentinel-5P) uses the
TROPOMI instrument to deliver detailed global data on air pollutants like NO2: and SOs. It provides
two main data products: Near-Real-Time (NRTI) and Offline (OFFL), delivering regular measurements
of tropospheric gas column densities. They are effective for evaluating urban pollution trends and
helping with regulatory decisions (Theys et al., 2016).

Despite the global reach of Sentinel-5P, there is still a notable gap in understanding its reliability in
tropical, humid, and complex terrains, especially in developing countries such as Sri Lanka. Local
weather, cloud cover, and changes in terrain can impact how effectively the satellite detects ground-
level concentrations. Additionally, satellite data offer total column measurements that might not
accurately represent pollutant levels at the surface, where people are exposed to danger. This illustrates
the importance of localised validation through on-site ground monitoring networks.

In Sri Lanka, air quality monitoring is mainly done in a few urban areas and is primarily supervised by
the Central Environmental Authority (CEA). These stations provide important measurements of NO:
and SO:, but do not cover the entire country well. With the country's fast urban growth, increasing
industrial work, and varied geography, it is crucial to evaluate satellite data against real-world
observations to guarantee its accuracy and usefulness for policy and public health (Environmental
Authority & Lanka, 2023).

While Sentinel-5P provides ongoing, detailed atmospheric monitoring, researchers have not carefully
analysed the accuracy of its data for near-surface NO: and SO: levels in Sri Lanka. The main issue is
how accurately satellite measurements match real conditions on the ground, especially in urban areas
like Kandy and Battaramulla. Without validation, using Sentinel-5P data for local policy, forecasting,
or environmental health planning could result in misconceptions or ineffective measures (Theys et al.,
2019).

This study evaluates the accuracy and usefulness of Sentinel-5P NO: and SO: data for monitoring urban
air quality in Sri Lanka, comparing it with ground-based observations from CEA stations. The goal is
to measure the accuracy of satellite-derived NO: and SO- by using standard error metrics such as Mean
Absolute Error (MAE), Mean Squared Error (MSE), Root Mean Squared Error (RMSE) and Mean
Absolute Percentage Error (MAPE).

Methodology

This study utilised a comparative validation approach, combining satellite data from the Sentinel-5P
mission with ground observations from Sri Lanka's Central Environmental Authority (CEA). This study
examines the consistency and reliability of Sentinel-5SP NO- and SO: datasets, particularly the Offline
(OFFL) and Near-Real-Time (NRTI) products, by comparing them to surface-level measurements from
two urban air quality monitoring stations.
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Graphs were used to analyse the agreement levels between the two data sources. Sentinel-5P data were
processed with Google Earth Engine (GEE), and ground data were collected as monthly averages from
CEA monitoring stations. Analytical methods aimed at evaluating error boundaries, seasonal trends,
and spatial-temporal differences (Gorelick et al., 2017).

This study focuses on two urban areas in Sri Lanka (Manawadu et al., 2009):

e Kandy, a city in the central mountain regions known for its varied terrain and seasonal
climate,

e Battaramulla is a suburban area near Colombo with high urban and industrial emissions.

Both sites were chosen because they have CEA's Ambient Air Quality Monitoring Stations (AAQMS)
with precise analysers for NO: and SO.. This study focuses on air pollution data from these cities
collected between 2019 and 2024, offering enough time to identify trends and seasonal changes.

Satellite Data
e Sentinel 5P

Google Earth Engine
s Extracting Air Quality Data
¢ Masking Negative Values
s Air Column Density
Calculation
e Exporting Processed Data

v

\

Air Quality Data (ppb)
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< values from
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\

e Comparative Analysis by Graphs created in Google Colab

e Statistical Errors (MAE, MSE, RMSE, MAPE) calculated with
Google Colab

Figure 01: Methodological Framework

This study used two primary data sources: satellite data from the Sentinel-5P mission and air quality
measurements from Sri Lanka's Central Environmental Authority (CEA). Satellite data was collected
from the Copernicus Open Access Hub and processed via Google Earth Engine (GEE). Two types of
Sentinel-5P data products were utilised: the Offline (OFFL) product, offering high-accuracy data with
a delay of about one to two days, and the Near-Real-Time (NRTI) product, accessible within
approximately three hours of satellite overpass. These products provide important measurements of
pollutants in the atmosphere (Virghileanu et al., 2020).

Nitrogen dioxide (NO2) was measured using TROPOMI’s UV-visible spectral bands (405—465 nm),
and sulfur dioxide (SO2) was measured using the UV bands (310-340 nm) (Judd et al., 2020). The
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satellite data was processed to eliminate noise and masked to remove negative or invalid values. The
final data was exported in GeoTIFF and CSV formats to support spatial and statistical analyses.

Data from ground-based monitoring stations in Kandy and Battaramulla were collected from CEA. The
stations utilise Ecotech Serinus 40 analysers to measure NO: via chemiluminescence and Ecotech
Serinus 50 analysers for SO2 using UV fluorescence. Measurements were taken every hour and then
averaged monthly, shown in parts per billion (ppb), to maintain consistency with the satellite data. These
two datasets were used to compare and assess the correlation between space-based and ground-based
observations of air pollution in Sri Lanka (Environmental Authority & Lanka, 2023).

To directly compare satellite and ground-based air quality measurements, column densities (mol/m?)
from Sentinel-5P were converted to parts per billion (ppb). This conversion utilised equations for air
column density that accounted for local atmospheric pressure and temperature adjustments. The
adjustments were necessary to match the satellite's vertical column measurements with the surface-level
concentrations from ground monitoring stations.

Negative values and statistical outliers were identified and removed from the dataset to improve data
quality and reliability. This step reduced errors and ensured only valid data points were included in the
analysis.

The satellite data processing was done using Google Earth Engine (GEE). GEE was used to filter
satellite images, apply spatial masks, create monthly time-series composites, and export cleaned
datasets for further analysis (Sokhi et al., 2022).

This study explored statistics by visually analysing time-series data. Google Colab was used to process
and plot datasets taken from Excel files. The monthly levels of nitrogen dioxide (NO) and sulfur
dioxide (SO:) were obtained from Sentinel-5P (OFFL and NRTI products) as well as from ground-
based CEA monitoring stations. They were plotted to observe patterns and relationships over time.

The processed Excel files were uploaded to Google Colab, and Python libraries like pandas and
matplotlib were used to read them. Time-series plots were created for the two study areas, Battaramulla
and Kandy, from 2019 to 2024.

The visuals showed clear seasonal trends in NO: and SO: levels. In both cities, satellite NO: values
matched ground-based measurements, consistently monitoring urban air pollution. On the other hand,
SO: showed bigger fluctuations, particularly in Kandy, indicating possible limitations in satellite
sensitivity to near-surface levels of this reactive gas.

The plots helped show the timing, differences, and delays between the two datasets. The analysis
focused on visual agreement rather than numerical accuracy metrics, as this qualitative validation
method is better for data-limited and complex topographical environments.

Four commonly accepted statistical error metrics were used to evaluate the accuracy of concentrations
derived from Sentinel-5P.

e Mean Absolute Error (MAE): Measures the average absolute difference between satellite
observations and ground observations.

e Mean Squared Error (MSE) highlights larger differences by squaring the discrepancies, which
presents a way to understand the size of the errors.

e Root Mean Squared Error (RMSE): Provides a clear understanding in the same unit as the
original data, emphasising the total prediction error.
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e Mean Absolute Percentage Error (MAPE): This metric shows the error as a percentage of actual
measurements, making comparing performance across different pollutants easier.

Each metric was calculated individually for NO- and SO: at both locations using the NRTI and OFFL
datasets. The statistics were calculated in a Colab environment with the help of formulas.

Results and Discussion

This section compares satellite and ground-based measurements of NO. and SO: in Kandy and
Battaramulla from 2019 to 2024. It examines the relationship between data sources, seasonal trends,
and potential reasons for differences.
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Figure 02: SO: and NO: Concentration Levels (2019-2024) in Battaramulla
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Figure 03: SO: and NO: Concentration Levels (2019-2024) in Kandy.
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The analysis shows satellite-derived NO: concentrations (OFFL and NRTI) have seasonal patterns
similar to ground-based CEA measurements in Battaramulla and Kandy. In Battaramulla, NO: levels
showed clear seasonal changes, higher in dry periods and lower during the monsoon months. The OFFL
and NRTI satellite values are usually lower but effectively show seasonal changes and remain stable
over time.

From 2020 to 2022, the correlation was robust, with NO: satellite values rising and falling alongside
ground-level observations. This indicates that Sentinel-5P effectively tracks urban emission trends in
this highly populated area. After 2022, minor changes were noticed, probably caused by atmospheric
shifts or short bursts of emissions from nearby sources.

In Kandy, satellite NO: values followed the seasonal pattern in the CEA data, but the changes were less
noticeable. The satellite data often incorrectly report peak NO:2 levels observed on the ground, and the
readings seem more uniform. Kandy's complex landscape, with its hills and varying heights, likely
affects how pollutants spread and makes it challenging for satellite sensors to detect near-surface NO:
spikes.

The visual patterns show that Sentinel-5P NO: data accurately reflect urban air pollution, particularly
in flat terrain like Battaramulla.

Validation of SO: data shows less correlation between Sentinel-5P and CEA observations. In
Battaramulla, ground-based SO: levels from the CEA show noticeable peaks from 2020 to 2023, likely
linked to industrial emissions and seasonal activities like waste burning. The SO- values obtained from
satellites (OFFL and NRTTI) are consistently lower and display more variability, particularly in the NRTI
series, which shows frequent fluctuations without a clear seasonal pattern.

This difference indicates that Sentinel-5P has difficulty detecting localised SO emissions, which might
not significantly affect the vertical column or may be too low for the sensor to detect.

The difference is even more apparent in Kandy. Ground-level SO: levels stay consistently low and
stable over time, showing only a few noticeable peaks. In contrast, satellite-derived SO-, especially
NRTI, shows significant variability, with several spikes that do not match ground-level measurements.
These mismatches probably come from local weather conditions, cloud interference, or background
sulfur levels in the upper atmosphere that affect accurate surface representation.

These findings show that monitoring SO. with satellite data is harder, especially in areas with complex
terrain or unstable weather. This limitation aligns with earlier research in tropical areas, which shows
lower SO: detection accuracy in humid and mixed-source settings.

Several important factors led to the differences between Sentinel-5P and CEA measurements (Van
Geffen et al., 2022):

e Vertical Resolution Difference: While CEA devices only detect concentrations at the surface
level, where human exposure occurs, Sentinel-5P captures the entire column of gas from the
surface to the upper atmosphere.

e Temporal Sampling: At around 1330h local time, Sentinel-5P gathers data and takes a single
shot daily. CEA monitors, on the other hand, run constantly and provide hourly data that more
accurately depicts daily maximums and minimumes.
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e Spatial Resolution: The TROPOMI sensor has a pixel size of about 3.5 km x 7 km, which can
average emissions across different land uses. This is particularly true in diverse urban areas,
resulting in more uniform concentration values.

e Meteorological Influences: Wind speed, rainfall, and temperature shifts significantly affect how
pollutants are retained and dispersed at the surface, impacting the relationship between satellite
and ground data.

The results of this study support earlier findings from global validation attempts, especially regarding
NOs.. Sentinel-5P showed it can effectively track urban NO: patterns in Battaramulla and Kandy. This
data makes it useful for ongoing air quality monitoring in developing areas with few ground resources
(Boersma et al., 2004).

The performance of SO: acquisitions varied significantly, particularly in areas with high or complex
terrain. This result fits with findings from other studies in tropical regions, which link inadequate SO:
satellite-ground alignment to atmospheric interference, quick SO: changes, and the vertical layering of
emissions (Li et al., 2025).

The findings indicate that satellite NO- data can enhance or replace ground-based monitoring. However,
SO: monitoring needs careful interpretation or a combined modelling approach, especially in regions
with varied landscapes and localised emissions.

The statistical validation is presented through four main metrics: MAE, MSE, RMSE, and MAPE,
which apply to both pollutants, datasets, and locations. The following results have been obtained from
the Excel spreadsheets in Colab.

Table 01: Validation metrics for NO: and SO: in Battaramulla

Pollutant Dataset MAE (ppb) MSE (ppb?) RMSE (ppb) MAPE (%)
NO: OFFL 1.28 3.22 1.79 12.4
NO: NRTI 1.63 4.87 2.21 15.2
SO: OFFL 1.91 6.93 2.63 18.9
SO: NRTI 2.36 9.44 3.07 24.1

Table 02: Validation metrics for NOz and SO- in Kandy

Pollutant Dataset MAE (ppb) MSE (ppb?) RMSE (ppb) MAPE (%)
NO: OFFL 1.97 5.84 2.42 18.6
NO: NRTI 2.44 8.33 2.89 21.7
SO: OFFL 2.69 10.72 3.27 26.3
SO: NRTI 3.21 13.49 3.67 31.6

The data indicates that:

OFFL consistently performs better than NRTI in every category.

Battaramulla shows lower error values compared to Kandy for both pollutants.
The estimates for NO: are more precise than those for SO-, suggesting greater reliability in

retrieval and more consistent surface concentrations.
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The MAPE values for NO- fall within a reasonable 12-22% range, indicating that satellite-based
assessments have moderate to strong predictive accuracy. The MAPE for SO: in Kandy is over 25%,
indicating a higher level of variability and a greater chance of uncertainties in retrieval.

Conclusions and Recommendations

This study evaluated the reliability of satellite-derived air quality data from the Sentinel-5P mission,
focusing on its OFFL and NRTI products. These data were compared with ground-level measurements
of NO: and SO: from monitoring stations in Kandy and Battaramulla, provided by the Central
Environmental Authority (CEA). The comparison showed several key insights:

e Satellite NO: data showed clear seasonal patterns and matched well with ground measurements,
especially in Battaramulla, an urban area. Sentinel-5P successfully identified patterns linked to
human emissions, showing it is suitable for monitoring urban air quality in comparable settings.

e In contrast, the SO- data from Sentinel-5P showed a weaker correlation with CEA observations.
Satellite measurements often fail to recognise surface-level SO: concentrations, particularly
during high emissions. This difference is probably because SO: reacts quickly and spreads fast,
and the satellite cannot detect small changes near the surface.

e The results show that Sentinel-5P helps track NO: pollution, particularly in areas with few
ground-based resources. It is important to remember the limitations of satellite-based estimates,
such as spatial resolution, vertical column integration, and temporal sampling.

e The statistical analysis showed that NO: had notably lower error metrics than SO: in locations
and data products. In Battaramulla, the Mean Absolute Error (MAE) and Root Mean Squared
Error (RMSE) for NO: varied from 1.28 to 2.21 ppb, whereas the errors for SO2 were higher,
ranging from 1.91 to 3.07 ppb. Kandy showed greater error values for both pollutants because
of its higher elevation, cooler weather, and complicated air mixing patterns. The Offline
(OFFL) product consistently performed better than the Near Real-Time (NRTI) dataset in terms
of accuracy and temporal consistency.

In summary, Sentinel-5P data, especially for NO-, can help assess air quality and direct regulations in
Sri Lanka and similar developing countries. However, it should be used with comprehension of its
limitations and supplemented with ground observations when possible.

To improve air pollution monitoring and data use in Sri Lanka and similar areas, the following practical
recommendations can be suggested:

e Incorporate Sentinel-5P NO: Data into the National Air Quality Monitoring System -
Government agencies and environmental groups should use satellite-derived NO: data in public
dashboards and policy tools. This will improve the knowledge of pollution trends, particularly
in places without real-time ground monitoring.

e Create Al-Driven or Hybrid Fusion Models - Future research should look into hybrid models
that integrate satellite, weather, and ground station data to improve SO. monitoring. Machine
learning methods can enhance accuracy by predicting surface values from column
measurements.

e Expand ground-based monitoring systems - The validation of Sentinel-5P relies heavily on
accurate ground reference data. Expanding the CEA monitoring network in underrepresented
areas like the highlands, coasts, and rural zones will enhance the calibration and interpretation
of satellite observations.
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e Use Downscaling Methods for Satellite Data - Research should concentrate on methods that
translate vertical column densities from satellite data into surface-level concentrations, making
them more useful for health assessments and urban planning.

e Promote skill development and the use of open data - Academic institutions and environmental
agencies should use platforms like Google Earth Engine (GEE) to process Sentinel-5P data.
Training programs and workshops can enhance national remote sensing and air quality analysis
skills.
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