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Abstract

The Sentinel-5P mission stands as a fundamental component of the European Union’s
Copernicus Programme. Equipped with the advanced Tropospheric Monitoring Instru-
ment (TROPOMI), this mission is designed to deliver complex atmospheric observations
unparalleled in their detail and accuracy. The complexity of data produced by this mis-
sion present signi�cant challenges in terms of processing and interpretation. Recognizing
this challenge, our work presents a pipeline designed for the Sentinel-5P’s Level 2 data.
This pipeline is not just a means of processing; it represents a comprehensive solution that
covers the entire spectrum of tasks { from initial data acquisition to the �nal visualiza-
tion. By utilizing the capabilities of the Cartopy, HARP, and Xarray library, the pipeline
transforms raw, intricate data sets into visually compelling and scienti�cally insightful
visualizations. A crucial component of this pipeline is its capability to seamlessly retrieve
data from the Sentinel Satellite Data API. This ensures that the most recent and relevant
datasets are always available to the researchers. But beyond this, the pipeline’s actual
ability is showcased when it undertakes the task of converting Level 2 data to Level 3.
This transition is vital for further detailed analyses and to ensure the data aligns with
global standards for atmospheric research.

Keywords| sentinel-5p, atmosphere, TROPOMI, satellite
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Chapter 1

Introduction

Air pollution is a major global issue that has signi�cant repercussions for ecosystems, human
health, and climate change. The discharge of toxins into the atmosphere from a variety of
sources has caused signi�cant environmental degradation, prompting the urgent need for reliable
monitoring systems. In recent years, there has been a growing need for reliable and timely
monitoring of our planet’s atmospheric composition[1]. The European Space Agency’s (ESA)
Sentinel-5P satellite has evolved into a game-changing sensor for monitoring major atmospheric
pollutants and assessing air quality.

In our rapidly evolving world, understanding and monitoring Earth’s atmosphere has never
been more critical. From climate change indicators to air quality metrics, accurate data forms
the backbone of our environmental insights. At the forefront of this data revolution is the
Sentinel-5P mission, an initiative under the European Union’s Copernicus Programme[2]. Its
primary instrument, the Tropospheric Monitoring Instrument (TROPOMI), captures high-
resolution data of atmospheric constituents, playing a vital role in our atmospheric research
endeavors.Sentinel-5P’s primary mission is to monitor our atmosphere, speci�cally focusing on
air quality, ozone and atmospheric gases, and climate variables.

However, as with any rich data source, the sheer volume and complexity of the data pose
signi�cant challenges. Raw data, while abundant, is not immediately insightful without the right
processing tools and methodologies. Recognizing this gap, our project introduces an e�cient
and robust Sentinel-5P data processing pipeline designed to transform raw atmospheric data
into actionable insights.

This pipeline doesn’t just streamline the data processing work
ow; it revolutionizes it. By
automating data acquisition, enhancing pre-processing techniques, simplifying data conversion,
and introducing state-of-the-art post-processing visualization methods, we pave the way for
more e�cient and in-depth atmospheric analysis.

1.1 Overview

The Sentinel-5P mission, under the European Union’s Copernicus Programme, utilizes
the advanced Tropospheric Monitoring Instrument (TROPOMI) to observe atmospheric con-
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1.2. OBJECTIVES

stituents such as nitrogen dioxide, ozone, and methane. Given the volume and complexity of
the data, our pipeline has been designed to manage and process it e�ciently. From retrieving
data from the Sentinel Satellite Data API to converting intricate Level 2 observations into user-
friendly Level 3 formats, the pipeline ensures streamlined processing. Enhanced by Cartopy-
powered visualizations, the system provides clear insights from vast satellite data, bridging the
gap between space observations and practical analytics.

1.2 Objectives

The primary objective of this thesis is to create a robust, automated data processing pipeline
for Sentinel-5P Level 2 data, incorporating data acquisition, pre-processing, conversion, and
post-processing tasks. By leveraging techniques like exception handling and retry mechanisms,
the pipeline aims to minimize the need for manual intervention and enhance system reliability.
A signi�cant part of this endeavor is to convert high-resolution individual measurements (Level
2) into more manageable, low-resolution gridded data products (Level 3), making the data more
suitable for subsequent analysis. Ultimately, this work aims to facilitate a more profound un-
derstanding of the Earth’s atmosphere by making vast amounts of satellite data more accessible
and usable for various applications.

1.3 Scopes

The capabilities of the Sentinel-5P data processing pipeline open doors to a plethora of
applications, both within specialized research circles and broader societal contexts. Central
to its utility is transforming raw atmospheric data into interpretable and actionable insights.
Urban planners and local municipalities can harness this processed data to make informed de-
cisions on infrastructure and zoning, keeping in mind the ever-important air quality metrics.
Public health o�cials can leverage insights from the pipeline to issue alerts on potential air
quality-related health issues, helping communities prepare or respond to air pollution episodes.
For the agricultural sector, understanding atmospheric compositions can help predict factors
a�ecting crop health, thus aiding in optimizing yields. Furthermore, meteorologists can incor-
porate this data to enhance their forecasting models, ensuring communities are better prepared
for atmospheric changes. Environmental activists and NGOs can use the pipeline’s outputs
to advocate for cleaner policies, grounding their arguments in tangible data. As industries
across the globe strive to align with sustainable and eco-friendly practices, the insights from the
Sentinel-5P pipeline can guide them in monitoring their emissions and ensuring compliance with
environmental standards. In essence, the pipeline serves as a bridge between complex satellite
datasets and practical, real-world applications, with potential implications for sectors ranging
from health to economics and policy-making.
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1.4. CONTRIBUTIONS

1.4 Contributions

This thesis contributes signi�cantly to the �eld of satellite data processing by designing
and implementing a comprehensive, automated pipeline for handling Sentinel-5P Level 2 data.
The pipeline’s ability to autonomously manage every step, from data acquisition, through pre-
processing and conversion to Level 3 to post-processing and visualization, represents a substan-
tial advancement in streamlining the utilization of satellite atmospheric data.

A key contribution is the pipeline’s robustness and its ability to manage exceptions and errors
in a graceful manner. By ensuring the pipeline can handle various contingencies, from network
interruptions during data download to managing o�ine data retrieval and retry mechanisms,
this work dramatically reduces the need for manual intervention.

Furthermore, the implementation of geographic-based �ltering of data based on product IDs
is an innovative approach that ensures only relevant data is processed, increasing e�ciency and
enabling targeted analyses of regions of interest.

The conversion of Level 2 data to Level 3 data is another signi�cant contribution. By trans-
forming high-resolution individual measurements into low-resolution gridded data products, the
pipeline makes it signi�cantly easier to conduct large-scale analyses with potential impacts in
various �elds, from climate science to public health.

Finally, the incorporation of data visualization using Cartopy allows users to visually explore
the data product groups, providing an intuitive approach to data interpretation and evaluation.
This feature contributes signi�cantly to enhancing the usability of the processed data.

4



Chapter 2

Remote Sensing and Atmospheric
Science

Remote sensing is a scienti�c discipline that gathers information about a target without
physical contact, primarily through electromagnetic radiation [3]. The concept of remote sens-
ing, introduced by Evelyn Pruitt from the O�ce of Naval Research in the 1960s, has been
practiced since 1858 when balloonist G. Tournachon took photographs of Paris from his balloon
[4]. From then until World War I, various platforms, from pigeons to planes, were used for re-
mote aerial photography, primarily for military purposes. The advent of space programs in the
1960s led to the birth of satellite remote sensing, which uses di�erent types of sensors aboard
spacecraft to image surfaces [5]. Over the past half-century, remote sensing has evolved rapidly
due to advancements in scienti�c instruments, optics, and rocket technology, marking a signi�-
cant period of discovery for Earth observation . Earth observation, the study of the Earth and
its atmosphere using instruments located in space, is a relatively new but crucial �eld . Since
the industrial revolution, an abundance of cheap energy and materials derived from fossil fuels
has led to a massive increase in the world’s population and standard of living. This increase
has ampli�ed issues like air pollution, climate change, and global warming at local, regional,
and global scales . Consequently, the study of trace gases in the atmosphere using satellite
instruments has become a pivotal aspect of Earth Observation and environmental monitoring
. Today, remote sensing is increasingly used to identify and establish links between changing
climate conditions and their environmental impact . Atmospheric parameter retrieval, precisely
trace gas retrieval, is a signi�cant application of remote sensing . Various trace gases like Water
Vapor (H2O), Carbon Dioxide (CO2), Methane (CH4), Nitrous Oxide (N2O), Ozone (O3), Neon
(Ne), Helium (He), Krypton (Kr), Hydrogen (H2), Xenon (Xe), Chloro
uorocarbons (CFCs),
Sulfur Dioxide (SO2), Nitrogen Dioxide (NO2), Carbon Monoxide (CO), Ammonia (NH3), Ar-
gon (Ar), Radon (Rn), and others, present in very low concentration, yet essential to maintain
Earth’s climate and life. Satellite sensors that measure atmospheric composition provide abun-
dant high-resolution data on these constituents [11]. These sensors detect the spectral radiances
re
ected by the Earth’s atmosphere [6]. One example is the TROPOMI sensor on the Sentinel-5
Precursor (S5P), which provides extensive atmospheric data that can be used to retrieve trace
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2.1. COPERNICUS: SENTINEL-5P

gases like Nitrogen Dioxide (NO2), particularly for this study.

Figure 2.1: Distribution of various gases in the Earth’s atmosphere.

2.1 Copernicus: Sentinel-5P

Sentinel-5P (S5P) is a joint satellite venture co-managed by the European Space Agency
(ESA) and the Netherlands Space O�ce (NSO), previously known as the European Global
Monitoring for Environment and Security program (GMES). The mission was conceived to �ll
the gap in atmospheric monitoring systems and continue the Envisat mission’s work. This Earth
Observation (EO) mission, called the Sentinel-5 Precursor, took 
ight on October 13, 2017,
intending to operate until September 2027, thus providing a decade of Earth’s atmospheric and
environmental monitoring services.

Figure 2.2: Sentinel-5 Precursor
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2.2. ORBIT

The Sentinel-5P initiative is an endorsed low Earth orbit (LEO) pre-operational mission
within the European GMES (Global Monitoring for Environment and Security) program, a
collaborative project of the ESA and NSO. The aim is to bridge the gap between the existing
atmospheric monitoring instruments SCIAMACHY on ESA’s Envisat satellite and OMI (Ozone
Monitoring Instrument) on NASA’s Aura mission, as their operational life nears its end.

2.2 Orbit

Sentinel-5P, an integral satellite in the Earth observation program, orbits our planet in a
distinctive path characterized by a high inclination of roughly 98.7°. This inclination measures
the angle between the satellite’s orbital plane and the Earth’s equator.

The satellite moves in a near-polar, sun-synchronous orbit, ensuring that when it passes over
any given point on the Earth’s surface, the sun illuminates that point at a consistent angle.
This sun-synchronous nature of its orbit is cemented with an equatorial crossing at 13:30 h
Mean Local Solar time during its ascending node.

One of the standout features of the Sentinel-5P’s orbit is its cycle. Completing 14 orbits a
day, the satellite takes 16 days to �nish its orbital cycle, equating to 227 orbits in total. This
cycle represents the time it requires for the satellite to revisit and pass over the same speci�c
geographic point on Earth.

Sentinel-5P maintains an orbit at an approximate altitude of 824 km above the Earth’s
surface.

Adding a layer of signi�cance to the Sentinel-5P mission is its synergistic collaboration with
the Suomi-NPP (National Polar-orbiting Partnership) satellite, which houses the Visible/Infra-
red Imager and Radiometer Suite (VIIRS). Launched by NASA/NOAA on October 28, 2011,
Suomi-NPP’s VIIRS is adept at providing cloud mask data with a spatial resolution superior
to that derived from Sentinel-5P. To optimize this collaboration, the orbit of Sentinel-5P is
meticulously planned so that it follows Suomi-NPP by a brief 3.5-minute margin in Local Time
Ascending Node (LTAN). This design ensures that the observation swath of Sentinel-5P aligns
with the scene observed by Suomi-NPP.
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2.2. ORBIT

Figure 2.3: Loose Formation Con�guration Sentinel-5P and Suomi-NPP (schematic)
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Chapter 3

Literature Review

3.1 Related Works

In recent years, Sentinel-5P data products have gained signi�cant attention due to their real-
time provision of crucial information regarding numerous trace gases and aerosols impacting
climate and air quality. The main focus of research in this arena has been on developing
automated preprocessing pipelines. Here, we review some of the seminal works in the �eld.

One important initiative is the Copernicus Research and User Support (RUS), which pro-
vides a freely accessible online platform promoting the use of Copernicus data to advance
research, development, and educational objectives. RUS has employed Sentinel-5P data prod-
ucts to demonstrate four analysis and preprocessing methods, including Air Quality, Volcanic
Emission, Pollution, and Fire Emissions Monitoring. For Air Quality Monitoring, RUS utilized
Sentinel-5P Level 2 o�ine aerosol data through the Basic Envisat Atmospheric Toolbox (BEAT)
[7], emphasizing CODA, VISAN, and HARP components. Conversely, for aerosol imagery anal-
ysis, RUS used matplotlib’s pcolormesh() and cartopy’s orthographic projection[8].

Further, RUS also showcased methods for monitoring volcanic emissions over Guatemala
City using Sentinel-5P products and analyzing Sulphur dioxide Level 2 o�ine data through
JupyterLab[9]. Meanwhile, the pollution monitoring method was focused on Milan, Italy, where
Nitrogen dioxide Level 2 o�ine data was used. The pipeline included Level-2 to Level-3 product
generation using the HARP toolbox.

In addition, various independent researchers have contributed to developing diverse prepro-
cessing pipelines. For instance, some researchers [10] examined Nitrogen dioxide tropospheric
column precision from near real-time Level 2 data, while others [11] focused on Sulphur dioxide
near real-time Level 2 data using the SNAP tool.

Researchers have also developed pipelines that involve data downloading using Python
scripts. An example of this approach [12] demonstrated the extraction of 41 Nitrogen diox-
ide Level 2 data instances and subsequent preprocessing steps. Similarly, the authors of [13]
and [14] used data from Google Earth Engine to analyze Methane Level 3 o�ine imagery and
NO2-column-number-density Band, respectively.

Data extraction and preprocessing with Python scripts were also adopted by authors of [15],

9



3.1. RELATED WORKS

involving the use of the Copernicus Hub and the generation of processed NetCDF and TIFF
�les.

Several other platforms also provide access to Sentinel-5P data, such as the ADAM Platform
of the Amazon Web Services Public Dataset Program [16], which stores Sentinel-5P Level 2 data
on the Registry of Open Data on AWS (RODA), and NASA’s Goddard Earth Sciences Data
and Information Services Center (GES DISC) [17], which generates distribution maps from
Sentinel-5P data.

10



Chapter 4

Lesson Learned

4.1 Problem Statement

To monitor air quality and climate change, the Sentinel-5P mission o�ers high-resolution ob-
servations of atmospheric trace gases and aerosols. The Sentinel-5P mission’s data are produced
as netCDF �les, which presents di�culties for researchers and analysts unfamiliar with this data
format. Due to the complexity of the Sentinel-5P data outputs, processing, analyzing, and vi-
sualizing them needs specialist tools and techniques. For handling massive amounts of data, the
available tools and techniques are not user-friendly, e�ective, or scalable. In addition, manual
processing takes lots of time and increases the possibility of mistakes in subsequent research.
Data �ltering is necessary since the data may be inaccurate due to unfavorable circumstances
like cloud cover. To achieve proper analysis, it is essential to remove unreliable or poor-quality
data points. Manual �ltering requires a lot of work and is vulnerable to subjective judgments,
which might add inaccuracies in the data being processed. Acquiring speci�c Sentinel-5P data,
especially when constrained by particular dates and geographical regions, often proves labori-
ous. Many researchers �nd themselves sifting through various platforms and services to secure
the necessary data, a process that’s both time-intensive and less than user-friendly.

4.2 Proposed Solution

These challenges hinder the e�cient and accurate analysis of atmospheric variables, gases,
and their spatial distribution, impeding comprehensive atmospheric observation and assessment
of the vast amount of data generated by the mission. The existing data processing methods
often require manual intervention, leading to time-consuming processes and a higher risk of er-
rors. This study addresses the need for an automated pipeline to download, process, visualize,
and analyze Sentinel-5P data. It aims to alleviate challenges, provide 
exibility for customized
analysis, and enhance atmospheric observation and air quality monitoring. Our paper aims to
address these challenges by proposing a fully automatic Sentinel-5P data processing pipeline.
The proposed pipeline would alleviate the challenges faced by researchers and analysts by au-
tomating the data retrieval, visualization, �ltering, and processing steps. The proposed pipeline
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4.2. PROPOSED SOLUTION

would provide users with the 
exibility to select speci�c dates and a dynamic selection of atmo-
spheric variables of interest, gases, and spatial regions of interest. This robustness will enable
e�cient and customized analysis enhancing the adaptability and versatility of the system for
atmospheric studies and applications. Overall, the proposed fully automatic Sentinel-5P data
processing pipeline aims to overcome the challenges of complex data formats, large data vol-
umes, and manual processing. It o�ers researchers and analysts a comprehensive solution for
e�cient Earth monitoring, atmospheric observation, and analysis, contributing to improved air
quality understanding, climate analysis, and informed decision-making.

12



Chapter 5

Dataset Description

5.1 Data Product

The data products from the Sentinel-5P mission, part of the European Union’s Copernicus
Programme, comprise a hierarchy of information that is categorized into several "levels." These
levels represent di�erent stages of data processing and complexity, from raw instrument readings
to re�ned atmospheric composition data.

Data Level Description
Level 0 Most raw form of data; Unprocessed instrument payload data pre-

serving essential information; Includes auxiliary data for subsequent
processing stages; Generally not directly useful for scienti�c appli-
cations.

Level 1B Top-of-atmosphere radiances or re
ectances; Processed from Level
0 via decompression, decoding, and calibration to physical units
(e.g., radiance); Contains geolocation information for each pixel;
More structured than Level 0 and serves as input for atmospheric
retrieval algorithms.

Level 2 Derived geophysical products at the same original resolution as
Level 1B data; Results from advanced algorithms applied to Level
1B, extracting geophysical parameters; For Sentinel-5P: Informa-
tion on gases like nitrogen dioxide, ozone, formaldehyde, sulfur
dioxide, methane, etc.

Table 5.1: Data Levels and Descriptions

In terms of processing, there are three primary types associated with satellite data:
Near Real-Time (NRT) processing, as the name implies, is performed as soon as the

data is received from the satellite. The goal of NRT processing is to provide users with data
products quickly, usually within three hours of data acquisition. These products are essential
for time-sensitive applications such as air quality forecasting or natural disaster monitoring.

O�ine processing is performed on a routine basis, typically once a day. The main di�er-
ence from NRT processing is that the input data used is of higher quality because there is more
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5.2. S5P/TROPOMI LEVEL 2 FILES STRUCTURE

time to gather auxiliary data and apply quality control procedures. As a result, the resulting
data products are better quality than NRT products.

Reprocessing is performed when there are improvements in the processing algorithms or
when higher-quality auxiliary data becomes available. The goal of reprocessing is to create a
consistent time series of data products. By reprocessing all data with the same version of the
processing algorithms and auxiliary data, di�erences between data products are only due to
changes in the Earth’s atmosphere and not changes in the processing system.

In our research, we utilized Level 2 o�ine datasets.

5.2 S5P/TROPOMI Level 2 Files Structure

Sentinel-5P TROPOMI Level 2 �les are stored as NetCDF4 �le. The NetCDF4 �le contains
both the data and the metadata for the product.It’s structured in multiple layers of groups,
each serving a speci�c purpose:

Product Group: This is the central data repository, including primary parameters, their
precision, latitude, longitude, time of observation, and necessary dimensions for the data. The
key element here is the "qa-value" parameter which o�ers a summary of processing 
ags in a
continuous value, portraying the quality of data on a scale of 0 to 100

A subgroup exists under the Product group named ’SUPPORT-DATA’, which includes
additional data not directly required to understand the main product.

Metadata Group: This group gathers metadata items facilitating dataset discovery.
QA Statistics: This group contains quality assurance statistics, including the total num-

ber of pixels matching a certain criterion and histograms of the main parameters in the �le.
The ’event counting’ part provides insight into the number of input pixels, pixels successfully
processed, pixels that failed for speci�c reasons, and warnings raised. Histograms allow for easy
monitoring of changes over time, enhancing the quality monitoring of the science data.
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5.2. S5P/TROPOMI LEVEL 2 FILES STRUCTURE

Figure 5.1: Level 2 �le structure
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5.3. THE NO2 DATA PRODUCT

5.3 The NO2 Data Product

The NO (Nitrogen Dioxide) data product from the Sentinel-5P TROPOMI (TROPOspheric
Monitoring Instrument) is vital for understanding air quality and atmospheric composition.
Here’s a comprehensive look at the NO data product, including its dimensions, columns, and
other relevant information:

1. Dimensions: TROPOMI Level 2 data products generally have dimensions related to
the number of measurements in the granule (scanline), the number of spectra in a measurement
(ground-pixel), and sometimes, depending on the product, a pressure-level dimension or state-
vector dimensions. For the NO product, the typical dimensions might include:

time: Represents the time reference dimension. scanline: Refers to the number of measure-
ments in the granule. ground-pixel: Refers to the number of spectra in a single measurement.
2. Columns (Variables):

The key variables related to NO might include:
no2-tropospheric-column: The primary data variable, it represents the amount of NO in the

tropospheric column.
no2-tropospheric-column-precision: Represents the uncertainty or precision of the tropo-

spheric column measurements.
no2-stratospheric-column: Amount of NO in the stratosphere.
no2-stratospheric-column-precision: Precision of the stratospheric column measurements.
no2-total-column: Total NO column, which is a summation of the tropospheric and strato-

spheric columns.
no2-total-column-precision: Precision of the total column measurements.
3. Geolocation and Time: latitude & longitude: The geographical location of each data

point.
time: Timestamps corresponding to each measurement.
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Chapter 6

Methodology

6.1 Automatic Data Acquisition

We’ve created a script that facilitates the interaction with the Sentinel Satellite Data API,
enabling us to download and process the retrieved data.

Initially, we establish a connection with the Sentinel API using the appropriate credentials
and URL. Our script then includes a critical process that allows us to send queries to the API.
These queries typically need a speci�ed date range, satellite platform, processing mode, product
type, and region of interest. We use these parameters to �nd the available products.

Our script has a feature fetching metadata related to a speci�c product ID from the API.
Sometimes, the products we need aren’t immediately available online. In these instances, we
have a function that prompts the retrieval of a product from the Sentinel’s Long-Term Archive.

We also attempt to download a product using its ID and a speci�ed output directory. If
the product isn’t available online, the script triggers the o�ine retrieval process. If a download
fails due to a connectivity issue, we ensure the system retries the download several times.

Additionally, we cater to the need to download multiple products simultaneously using
their respective IDs. If a product is o�ine, our script triggers o�ine retrieval and processes the
downloaded �les once the downloads are successful.

After downloading the �les, we have a provision to handle these �les. We look for .zip
�les in the output directory, extract them if found, and remove the original .zip �le. If no
.zip �le is found, we assume no extraction is needed. Furthermore, we sort products based on
their boundaries in relation to speci�ed regions of interest. This sorting mechanism considers a
dictionary of products and two regions of interest - a search region and a required region.

Toward the end of the script, we de�ned speci�c parameters for a Sentinel-5P satellite
product of type ’L2{NO2|’ and speci�ed a region of interest. With these parameters, we
queried the API for products, classi�ed these products by region, and then printed out the
number of products found in the search region, required region, outside the required region,
and outside the search region. Figure 6.1 demonstrates the process.
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6.2. INDIVIDUAL PRODUCT LOADING AND VISUALIZATION

Figure 6.1: Sentinel-5P data acquisition

6.2 Individual Product Loading and Visualization

Nitrogen dioxide (NO2) analysis from the Sentinel-5P dataset is the main objective of this
section of our data processing pipeline. First, we extract the necessary physical quantity of
NO2 for further processing. To understand its properties, detailed insights into this extracted
quantity are obtained. Next, a visual representation of this quantity is generated, which provides
an overview of NO2 presence in the dataset. This visualization uses colormap and includes
additional geographic elements such as rivers for context. This initial representation is speci�c
to a particular region, according to selected longitude and latitude coordinates. Following this,
the quantity undergoes unit conversion. The unit conversion process adjusts the measurement
units of the quantity to a standard format, allowing for a uniform and clear interpretation of
the data. Quality assurance processes are applied to the converted quantity, which ensures the
accuracy and reliability of the data by using a threshold, with any data that doesn’t meet the
threshold being �ltered out. Quality assurance values for the dataset are visualized in the next
step. A global visualization is generated using a ’Spectral’ color map, providing a graphical
interpretation of the data’s reliability. After passing through the quality assurance process, a
�nal visualization of the �ltered quantity is created. This visualization, created using a ’magma-
r’ color map, o�ers a clear and �nal representation of the NO2 concentration in the selected
geographic location. Figure 6.2 demonstrates the process.
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6.3. LEVEL-2 TO LEVEL-3 DATA CONVERSION

Figure 6.2: Sentinel-5P product visualization

6.3 Level-2 to Level-3 Data Conversion

Our script processes Sentinel-5P Level 2 data into Level 3 for supported data products
such as NO2, SO2, O3, CO, CH4, and Cloud. We de�ne speci�c operations for each of these
products.

The script incorporates a variety of static functions. One of these checks the validity of
the provided data product pre�x. If it’s valid, this function returns the corresponding opera-
tions. Another function generates these operations with HARP’s data import function based
on provided operations and geographical parameters.

Utilizing these functions, we then de�ne a con�guration for the conversion of Level 2 product
data to Level 3. The con�guration depends on the type of data product and the speci�ed
geographic parameters.

One of our functions is designed to manage the conversion of individual Level 2 �les to
Level 3. During this process, we check for the existence of the �le, create necessary output
directories, process the �le using HARP’s data import function, and handle any exceptions that
occur during the process.

Finally, the script converts a list of Level 2 products to Level 3. This results in lists of �le
paths for data that was processed during the current run, data that was previously processed,
and data that was not processed.

After de�ning these operations, we specify processing parameters such as the product pre�x,
geographical parameters (upper-right and lower-left coordinates), step size, and quality assur-
ance value. Then, we retrieve the �le paths of the Level 2 products, generate the necessary
operations for conversion, and start the processing. Lastly, we generate a report detailing the
products processed during the current run, those processed prior to the current run, and those
that couldn’t be processed. Figure 6.3 demonstrates the process.
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6.4. MULTI-TEMPORAL ANALYSIS

Figure 6.3: Level2 to Level3 conversion

6.4 Multi-Temporal Analysis

This process starts by looking for a list of data �les in a certain directory and its sub-
directories. These �les are selected based on speci�c criteria such as their timeliness, processing
level, and type of product data they contain. The �les found are then opened and combined
into a single dataset, with a speci�c emphasis on aligning them along the time dimension.

Next, a geographical mask is applied using a shape�le, a standard geospatial vector data
format. This involves taking the latitude and longitude values from the data, transforming them
into a grid of points, and checking whether these points fall within the geographical boundaries
speci�ed by the shape�le. The data is then masked accordingly, e�ectively limiting the dataset
to the desired geographical area.

After applying the geographical mask, the data is cover only a speci�c time period, de�ned
by a starting and ending date. This subset of data is then resampled to daily averages, providing
a more consistent temporal granularity for subsequent analyses. After resampling the data is
averaged over the entire time period, and a speci�c variable of interest - in this case, the density
of nitrogen dioxide in the troposphere - is isolated for further processing.

The next phase involves data visualization. Using the processed data, a heatmap is created
that shows the geographic distribution of the nitrogen dioxide density. This visualization is
overlaid on a map, with features like landmasses, oceans, rivers, and country borders, providing
spatial context to the data.

This whole process is repeated for each month within the speci�ed date range, resulting in a
series of images, each representing the nitrogen dioxide levels for one month. Lastly, these images
are compiled into an animated GIF. This GIF o�ers a visual representation of how nitrogen
dioxide levels changed over the selected time period and geographic region, providing a powerful
tool for understanding temporal and spatial patterns in the data. Figure 6.4 demonstrates the
process.
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6.4. MULTI-TEMPORAL ANALYSIS

Figure 6.4: Multi-temporal analysis
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Chapter 7

Results and Analysis

In Figure 7.1, we can observe two distinct visual representations that o�er valuable insights
into the e�ectiveness of data aggregation in our analysis. The left image presents a composite
view of six concatenated L3 data, where the subtle variations in shade may indicate potential
data inconsistencies. These inconsistencies can arise from a variety of factors, such as measure-
ment errors or limited coverage in the individual data sets. As a result, the left image highlights
the need for a more robust approach to data analysis.

On the right side of Figure 7.1, we see a di�erent visualization that integrates data from 30
L3 data. This comprehensive aggregation of data results in a visual representation that appears
more uniform and robust. The pooling of a larger dataset can help mitigate the impact of
individual errors or gaps, thus enhancing the overall reliability and accuracy of the analysis.

Figure 7.1: NO2 level comparison

Through our extensive multi-temporal evaluation, we have gained a crucial understanding:
accumulating more data over time signi�cantly improves the quality of our results. The second
visualization, which combines a larger number of L3 data sets, demonstrates the bene�ts of this
approach. It not only provides a more consistent and reliable representation of the phenomenon
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under study but also helps to reduce the in
uence of outliers or irregularities that might be
present in individual data sources. This highlights the importance of data volume in achieving
superior results and underscores the potential for enhanced data-driven insights by leveraging
a more extensive temporal dataset in our analysis.
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Chapter 8

Sustainability and Ethics

8.1 Sustainability of The Work

In the context of scienti�c research, sustainability refers to a project’s or system’s adaptabil-
ity and usefulness in the face of changing circumstances and technological developments. These
ideas are best exempli�ed by the Sentinel-5P data processing pipeline, which was planned and
created as part of this study. It is prepared to process enormous amounts of atmospheric data,
turning unprocessed satellite images into useful information. Its modular design enables ongo-
ing upgrades, ensuring compatibility with more modern data formats and processing methods.
Tools like this pipeline will also be crucial when the world’s attention turns to environmental
protection and comprehending climate change. We are laying the groundwork for a decentral-
ized, collaborative research community by making it possible for academics everywhere to utilize
its potential.

8.2 Social and Environmental E�ects and Analysis

The societal implications of this research are manifold. For the general populace, having
consistent and reliable data about the air they breathe is empowering. Such information can
prompt behavioral changes, such as avoiding outdoor activities during high pollution periods,
or even in
uencing community-led initiatives to reduce local pollution sources. For governments
and policymakers, the data and analysis provided by this pipeline can be the foundation for
impactful legislation, targeting speci�c industries or practices detrimental to air quality. From
an environmental perspective, the pipeline’s detailed analysis o�ers a nuanced understanding
of various pollutants’ sources, patterns, and impacts. This knowledge is crucial for conserva-
tionists and environmental organizations striving to restore and maintain ecological balance.
As we continuously track the 
ow of pollutants like NO, we can measure the e�ectiveness of
environmental policies, interventions, and public awareness campaigns, adjusting strategies as
needed.
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8.3. ADDRESSING ETHICS AND ETHICAL ISSUES

8.3 Addressing Ethics and Ethical Issues

Ethical considerations permeate every aspect of research, especially when that research has
wide-reaching societal and environmental implications. Handling satellite data, particularly
when it’s being translated into actionable insights, requires a deep commitment to authenticity
and accuracy. There’s a moral imperative to ensure that the data’s portrayal remains unbiased,
devoid of personal or political agendas. Misrepresentation or manipulation of such data could
lead to misguided policies or a misinformed public.

Furthermore, even as Sentinel-5P data remains in the public domain, it’s essential to respect
its source, ensuring proper attributions and citations. This not only maintains the integrity of
the research but also fosters a culture of respect and acknowledgment in the scienti�c community.
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Chapter 9

Connection With Undergraduate
Studies

I developed a strong foundation in Python programming throughout my undergraduate
years, developing a set of skills that eventually helped me build my Sentinel-5P data processing
pipeline. The practical knowledge I received from writing in Python was priceless since it gave
me the technical understanding that I needed to negotiate the complexities of the pipeline
successfully. The technical parts of data processing were approachable and familiar because of
this foundation.

Additionally, my Machine Learning class was an eye-opening turn in my academic journey.
Here, my instructor gave me a special task to complete: a research article. This project went
beyond simple computational exercises and really immersed me in the �eld of academic writing
and literature reviews. Through this experience, I learned how to analyze intricate research
papers, appreciate their fundamental ideas, and articulate my �ndings and conclusions in a
formal, academic way.

Together, these formative events from my undergraduate years went beyond merely teaching
me useful skills; they profoundly in
uenced how I approach problem-solving and innovation.
They played a crucial role in the conception and execution of the Sentinel-5P data processing
pipeline, skillfully fusing technical pro�ciency with a focus on research. The development of a
pipeline that bridged the gap between science and technology required the holistic integration
of technical know-how and a research-focused viewpoint. This pipeline not only processed data
e�ectively, but also led to a greater understanding of environmental challenges.
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Chapter 10

Conclusion & Future Work

Our work successfully demonstrated designing and implementing a robust and e�cient data
processing pipeline for Sentinel-5P’s Level 2 data. The focus of our study was monitoring the
levels of nitrogen dioxide (NO2) in the atmosphere over Dhaka city, an area highly prone to air
pollution.

Our pipeline’s performance across all stages was reliable and e�ective, from data acquisition
and pre-processing to conversion and post-processing. The pipeline’s seamless integration with
the Sentinel Satellite Data API, the accurate transformation from Level 2 to Level 3 data, and
the sophisticated visualization of the data were all con�rmed through extensive testing and
application.

While our pipeline is an e�cient and successful tool, it’s essential to acknowledge the poten-
tial for further advancement. Future development e�orts could focus on enhancing the pipeline’s
performance, possibly through the integration of more advanced error handling and recovery
mechanisms. Additionally, there’s room for growth in the range of atmospheric elements the
pipeline can process. This could include incorporating machine learning models to predict at-
mospheric gas levels, thereby expanding the pipeline’s capabilities and relevance in addressing
broader environmental concerns. This work is a solid foundation for ongoing improvements and
innovations in atmospheric data processing and analysis.

27



Bibliography

[1] E. G. Snyder, T. H. Watkins, P. A. Solomon, E. D. Thoma, R. W. Williams, G. S. Hagler,
D. Shelow, D. A. Hindin, V. J. Kilaru, and P. W. Preuss, \The changing paradigm of air
pollution monitoring," Environmental science & technology, vol. 47, no. 20, pp. 11369{
11377, 2013.

[2] J. R. Cedeno Jimenez, A. d. J. Pugliese Viloria, and M. A. Brovelli, \Estimating daily no2
ground level concentrations using sentinel-5p and ground sensor meteorological measure-
ments," ISPRS International Journal of Geo-Information , vol. 12, no. 3, p. 107, 2023.

[3] J. R. Jensen, Remote sensing of the environment: An earth resource perspective 2/e. Pear-
son Education India, 2009.

[4] S. Kumar, R. S. Meena, S. Sheoran, C. K. Jangir, M. K. Jhariya, A. Banerjee, and A. Raj,
\Remote sensing for agriculture and resource management," in Natural Resources Conser-

vation and Advances for Sustainability, pp. 91{135, Elsevier, 2022.

[5] L. Zhu, J. Suomalainen, J. Liu, J. Hyypp�a, H. Kaartinen, H. Haggren, et al., \A review:
Remote sensing sensors," Multi-purposeful application of geospatial data, pp. 19{42, 2018.

[6] Z. Zheng, Z. Yang, Z. Wu, and F. Marinello, \Spatial variation of no2 and its impact
factors in china: An application of sentinel-5p products," Remote Sensing, vol. 11, no. 16,
p. 1939, 2019.

[7] \Rus webinar: Air quality monitoring with sentinel-5p - atmo01," 2023. YouTube video.

[8] \Rus webinar: Fire emissions monitoring with sentinel-5p - atmo05," 2023. YouTube video.

[9] \Rus webinar: Monitoring volcanic emissions with sentinel 5p - atmo03," 2023. YouTube
video.

[10] bilelomrani1, \s5p-tools: Python scripts to download and preprocess air pollution concen-
tration level data aquired from the sentinel-5p mission," 2023. GitHub repository.

[11] MagdaHa, \Sentinel5pno2: Sentinel-5p: Processing and handling no2 measured values in
r," 2023. GitHub repository.

[12] xialang2012, \Sentinelp5p: Python scripts used to download and process the sentinel 5p
data," 2023. GitHub repository.

28



BIBLIOGRAPHY

[13] J. Van Ge�en, H. Eskes, S. Compernolle, G. Pinardi, T. Verhoelst, J.-C. Lambert,
M. Sneep, M. Ter Linden, A. Ludewig, K. F. Boersma, et al., \Sentinel-5p tropomi no
2 retrieval: impact of version v2. 2 improvements and comparisons with omi and ground-
based data," Atmospheric Measurement Techniques, vol. 15, no. 7, pp. 2037{2060, 2022.

[14] T. Verhoelst, S. Compernolle, G. Pinardi, J.-C. Lambert, H. J. Eskes, K.-U. Eichmann,
A. M. Fj�raa, J. Granville, S. Niemeijer, A. Cede, et al., \Ground-based validation of the
copernicus sentinel-5p tropomi no 2 measurements with the ndacc zsl-doas, max-doas and
pandonia global networks," Atmospheric Measurement Techniques, vol. 14, no. 1, pp. 481{
510, 2021.

[15] K. Lange, A. Richter, and J. P. Burrows, \Variability of nitrogen oxide emission 
uxes and
lifetimes estimated from sentinel-5p tropomi observations," Atmospheric Chemistry and

Physics, vol. 22, no. 4, pp. 2745{2767, 2022.

[16] MagdaHa, \Sentinel5pno2: Sentinel-5p: Processing and handling no2 measured values in
r," 2023. GitHub repository.

[17] Microsoft, \Aiforearthdatasets/data/sentinel-5p.md," 2023. GitHub repository.

29



An Undergraduate Project on Unraveling
Sentinel-5P Data Patterns: Advanced Pipeline for

Comprehensive Atmospheric Analysis

By

Afra Hossain

Student ID: 1811011

Summer, 2023

The student modi�ed the project �nal report as per the recommendation
made by his or her academic supervisor and/or panel members during the
�nal viva, and the department can use this version for achieving.

Signature of the Supervisor

Md. Asif Bin Khaled
Senior Lecturer

Department of Computer Science & Engineering
School of Engineering, Technology & Sciences
Independent University, Bangladesh


