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TEMPORAL VARIATION IN ATMOSPHERIC POLLUTANT CONCENTRATIONS IN
HUNGARY: A COMPARATIVE STUDY PRE, DURING AND POST PANDEMIC
THROUGH THE USE OF DATA FROM THE SENTINEL-5P TROPOMI SATELLITE

A légszennyezés az egyik legjelentésebb kornyezeti kihivds, amely hatassal van az
Okoszisztémakra, a ndvényzetre és az emberi egészségre, ezért kulcsfontossdgu a
természetvédelmi megoldasok kidolgozasaban. A 1égkori szennyezd anyagok iddébeli
dinamikédjanak és az antropogén tevékenységekkel valdo kapcsolatanak megértése
elengedhetetlen a hatékony kornyezetgazdalkoddshoz. A COVID-19 vilagjarvany
egyediilalld lehetdséget nyujtott annak vizsgalatara, hogy az emberi tevékenységek

varosi 1éptékben.

A tanulmany a nitrogén-dioxid (NO:), a szén-monoxid (CO) és a kén-dioxid (SOx)
koncentracioinak id6beli valtozasat vizsgalja Magyarorszagon a Sentinel-5P TROPOMI
miithold adatai alapjan. Az elemzés a pandémia elOtti, alatti €s utani idészakokat oleli fel, a
szennyezd anyagok viselkedésének é€s szezonalis dinamikdjanak feltardsa érdekében.
Mindharom szennyezd anyag egyértelmli szezondlis mintdzatot mutatott, magasabb
koncentraciokkal a hidegebb honapokban. A NO: 2020-ban jelentds csokkenést mutatott,
majd 2021-ben ujra novekedés kovetkezett. A CO Osszetettebb viselkedést mutatott, mivel
orszagos szinten csokkent, ugyanakkor varosi szinten magasabb értékek maradtak fenn. A
SO: mutatta a legnagyobb valtozékonysagot €s gyenge reakciot a korlatozasokra.

Osszességében az eredmények azt mutatjdk, hogy a levegdmindség valtozasai
szennyezOanyag-specifikusak és nagymértékben a kibocsatési forrasoktdl fiiggenek. Mig a
NO: szorosan kapcsolddik a kozlekedéshez, a CO és a SO: inkabb allandé forrasokhoz,
példaul a lakossagi flitéshez és az energiatermeléshez kothetd. Az eredmények
hangsulyozzék a tavérzékelés és a mérnoki megkozelitések integraldsanak fontossagat a
légszennyezés dinamikajanak jobb megértése érdekében.
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Air pollution is one of the most significant environmental challenges affecting ecosystems,
plants and human health, making it a key area for finding solutions to conserve the natural
elements involved. Understanding the temporal dynamics of atmospheric pollutants and
their relationship with anthropogenic activities is essential for developing effective
conservation strategies. COVID-19 pandemic offered a unique opportunity to study how
changes in anthropogenic activities influence air pollutant concentration at regional and
urban scales.

This study analyzes the temporal variation of nitrogen dioxide (NO:), carbon
monoxide (CO) and sulfur dioxide (SO2) in Hungary, using data from the Sentinel-5P
TROPOMI. The analysis covers pre-pandemic, pandemic and post-pandemic periods, for
identifying changes in pollutant behavior and seasonal dynamics.

The results indicate that all three pollutants exhibit clear seasonal patterns,
characterized by higher concentrations during colder months and lower levels during
warmer periods. NO: showed the most pronounced decrease during 2020 and a rebound
effect in 2021, with concentrations increasing and, in some cases, surpassing pre-pandemic
levels. CO exhibited a more complex response. Although an apparent decrease during the
pandemic period was observed at a country scale; relatively higher concentrations were
observed on the city scale. SO showed the highest variability and the weakest response to
lockdown measures. Despite a slight reduction was observed, its behavior was characterized
by fluctuations and peaks, specifically in early 2021.

Overall, the results demonstrate that air quality responses to COVID-19 restrictions
are pollutant specific and largely determined by emission sources. While NO: is strongly
linked to traffic and mobility, CO and SO: reflect more complex dynamics associated with
stationary sources.
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1. INTRODUCTION

Air pollution is defined as any atmospheric condition in which certain substances are present
at concentrations that can produce undesirable effects on human health and the environment.
These substances include gases such as sulfur oxides (SOx), nitrogen oxides (NOx), carbon
monoxide (CO), hydrocarbons, particulate matter such as smoke and aerosols, and other

compounds suspended in the atmosphere (Admassu & Wubeshet, 2014).

Air pollutants are commonly found in higher concentrations in urban areas due to the strong
presence of anthropogenic activities such as transportation, industrial production and energy
generation. Air pollution is a modern challenge, not only for its role in climate change but
also for its serious repercussions on both public and personal well-being, leading to higher
instances of sickness and mortality (Gul & Das, 2023). Ambient air pollution is among the
greatest environmental risks to human health, and it was responsible for 4.2 million deaths

in 2016 worldwide (WHO, 2020)

Sulphur dioxide (SO:) is an atmospheric pollutant primarily produced during combustion
of sulfur-containing fossil fuels such as coal and oil. Exposure to SO- has been associated
with several adverse health effects, particularly affecting the respiratory system. Short-term
exposure can cause respiratory symptoms such as coughing, dyspnea, airway irritation and
increased airway resistance, especially among individuals with asthma or other respiratory
conditions. Long-term exposure has been linked to decreased lung function and increased
prevalence of respiratory diseases. Sulfur dioxide is considered a respiratory tract irritant
that can contribute to acute respiratory symptoms and may aggravate pre-existing

cardiopulmonary diseases (Chen, Gokhale, Shofer, & Kuschner, 2007).

Nitrogen dioxide (NO:) is an atmospheric pollutant, which its primary source is the
combustion of fossil fuels and motor vehicle use (Atkinson et al., 2018). Contributes to the
creation of smog and acid rain (Chen et al., 2007). Studies have shown that this pollutant
is related to respiratory, cardiovascular diseases and premature mortality (Huang et al.,
2021), nevertheless, some studies have reported discrepancies as to whether or not this
pollutant directly affects health in certain populations (Bentayeb et al., 2015). These
discrepancies may be related to differences in geographic location, study design, exposure

assessment, and population characteristics (Liu et al., 2019).
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Carbon monoxide (CO) is a colorless, odorless and tasteless toxic gas, produced by the
incomplete combustion of carbonaceous fuels such as wood, petrol, coal, natural gas and
kerosene (WHO, 2010). Anthropogenic emissions are responsible for about two thirds of
the carbon monoxide in the atmosphere and natural emissions account for the remaining one

third.

CO exposure is linked to hypoxia and high levels exposures can cause unconsciousness and
death. Evidence is also mounting that carbon monoxide can produce a cascade of cellular
events leading to adverse effects that are not necessarily ascribable to hypoxia (WHO,

2010).

During the pandemic in 2020, the world was forced to stop its activities during the
lockdown. Mobility restrictions were the strongest measures taken by governments to
prevent massive spread of the virus, and although it was not intended, it may have had an

impact on the concentration of the pollutants in the atmosphere.

In Hungary, restrictions associated with the COVID-19 pandemic began in March 2020.
These restrictions reduced vehicular traffic and several economic activities, creating

conditions that potentially influenced atmospheric pollutant concentrations.

This study analyzes the temporal variation of carbon monoxide (CO), nitrogen dioxide
(NO2), and sulfur dioxide (SO2) in Hungary between 2018 and 2023 using satellite data from
the Sentinel-5P TROPOMI sensor. The study combines geospatial analysis and statistical
evaluation to identify temporal patterns and compare pollutant concentrations during the

pre-pandemic, pandemic and post-pandemic periods.

From a conservation perspective, understanding air pollution dynamics is essential for
protecting ecosystem integrity and maintaining the balance between natural and
anthropogenic systems. Air pollution not only has a deep effect on human health but also
has a significant impact on vegetation, soil processes, and biodiversity, influencing
ecosystem health and interactions too. That is why it is so important to analyze the temporal
behaviors of pollutants in order to contribute to the development of more effective
environmental management strategies, supporting sustainable land use, climate adaptation,

and conservation planning.
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OBJECTIVES
GENERAL OBJECTIVE:

Determine concentration levels of CO, NO2, SO present in the air of Hungary by using

satellite data from the Sentinel-5P TROPOMI Satellite.

SPECIFIC OBJECTIVES:

e Conduct a spatiotemporal analysis of the concentration levels of carbon monoxide
(CO), nitrogen dioxide (NO2), sulfur dioxide (SO:) during the years 2018-2023
using satellite images from the Sentinel-5P TROPOMI satellite.

e Use a geospatial and statistical analysis to compare the concentrations of carbon
monoxide (CO), nitrogen dioxide (NO:), sulfur dioxide (SO:) during the pre-

pandemic, during, and post-pandemic periods in major cities in Hungary
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2. LITERATURE REVIEW

2.1.Atmospheric Pollutants

The atmosphere can be defined as the relatively thin gaseous envelope that surrounds the
entire planet Earth. It possesses several properties related to its physical state and chemical
composition, and it undergoes a variety of internal processes and external interactions that
can maintain or alter these properties (Singh, 1995). The atmosphere is composed of 78%
nitrogen (N), 21% oxygen (O), and the remaining 1% consists of hydrogen (H), argon (Ar),
neon (Ne), helium (He), and carbon dioxide (CO:) (Ackerman y Knox, 2007).

Air pollution can be defined as a mixture of hazardous substances of both natural and
anthropogenic origin that are released into the atmosphere. Some of these hazardous
substances are emitted naturally, such as ash and gases from volcanic eruptions. Other
emissions may result from both human and natural activities, such as smoke from forest
fires, as well as methane, which originates from the decomposition of organic matter in soils

and in animal feeding operations (Rice et al., 2021).

Pollution is caused by solids, liquids, and certain gases that remain suspended in the air. The
main sources of air pollution generated by human activities include vehicle exhaust
emissions, manufacturing plants, dust, volcanoes, and fires. Solid and liquid particles

suspended in the air are referred to as aerosols (Sarla, 2020).
The standard classification of pollutants can be divided into two types:

2.2. Primary pollutants

These are those that are emitted directly from a source. Examples include nitrogen oxides
(NOx), sulfur oxides (SOx), volatile organic compounds (VOCs), particulate matter (PM),
and carbon oxides (CO:z + CO).

The main primary pollutants are:
Nitrogen Dioxide (NO:)

This group includes nitric oxide (NO), nitrogen dioxide (NO:), nitrous oxide (N:0),
dinitrogen trioxide (N20s), and dinitrogen pentoxide (N20s). These oxides are produced by
natural phenomena such as lightning, volcanic eruptions, and bacterial activity in soils, as

well as by anthropogenic sources such as fuels used in internal combustion engines, thermal
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power plants, industrial facilities, heating systems, and incinerators. NO and NO.,
collectively referred to as NOx, are the main nitrogen oxides emitted by vehicles (Onursal

y Gautam, 1984).
Sulfur Dioxide (SO:)

Sulfur dioxide (SO:) is a stable, non-flammable, non-explosive, and colorless gas that is
highly soluble in water. It is primarily produced by the combustion of sulfur-containing
fossil fuels during thermal power generation, heating, cooking, and transportation. In the
atmosphere, SO: can be oxidized to sulfur trioxide (SOs) through reactions with oxygen.
Global SO: emissions are estimated to reach 294 million tons annually, of which

approximately 160 million tons are of anthropogenic origin (Onursal & Gautam, 1984).

SOs: is produced from both natural and anthropogenic sources. Volcanic activity represents
the main natural source, whereas the combustion of fossil fuels containing sulfur, such as
oil and coal, constitutes the primary anthropogenic source (Khalaf et al., 2024). Activities
such as thermal power generation—particularly in coal-fired power plants—metal smelting,
oil extraction, fuel consumption, and transportation significantly contribute to SO:

emissions (Khalaf et al., 2024).

In the atmosphere, SO: can dissolve in water vapor to form acidic compounds and can
interact with other gases and particles to produce sulfates and other respirable particulate

matter (Chen et al., 2007).
Carbon Monoxide (CO)

It is a colorless, odorless gas that is slightly denser than air and is emitted from both natural
and anthropogenic sources. Anthropogenic sources generate CO through the incomplete
combustion of carbon-based fuels in motor vehicles, heating systems, industrial facilities,
thermal power plants, and incinerators. Among these, motor vehicles are the largest
contributors to CO emissions. The conversion of CO to CO: in the atmosphere takes

between two and five months (Onursal y Gautam, 1984).

Emissions from spark-ignition engines are released through exhaust, crankcase, and fuel
system. The main pollutants emitted by gasoline-powered vehicles include CO,

hydrocarbons (HC), NOx, and lead (Onursal & Gautam, 1984).

Methane (CH.)
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Methane is one of the main greenhouse gases. Its primary emission sources include
anaerobic decomposition in natural wetlands, flooded rice fields, livestock production
systems, biomass burning, anaerobic decomposition of organic waste in landfills, and the

release of fossil methane during the exploration and transportation of fossil fuels.

It is evident that anthropogenic activities play a significant role in increasing methane
emissions in most of these sources, particularly through the expansion of rice cultivation,

livestock production, and the exploration and use of fossil fuels (Heilig, 1994).
Particulate Matter (PM)

Particulate matter consists of fine solid particles and liquid droplets, excluding pure water,
that are dispersed in the air. These originate from both natural and anthropogenic sources.
Natural sources include windblown dust, volcanic ash, forest fires, sea salt, and pollen.
Anthropogenic sources include thermal power plants, industrial activities, commercial and

residential facilities, and motor vehicles that use fossil fuels (Onursal y Gautam, 1984).

Particles with an aerodynamic diameter of 10 um or less are known as inhalable suspended
particles or PM10, these particles remain in the atmosphere for longer periods due to their
low settling velocities and can penetrate deeply into the respiratory tract. The main sources
of PM10, or coarse particles, include windblown dust, vehicles traveling on unpaved roads,

material handling, and crushing and grinding operations (Onursal y Gautam, 1984).

2.3. Secondary pollutants

Formed through chemical reactions between different primary pollutants or with natural

constituents in the atmosphere. Examples include ozone (Os) and peroxyacyl nitrates (PAN).
Ozone (0s)

Ozone is a colorless gas found in two distinct layers of the atmosphere. In the stratosphere,
ozone is formed through the photolysis of oxygen or naturally occurring hydrocarbons and
plays a crucial role in protecting the Earth from ultraviolet radiation. In the troposphere,
ground-level ozone is formed because of reactions between volatile organic compounds
(VOCs) and NOx in the presence of sunlight and high temperatures. Ground-level ozone is
one of the main components of smog in urban areas, and motor vehicles are the primary

anthropogenic source of its precursors (Onursal y Gautam, 1984).
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2.4. Sources of air pollution

Natural sources of pollution

Naturally occurring particulate matter (PM) includes dust from the Earth’s surface (crustal
material), sea salt in coastal areas, and biological material such as pollen, spores, or plant
and animal debris (Delon, 2018). Volcanic eruptions can introduce significant amounts of

gases and particles into the atmosphere (Pénard-Morand & Annesi-Maesano, 2004).

Other natural sources of air pollution include lightning, which produces significant amounts
of nitrogen oxides (NOx); algae on ocean surfaces that emit hydrogen sulfide (H2S); wind
erosion, which introduces particles into the atmosphere; and wetlands such as swamps,
peatlands, or shallow lakes, which produce methane (CHa4). Low concentrations of Os also
occur naturally at ground level, formed in the presence of sunlight through reactions
between NOx and volatile organic compounds (VOCs) (Pénard-Morand y Annesi-Maesano,

2004).
Anthropogenic sources

In urban areas, most air pollution originates from human-made sources. These sources can
be classified as mobile (cars, trucks, aircraft, marine engines, etc.) or stationery (factories,

power plants, etc.) (Figure 1) (Pénard-Morand y Annesi-Maesano, 2004).

Vehicular traffic represents the main source of air pollution in large cities of industrialized
countries. The combustion of carbon-based fuels (coal, gasoline, wood, natural gas) is never
complete and produces carbon monoxide (CO) and hydrocarbons. Nitrogen oxides (NOx)
are generated from the combination of nitrogen in the air and oxygen during the high-
temperature combustion of fossil fuels in engine systems (Pénard-Morand y Annesi-

Maesano, 2004).
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Figure 1: Air pollution pathway
Source: Haq & Schwela (2008) p. 11.

Human activities have increased the concentration of volatile organic compounds (VOCs)
due to the huge amount of petroleum use, chemical industries, and transportation, while
nitrogen oxides (NOx) mainly originate from combustion processes in power plants and
automobiles. As a result, ozone (Os) concentrations increase, leading to higher levels of
smog in densely populated and industrialized regions. Human activities also contribute
significantly to total ambient particulate matter (PM). In urban environments, particles are
primarily generated as a result of the combustion of both mobile and stationary sources.
Coal and sulfur present in fuel oils are oxidized into sulfur dioxide (SO-). These fuels are
widely used for transportation, heating, and providing the energy required for numerous
industrial processes. Additionally, industrial activities generate specific pollutants as by-
products, such as fluorine- or aluminum-derived compounds (Pénard-Morand y Annesi-
Maesano, 2004).

Mineral processing releases heavy metals such as cadmium, zinc, and lead. Mercury is
produced through the incineration of domestic waste. Agricultural activities, particularly
through the use of nitrogen-based fertilizers, generate nitrous oxide (N20), a greenhouse
gas, and ammonia (NHs), both of which contribute to acidification processes. Methane
(CHa), another greenhouse gas, is mainly produced through the digestion and excretion

processes of livestock (Pénard-Morand y Annesi-Maesano, 2004).
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2.5. Effects of pollutants on human health

Nitrogen Dioxide (NO:).

It is a reactive gas that can cause bronchitis and pneumonia, while also increasing
susceptibility to respiratory infections. It affects both the cellular and humoral immune
systems, impairing immune responses. According to Hasselbald et al. (1992) children are
more prone to respiratory diseases due to exposure to NO2, and another study conducted by
Saldiva et al. (1994) has associated NO- exposure with increased daily mortality in children
under five years of age. Individuals exposed to NO: are at risk of developing chronic

bronchitis, particularly those with pre-existing chronic respiratory diseases and emphysema.
Sulfur Dioxide (SO-).

Numerous single- and multi-pollutant time-series studies have demonstrated associations
between SO exposure and daily mortality and morbidity. SO- is also linked to allergic
reactions such as rhinitis, with symptoms including nasal congestion and sneezing; long-
term exposure may lead to more severe conditions such as atopy. High levels of SO:
inhalation have been associated with increased release of white blood cells and their
precursors from the bone marrow, as well as elevated counts of band cells in peripheral
blood. Additionally, SO. exposure can cause damage to developing fetuses and to the
reproductive system, particularly the testes, potentially leading to increased morbidity and
mortality, as well as low birth weight. At the molecular level, SO reduces immune function,
increases membrane permeability, induces chromosomal breakage, and exhibits mutagenic

properties (Sonwani y Saxena, 2021).

High doses of inhaled SO- have also been associated with acute neurotoxic effects, including
peripheral neuritis, seizures, agitation, tremors, vertigo, and fever. Liquid SO, under
conditions of high pressure or low temperature, can cause severe corneal damage. The
cornea may turn gray, followed by swelling of the eyelids after a few hours. As a result, the
conjunctiva may become white and opaque, and thrombosis in ocular blood vessels may
occur. Direct skin contact with SO: can also lead to dermatological reactions such as
urticaria. At high doses, SO causes severe skin irritation, resulting in pain, redness, and
blistering. Furthermore, SO. has been shown to inhibit DNA synthesis and cause
chromosomal damage, as observed in workers in sulfuric acid production facilities

(Sonwani y Saxena, 2021).
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Carbon Monoxide (CO).

CO has been strongly associated with cardiovascular diseases and Parkinsons disease. The
affinity of hemoglobin for CO is much higher than oxygen, which can bring adverse health
effects by reducing delivery of oxygen (Blomberg et al., 1999). CO enters the bloodstream
through the lungs and attaches to hemoglobin (Hb), forming caboxyhemoglobin (COHDb)
and thereby reducing the amount of oxygen (O:) delivered to the body’s organs and tissues.
High COHD concentrations are poisonous. Central nervous system effects in individuals
suffering from acute CO poisoning cover a wide range, depending on severity of exposure:
headache, dizziness, weakness, nausea, vomiting, disorientation, confusion, collapse and

coma (Raub & Benignus, 2002)

2.6. Effects of pollutants on plants

Air pollution can also cause significant damage to plants. It affects plant health by altering
their physiology, biochemistry, and morphology. Different atmospheric gases lead to a

variety of visible symptoms, resulting in reduced plant growth and productivity.

Physiological and biochemical responses in plants can serve as indicators of environmental
conditions. In air pollution studies, biomonitoring has become an important concept. Certain
plant species act as indicators when exposed to air pollutants, producing a range of
symptoms, particularly morphological ones that vary depending on the type of pollutant.
Therefore, plants can serve as valuable tools in methods for monitoring and controlling air
pollution. These types of plants are generally classified as “sensitive” species. For
biomonitoring purposes, the Air Pollution Tolerance Index (APTI) is used to classify plants
into categories such as tolerant, moderately tolerant, sensitive, and highly sensitive. Tolerant
species act as “sinks” for pollutants, while sensitive species function as “indicators”

(Shannigrahi, Fukushuma & Sharma, 2004).

Plants interact with air pollutants by adsorbing, accumulating, or absorbing them into their
tissues. If the pollutant is toxic, it can cause injury and produce symptoms, particularly
morphological damage. Tolerant plant species contribute to pollutant removal, thereby
helping to reduce the overall pollution load. Air pollutants can also damage leaf cuticles and
affect stomatal conductance. In addition, they can interfere with photosynthetic systems,
respiration rates, and carbon allocation patterns within plants. The impact of air pollutants

on plant health can be classified into two main types: direct effects, through visible injuries
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such as chlorosis and necrosis, and indirect effects, through alterations in growth and

reproduction processes (Weinstein, 1977).

2.7. Remote Sensing

Remote sensing is the science and art of obtaining information about an object, area, or
phenomenon through the analysis of data acquired by a device that is not in direct contact
with the object, area, or phenomenon under study. In many respects, remote sensing can be
understood as a process of interpretation or “reading.” By using different sensors, data is
collected remotely and later analyzed to extract information about objects of interest. The
information acquired remotely can take different forms, including variations in force
distribution, acoustic wave propagation, or electromagnetic energy distribution (Lillesand,

Kiefer, y Chipman, 2015).

Satellite imagery is the result of using remote sensors mounted on satellites, which capture
images of the Earth’s surface under specific characteristics that depend on both the satellite

platform and the sensor employed (Alvarez, 2014).

Satellite sensors receive information about an object through electromagnetic energy. This
information may be encoded in the frequency, intensity, or polarization of the wave and can
be transmitted either directly from the object or indirectly through reflection, scattering, or
re-emission before reaching the sensor. All materials on Earth reflect or emit
electromagnetic energy. Sensors measure the intensity of this radiation and analyze its
variation across different frequencies to determine the physical properties of the observed

objects (Garcia, 2000).

2.7.1. Sentinel-SP TROPOMI Technology

The Tropospheric Monitoring Instrument (TROPOMI) is on board the Sentinel-5 Precursor
satellite. It represents the first Copernicus mission developed by the European Space
Agency (ESA) specifically designed for atmospheric monitoring. The sensor is a nadir-
viewing imaging spectrometer that operates across multiple spectral ranges, including
ultraviolet-visible (270-500 nm), near-infrared (710-770 nm), and shortwave infrared

(2314-2382 nm) (Eskes et al., 2021).

The instrument uses passive remote sensing techniques to achieve its objectives by
measuring solar radiation that is reflected and emitted by the Earth at the top of the

atmosphere. It captures images of a swath of the Earth on a two-dimensional detector over
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approximately one second, during which the satellite travels about 7 km. This swath has
approximate dimensions of 2600 km in the direction perpendicular to the satellite’s path and
7 km along the track. After each one-second measurement, a new measurement begins,
allowing the instrument to continuously scan the Earth as the satellite moves (Eskes et al.,

2021).

The two dimensions of the detector are used to capture different ground pixels across the
swath and to resolve different wavelengths. The measurement principle of TROPOMI is

illustrated in (Figure 2) (Eskes et al., 2021).

The sensor acquires data with an approximate spatial resolution of 1 km and a daily temporal
resolution. TROPOMI provides information on atmospheric concentrations of Os, NO-,
SO., CO, CHa, CH:0, and aerosols, representing a significant advantage compared to other

satellite systems (Veefkind et al., 2012).

across track (5Wafh}

Flight directio‘n/

¢ ~7 km
{1 s flight)

Figure 2: TROPOMI measuring principle
Source: Eskes et al. (2021).

2.7.2. Geographic Information Systems (GIS)

Geographic Information Systems (GIS) are computer-based systems capable of handling
virtually any type of information related to features that can be referenced by their
geographic location. These systems can manage both spatial (location-based) data and

attribute data associated with those features. In other words, GIS not only enables automated
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mapping and visualization of feature locations but also provides the capability to store and

analyze descriptive characteristics (“attributes”) of those features (Lillesand et al., 2015).
GIS allows the following operations to be performed:
o Reading, editing, storing, and managing spatial data.

e Analysis of such data. This can range from simple queries to the development of
complex models and can be carried out on both the spatial component of the data
(the location of each value or element) and the thematic component (the value or the

element itself).

e Generation of outputs such as maps, reports, graphs, and other visual products

(Olaya, 2014).

2.7.3. GIS Subsystems

According to Olaya (2014), to fully understand GIS, it should be considered as a set of

subsystems, each responsible for specific functions. These are:

Data subsystem: Responsible for data input and output operations, as well as data
management within the GIS. It allows other subsystems to access and operate based on this

data.

Visualization and cartographic production subsystem: Responsible for generating

representations from data (maps, legends, etc.), enabling interaction with the information.

Analysis subsystem: Contains the methods and processes used for analyzing geographic

data.

According to Olaya (2014), for a GIS to be considered a useful and comprehensive tool, it

must incorporate these three subsystems to some extent.

2.7.4. Elements of GIS

Traditionally, five main elements are considered fundamental in GIS (Figure 3):
Data: The raw material required for GIS analysis.
Methods: A set of procedures and methodologies applied to the data.

Software: Specialized programs used to process data and implement analytical methods.
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Hardware: The equipment required to run the software.

People: The individuals responsible for designing, operating, and utilizing the system

(Olaya, 2014).

Figure 3: GIS elements
Source: Olaya (2014) p.15

2.7.5. Google Earth Engine (GEE)

Google Earth Engine (GEE) is a platform developed by Google that enables large-scale
geospatial processing. One of its main objectives is to reduce the time required for data
processing and to facilitate analyses based on spatial information. GEE emerged from the
need to efficiently manage the large volumes of data generated by space missions dedicated
to collecting remote sensing information. To achieve this, Google developed an
infrastructure based on three key components: a data catalog, computational capacity, and
application programming interfaces (APIs). GEE compiles geospatial information from
multiple sources around the world and stores copies of these datasets within its own data
centers, enabling the storage of more than 20 petabytes (20,000,000 gigabytes) of

information in a single platform (Solorzano Villegas & Perilla Suarez, 2022).
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3. METHODOLOGY

3.1. Study area

The analysis was initially conducted across the entire territory of Hungary (Figure 4), where
average concentration values of each pollutant were calculated. Subsequently, a more
detailed analysis was carried out focusing on the cities with highest population density:

Budapest, Szeged and Debrecen.

Hungary is a landlocked country located in the Carpatian (Pannonian or Central Danubian)
Basin, in the southeastern part of Central Europe. It lies between 16°05" and 22°58" E
longitude, and 45°48" and 48°35’ N latitude, positioning it almost equidistant between the
Equator and the North Pole. The country extends approximately 528 km from west to east
and 268 km from north to south. Due to its central geographical location, Hungary is
influenced by oceanic, continental, and Mediterranean air masses, making it a transitional
climatic zone. Additionally, it is predominantly a lowland country, with around 83% of its
territory situated below 200 meters above sea level, which has important implications for
atmospheric circulation and pollutant dispersion processes (Hungarian Geographical

Institute, 2012).
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Figure 4. Hungary geographical localization
(Source: Own elaboration)

3.2. Data downloading

Atmospheric pollutant data were obtained from the Sentinel-5P satellite, equipped with the
Tropospheric Monitoring Instrument (TROPOMI). The downloaded pollutants data
included carbon monoxide (CO), nitrogen dioxide (NO-) and sulfur dioxide (SOx).

The datasets used correspond to the level 2 offline (OFFL) products available in the Google
Earth  Engine (GEE) catalog, including COPERNICUS/S5P/OFFL/CO,
COPERNICUS/S5P/OFFL/NO2, and COPERNICUS/S5P/OFFL/SO., with their
corresponding bands (7able I). These products provide column densities of atmospheric

pollutants expressed in mol/m?.

Data was accessed and processed using Goggle Earth Engine (GEE) platform. Specific
scripts written in JavaScript were created within the GEE Code Editor to extract pollutant
concentration data. The analysis was spatially constrained to the study area using
administrative boundaries for Hungary and further refined for the selected urban areas:

Budapest, Szeged and Debrecen.

0081

1009Y
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Table 1. TROPOMI Sentinel-5P Satellite characteristics

Pollutant Sensor/Band Spatial Temporal Unity
resolution | Resolution
CO CO column number density Ix1 km 30 min mol/ m2
SO- SO: column number density 15km I1x1 km 30 min mol/ m2
NO: tropospheric NO:_column 1x1 km 30 min mol/ m2
number_density

Source: Earth Engine Data Catalog (2008)

3.3. Temporal Period Definition

Three temporal periods were defined to evaluate the impact of COVID-19 related mobility

restrictions on air quality:

- Pre-pandemic period: January 2018 — February 2020
- Pandemic period: March 2020 — May 2020

- Post-pandemic period: June 2020 — December

These periods were established based on the onset of mobility restrictions and lockdown

measures implemented across Europe in response to the COVID-19 pandemic.

3.4. Data Processing

The processing of satellite-derived atmospheric data was carried out using the Google Earth
Engine (GEE) platform, which enables efficient handling of large geospatial datasets,
initially spatial filtering was applied to constrain the analysis to the study area using
administrative boundaries for Hungary, as well as polygon geometries representing the
selected urban areas: Budapest, Szeged and Debrecen. This ensures that all values

correspond to the defined regions of interest.

To improve data reliability, quality filtering procedures were implemented using the quality
assurance (QA) bands provided in each dataset. Pixels with low-quality values, often
associated with cloud cover, atmospheric or sensor limitations were excluded from the

analysis.

Following the filtering process, daily observations were aggregated into monthly

composites using statistical reducers, specifically the mean function.

For each pollutant and each spatial unit, a time series was generated covering the period

from 2018 to 2023. These time series were structured to include both temporal (year and
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month) and spatial (city or national level) attributes, facilitating subsequent statistical

analysis.

The processed data were then exported from GEE as comma-separated values (.csv) files.
Each dataset contained monthly average pollutant concentrations expressed in column
number density (mol/m?), along with the corresponding timestamps and geographic

identifiers.

Post-processing and further analysis were conducted in Python. Data cleaning procedures
including handling missing values, verifying temporal continuity and standardizing data

formats.

Overall, this processing workflow ensured high data quality, temporal consistency, and
reproducibility, enabling a robust analysis of spatiotemporal patterns in atmospheric

pollutant concentrations.

3.5. Temporal Segmentation

To evaluate the impact of COVID-19 related restrictions, the study period was defined into

three phases:

- Pre-pandemic: January 2018 — February 2020
- Pandemic: March 2020 — May 2020

- Postpandemic: June 2020 — December 2023

This classification enables a structured comparison of pollutant concentrations under

different levels of anthropogenic influence.
3.6. Spatiotemporal analysis of the concentration levels CO, NO: and SO:

Seasonal Cycle and Annual Behavior Analysis

To study the temporal behavior of each pollutant, a seasonal analysis was performed based

on the calculation of mean monthly concentrations across the entire study period.

For this, the dataset was grouped by month and the average concentration for each pollutant
and each month was calculated. This approach allows the identification of the typical annual

cycle by removing interannual variability and highlighting recurring seasonal patterns.
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The resulting monthly averages were used to construct representative seasonal curves for
CO, NO:2 and SO.. These curves provide a simplified but robust representation of how

pollutant concentrations vary throughout the year under typical conditions.
The analysis focused on identifying:

- Periods of maximum and minimum concentration.

- Recurring seasonal peaks.

- Differences in temporal behavior among pollutants.

- Consistency of patterns across the study period.

In addition to this, a comparative analysis was performed between the long-term seasonal
cycle the actual behavior observed during the 2018-2023 period. For this purpose, time
series plots were generated showing the monthly evolution of pollutant concentrations

alongside the corresponding monthly mean values derived from the full dataset.

This comparison allows for the identification of deviations from the expected seasonal
pattern, highlighting periods where pollutant concentrations differ from the typical annual
behavior. Such deviations are particularly useful for detecting the influence of external
factors, including changes in anthropogenic activity or anomalous environmental

conditions.
Spatial Analysis and Mapping

To complete the analysis a spatial evaluation of pollutant distribution was conducted
through the generation of mean concentration maps. These maps were created by calculating
the average concentration of each pollutant over the study period and visualizing their

spatial distribution across the country.

The spatial representation of pollutant concentrations allows for the identification of
geographic patterns, highlighting areas with relatively higher or lower levels of atmospheric

pollution.
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3.7. Geospatial and statistical analysis to compare the concentrations CO, NO: and

SO:.

The second objective of this study consisted of performing a geospatial and statistical
comparison of atmospheric pollutant concentrations (CO, NO-, and SO2) across different

temporal periods associated with the COVID-19 pandemic in major Hungarian cities.
Comparative Analysis of Pollutant Concentrations Across COVID-19 Periods

The analysis was conducted using a dataset containing monthly average concentrations of
CO, NO-, and SO: for the cities of Budapest, Szeged, and Debrecen. These cities were
selected due to their high population density and representativeness of urban environmental

conditions in Hungary.

Each observation in the dataset included the following attributes: city, pollutant type,
concentration value, and corresponding temporal period. Pollutant concentrations were
expressed in column number density (mol/m?), ensuring consistency with the satellite-

derived data used throughout the study.
To facilitate comparison, the dataset was categorized into three distinct temporal periods:

e Pre-pandemic
e Pandemic

e Post-pandemic

These categories were defined according to the timeline of COVID-19 mobility restrictions

in Europe.

Monthly data were grouped according to the defined temporal periods (pre-pandemic,
pandemic, and post-pandemic), and average concentration values were calculated for each

pollutant and city.

This aggregation allowed the transformation of the time series into a comparative
framework, enabling a direct evaluation of how pollutant levels changed under different
levels of anthropogenic activity. A spatial comparison was subsequently performed by
analyzing differences in pollutant concentrations among the selected cities (Budapest,
Szeged, and Debrecen), allowing the identification of location-specific patterns associated
with factors such as traffic intensity, industrial activity, and energy consumption. This

approach captures the heterogeneity of pollutant behavior at the urban scale, providing
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insights that are not observable at the national level. To quantify temporal changes,
percentage variations in pollutant concentrations were calculated for each city and pollutant
between the defined periods. Specifically, the variation between the pandemic and pre-

pandemic periods was computed as:

Cpandemic -

Cpre

Apandemic(%’) = = % 100

and the variation between the post-pandemic and pandemic periods as:

Cpost - Cpandemic

C

pandemic

x 100

Apost(o/o) =

Where Crepresents the average pollutant concentration for the corresponding period. These
metrics provide a clear and standardized measure of the magnitude and direction of change,

allowing for consistent comparison across pollutants with different concentration ranges.
Correlation Analysis Between Pollutant Concentrations and Temperature

Monthly average temperature data for the selected cities (Budapest, Szeged, and Debrecen)
were obtained from the Hungarian Meteorological Service (OMSZ) database

(https://odp.met.hu), which provides historical climate observations. These data were

temporally aligned with the pollutant concentration dataset to ensure consistency in the

analysis period (2018-2023).

The temperature dataset was integrated with the pollutant time series based on matching
temporal attributes (year and month), allowing for a direct comparison between atmospheric
conditions and pollutant concentrations. Prior to analysis, the data were reviewed to ensure
completeness and consistency, and any missing or inconsistent values were handled to

maintain the integrity of the dataset.

To evaluate the relationship between air temperature and pollutant concentrations, a
correlation analysis was performed using the Pearson correlation coefficient (r). This
statistical measure quantifies the strength and direction of the linear relationship between

two continuous variables. The coefficient was calculated for each pollutant and city
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independently, allowing for the identification of pollutant-specific responses to temperature

variability.
The Pearson correlation coefficient was computed as:
n - -
> (X -0 -1

erZlg&—XFJZLJE—YP

Where X; represents the pollutant concentration, Y; the corresponding temperature value,

and X and Y are the mean values of each variable.

This analysis allows the identification of inverse or direct relationships between temperature
and pollutant concentrations. Negative correlation values indicate that pollutant
concentrations tend to decrease as temperature increases, while positive values indicate the
opposite behavior. The magnitude of the coefficient reflects the strength of the relationship,

enabling the differentiation between weak, moderate, and strong correlations.

4. RESULTS

4.1. Spatiotemporal analysis of the concentration levels of carbon monoxide (CO),
nitrogen dioxide (NO:), and sulfur dioxide (SO:) during the years 2018-2023 using
satellite images from the Sentinel-5SP TROPOMI satellite.

Pollutants behave in different ways throughout the months; this is clearly related to the
seasonal changes. Although the three pollutants have their specific pattern, we can see that
all of them tend to increase concentration around October-March and decreasing in April-

September.
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For NO, the peak concentration is in December-January, and then it drastically lowers in
February-March, to reach the second peak of the year in April. For CO, the peak
concentration is in March-April, to then drop in May-November, and then the concentration
starts to rise till its peak in March again, both can be related to the start of agricultural
activities. For SO., the peak concentration is in December-February. Then we can see it
slowly drops in March-June caused by the rise in temperature. A secondary peak in summer
(July) may be linked to agricultural activities as well as increased use of cooling systems

and mobility during holiday seasons (Figure 5).
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Figure 5: Pollutants monthly cycle.
Source: Own elaboration

As seen in Figure 6, the peak concentration for SO: was observed in February 2021, while
the lowest concentration occurred in May 2019. Considering that COVID-19 restrictions in
Hungary began on March 11, 2020, a noticeable reduction in SO: concentrations can be
observed during the lockdown period. During this time, concentrations fall below the

expected seasonal cycle. Although this behavior was also observed in 2022 and 2023.
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It is observable that the time series follows the seasonal cycle, with some significant
deviations and sharp peaks. The extreme peak observed in early 2021 suggests a strong
rebound effect or the influence of episodic emission sources, such as industrial activity or
energy production, which are not tied to mobility restrictions. Overall, while the lockdown
measures led to a noticeable reduction in SO: concentrations, the variability observed in
subsequent periods indicates that SO. dynamics are strongly associated with emission

sources rather than purely seasonal or mobility related factors.
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Figure 6: SO: Pre-pandemic, Pandemic and Post-pandemic variability and seasonal cycle
in Hungary
Source: Own elaboration

As seen in Figure 7, for NO: the peak concentration was observed in January 2019, and the
lowest concentration occurred in November 2020. Considering that COVID-19 restrictions
in Hungary began on March 11, 2020, a noticeable reduction in NO: concentrations can be
observed throughout the year 2020. Compared with both the preceding and following years,

2020 presents the lowest overall concentrations in the time series. During the lockdwon the
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observed concentratios fall consistently below the expected seasonal cycle, indicating a

reduction beyond normal seasonal variability. This suggests that mobility restrictions had a

strong impact.

Furthermore, the overall downward shift in 2020 relative to other years reflects a sustained
reduction in emissions during the pandemic, rather than a short-term fluctuation. After 2020,
concentrations begin to recover and return close to the seasonal baseline, indicating a

gradual resumption of economic activity and mobility patterns.
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Figure 7: NO2 Pre-pandemic, Pandemic and Post-pandemic variability and seasonal cycle

in Hungary
Source: Own elaboration
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As seen in Figure 8 for CO the peak concentration was observed in July 2021, while the
lowest concentration occurred in October 2022. Considering that COVID-19 restrictions in
Hungary began on March 11, 2020, a noticeable reduction in CO concentrations can be
observed during 2020. This reduction is particularly evident when comparing the typical
seasonal pattern observed in other years. Under normal conditions, CO concentrations tend
to decrease gradually from spring to summer. However, in 2020, this decline is more abrupt,
keeping the concentrations under the expected seasonal pattern. Interestingly, an even
stronger reduction is observed in 2022, where concentrations drop more sharply and reach

the lowest values in the entire time series.

Overall, CO exhibits a clear seasonal cycle, closely following the expected pattern
throughout most of the time series. However, deviations from this cycle particularly during

2020 and 2022 highlight the influence of external drivers beyond seasonal variability
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Source: Own elaboration

4.2.Geospatial and statistical comparison of atmospheric pollutant concentrations

(CO, NO: and SO:) before, during and after the COVID-19 pandemic in major

Hungarian cities

As Figure 9 shows, all analyzed cities present similar concentrations of carbon monoxide
across the three studied periods. In general, an increase in concentration can be observed

during the pandemic period, followed by a decrease during the post-pandemic period.

0 50 100 km
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In Budapest, the pre-pandemic concentration was 0.0340 mol/m? while during the
pandemic it increased to 0.0370 mol/m? (+9.03%) In the post-pandemic period, the
concentration decreased to 0.0335 mol/m? (—9.45% compared to the pandemic period).In
Debrecen, the pre-pandemic concentration was 0.0336 mol/m?, increasing during the
pandemic to 0.0375 mol/m? (+11.49%). During the post-pandemic period, the value
decreased again to 0.036 mol/m? (—10.26%). In Szeged, a similar pattern was observed. The
pre-pandemic concentration was 0.0337 mol/m?, increasing during the pandemic to 0.0377
mol/m? (+11.68%). In the post-pandemic period, the concentration decreased to 0.0337
mol/m? (—10.52%). Overall, the results show that CO concentrations were higher during the
pandemic period in all three cities, while post-pandemic levels returned to values like those

observed before the pandemic.
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CO concentration comparison by city

city pre pandemic post pandemic_change _%| post_change_%
Budapest 3.40e-02 3.70e-02 3.35e-02 9.029 -9.454
Debrecen 3.36e-02 3.75e-02 3.36e-02 11.489 -10.262
Szeged 3.37e-02 3.77e-02 3.37e-02 11.678 -10.519

Figure 9: CO concentration by city and period
Source: Own elaboration

As Figure 10 shows, nitrogen dioxide concentrations show a general decrease during the

pandemic period in all analyzed cities.
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In Budapest, the pre-pandemic concentration was 0.000069 mol/m?, decreasing during the
pandemic to 0.000061 mol/m? (=11%). In the post-pandemic period, the concentration

increased again to 0.000066 mol/m? (+8.6% compared to the pandemic period).

In Debrecen, the pre-pandemic concentration was 0.000032 mol/m?, decreasing during the
pandemic to 0.000029 mol/m? (—11.58%). In the post-pandemic period, the concentration
slightly recovered to 0.000032 mol/m? (+11.5%).

In Szeged, the pre-pandemic concentration was 0.000033 mol/m?, decreasing during the
pandemic to 0.000028 mol/m? (—15.3%). In the post-pandemic period, the concentration
increased again to 0.000032 mol/m? (+15.1%).

These results indicate that NO. experienced a general reduction during the pandemic,

followed by a partial recovery in the post-pandemic period.
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Figure 10: NO:2 concentration by city and period
Source: Own elaboration
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As Figure 11 shows, sulfur dioxide concentrations show greater spatial variability among

the cities analyzed, although overall values remain relatively low.

In Budapest, the pre-pandemic concentration was 0.00000764 mol/m?, decreasing during
the pandemic to 0.00000533 mol/m? (—30.2%). In the post-pandemic period, the
concentration increased to 0.000006 mol/m? (+20.1% compared to the pandemic period),

although it remained below pre-pandemic levels.

In Debrecen, the pre-pandemic concentration was 0.00000968 mol/m?, slightly increasing
during the pandemic to 0.0000101 mol/m? (+4.41%). In the post-pandemic period, the
concentration decreased to 0.00000771 mol/m? (=23.77%).

In Szeged, the pre-pandemic concentration was 0.0000144 mol/m?, increasing during the
pandemic to 0.0000148 mol/m? (+2.62%). In the post-pandemic period, the concentration
decreased significantly to 0.000008 mol/m? (—44.52%).

Overall, SO: concentrations remained relatively low across all cities, with moderate

variations between the analyzed periods.
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moderate negative correlation, meaning CO concentrations tend to decrease as temperature

Increases.

This behavior is consistent with the seasonal dynamics of CO emissions. During colder
periods, increased residential heating and combustion processes lead to higher CO
concentrations, while stable atmospheric conditions limit pollutant dispersion. In contrast,
warmer periods are associated with reduced heating demand, enhanced atmospheric mixing,

and increased photochemical oxidation, all of which contribute to lower CO levels.

The moderate strength of the correlation suggests that temperature is not the sole driver of
CO variability. Deviations from the expected seasonal pattern indicate the influence of
additional factors, such as traffic emissions, energy consumption, and other anthropogenic

activities.

For CO, during the pandemic period (March—May 2020), a slight decrease in concentrations
can be observed in the time series, although the reduction is not as pronounced as in other
pollutants. Maximum CO values are recorded during colder periods, particularly around
early 2021 and again near early 2022, where the highest peaks are observed. Additional
elevated values are also present towards late 2023. In contrast, minimum concentrations
occur during warmer months, especially in mid-2020 and mid-2022, where CO reaches its
lowest levels. Overall, CO shows a consistent pattern of seasonal variation with clearly

identifiable maxima and minima throughout the study period.

Overall, while temperature plays an important role in modulating CO concentrations, the
observed variability reflects a combination of climatic and emission-related influences,

highlighting the complex behavior of CO in urban environments (Figure 12).
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Figure 12: CO vs Temperature in Budapest
Source: Own elaboration

The relationship between NO: and SO concentrations with temperature in Budapest reveals

distinct behaviors for each pollutant, supported by their respective Pearson correlation

coefficients.

NO: exhibits a strong inverse relationship with temperature, with a Pearson correlation
coefficient of r = -0.811. This indicates a strong negative correlation, confirming that NO:
concentrations decrease significantly as temperature increases. This behavior reflects the
strong influence of seasonal and temperature-dependent processes, including increased

emissions from traffic and heating during colder months, as well as reduced atmospheric

dispersion.

For NO-, a noticeable decrease is evident during the pandemic period (March—May 2020),
with lower values compared to surrounding months. NO: reaches its maximum
concentrations during colder periods, with prominent peaks observed around early 2019,
early 2021, and especially early 2022, representing the highest values in the dataset.
Elevated concentrations are also visible in 2023. Minimum values consistently occur during
warmer periods, particularly in summer months, where NO: concentrations reach their

lowest levels. The temporal pattern shows clear and repeated fluctuations with well-defined

peaks and troughs (Figure 13).
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In contrast, SO: shows a weaker and more irregular relationship with temperature, with a
Pearson correlation coefficient of r = -0.524. This moderate negative correlation suggests
that, while temperature has some influence on SO: variability, it is not the dominant
controlling factor. The presence of sporadic peaks and high variability in the time series

indicates that SO- is more strongly affected by episodic or localized emission sources.

For SO, the pandemic period (March—May 2020) does not show a clear or consistent
reduction, and concentrations remain highly variable. SO: exhibits irregular behavior across
the time series, with several pronounced peaks that do not follow a consistent seasonal
pattern. The highest concentrations are observed around early 2019 and early 2021, with
additional peaks occurring in 2022 and 2023. In contrast, minimum values appear
intermittently throughout the series, including multiple periods where concentrations are
close to zero. Overall, SO- displays a highly variable pattern characterized by sporadic

maxima and irregular minima over time (Figure 13).

Overall, the comparison highlights that NO- is strongly driven by seasonal and temperature-
related factors, whereas SO- exhibits a more complex behavior influenced by additional

non-seasonal emission sources.
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Figure 13. NO; and SO: vs Temperature in Budapest
Source: Own elaboration

The relationship between CO concentrations and temperature in Szeged shows a clear

inverse seasonal pattern, supported by a Pearson correlation coefficient of r = -0.444. This
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value indicates a moderate negative correlation, meaning that CO concentrations tend to

decrease as temperature increases.

This behavior is consistent with the seasonal dynamics of CO emissions. Higher
concentrations are observed during colder months, when residential heating and
combustion-related activities increase, and atmospheric conditions favor pollutant
accumulation due to reduced mixing and dispersion. In contrast, during warmer periods,
lower CO concentrations are associated with decreased heating demand, enhanced

atmospheric mixing, and increased photochemical oxidation.

The moderate strength of the correlation suggests that temperature plays an important, but
not exclusive, role in controlling CO variability in Szeged. Overall, the results for Szeged
are consistent with those observed in Budapest, confirming that CO is partially driven by
temperature while also being influenced by a combination of anthropogenic and

atmospheric processes.

For CO, during the pandemic period (March—May 2020), a slight reduction in
concentrations can be observed in the time series. However, this decrease is relatively
moderate compared to other pollutants. The highest CO concentrations are recorded during
colder periods, particularly around early 2021 and again near early 2022, where peak values
are evident. In contrast, the lowest concentrations occur during warmer periods, especially
in mid-2020 and mid-2022, where CO reaches its minimum levels. Overall, CO displays a
clear seasonal fluctuation with identifiable maxima and minima throughout the study period

(Figure 14).
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Figure 14. CO vs Temperature in Szeged
Source: Own elaboration

The relationship between NO: and SO: concentrations with temperature in Szeged reveals
distinct patterns for each pollutant, supported by their respective Pearson correlation

coefficients.

NO: exhibits a strong inverse relationship with temperature, with a Pearson correlation
coefficient of r = -0.740. This indicates a strong negative correlation, meaning that NO-
concentrations decrease significantly as temperature increases. The seasonal pattern is
clearly defined, with higher concentrations during colder months due to increased emissions
from traffic and heating, combined with reduced atmospheric dispersion, and lower
concentrations during warmer periods driven by enhanced mixing and photochemical

processes.

For NO., a noticeable decrease is observed during the pandemic period (March—May 2020),
reflected by lower concentration values compared to adjacent months. NO: presents well-
defined maximum values during colder periods, with prominent peaks occurring around
early 2021 and especially early 2022, where the highest concentrations in the time series are
recorded. Additional elevated values are also visible towards late 2023. Minimum
concentrations consistently occur during warmer months, particularly in summer periods,
where NO: reaches its lowest levels. The temporal pattern shows clear variability with

distinct peaks and troughs across the study period (Figure 15).

In contrast, SO- shows a moderate negative correlation with temperature, with a Pearson

correlation coefficient of r = -0.627. While this suggests that temperature does influence
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SO: concentrations to some extent, the relationship is less consistent than for NO.. The time
series displays notable variability and sporadic peaks that do not always align with the

seasonal temperature pattern, indicating the influence of additional factors such as localized

or episodic emission sources.

Overall, the results indicate that NO: in Szeged is strongly controlled by seasonal and
temperature-related processes, whereas SO exhibits a more complex behavior influenced
by both climatic conditions and irregular emission sources. These findings are consistent

with those observed in other cities, reinforcing the pollutant-specific nature of air quality
dynamics.

For SO, the pandemic period (March—May 2020) does not show a clear or consistent
reduction in concentrations, and values remain variable. SO exhibits significant
fluctuations throughout the time series, with pronounced peaks that stand out from the
general pattern. The highest concentrations are observed around early 2022, representing
the most notable peak in the dataset, as well as additional elevated values in 2023. In
contrast, minimum values occur intermittently across different periods, including several

months when concentrations approach near-zero levels. Overall, SO. displays a highly

variable behavior with irregular maxima and minima over time(Figure 15).
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The relationship between CO concentrations and temperature in Debrecen shows a clear
inverse seasonal pattern, supported by a Pearson correlation coefficient of r = -0.46. This
value indicates a moderate negative correlation, suggesting that CO concentrations tend to
decrease as temperature increases. This is evident in the time series, where higher CO
values consistently coincide with colder periods, while lower concentrations are observed

during warmer months.

This behavior reflects the seasonal dynamics of CO emissions and atmospheric processes.
During colder months, increased residential heating and combustion-related activities
contribute to higher CO emissions. In contrast, warmer periods are characterized by lower

CO concentrations due to reduced heating demand and atmospheric processes.

During the pandemic period, a slight decrease in concentrations can be observed, consistent
with the reduction in mobility and combustion related activities. CO emissions are
influenced not only by traffic but also by residential heating and other sources that remained
active during lockdowns. The highest CO concentrations are generally observed during
colder months, particularly in winter periods such as late 2021, when heating demand
increases and atmospheric dispersion is limited. In contrast, the lowest CO values occur
during warmer months, especially in summer, when enhanced atmospheric mixing and

reduced emissions contribute to lower concentrations (Figure 16).
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Source: Own elaboration
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The relationship between NO: and SO: concentrations with temperature in Debrecen reveals

distinct behaviors for each pollutant, supported by their Pearson correlation coefficients.

NO: exhibits a strong inverse relationship with temperature, with a Pearson correlation
coefficient of r= -0.70, indicating a strong negative correlation, meaning that NO:
concentrations decrease significantly as temperature increases. The seasonal pattern is
clearly defined in the time series, with elevated concentrations during colder months. In

contrast, during warmer periods, lower NO: concentrations are observed.

For NO2, a more pronounced reduction in evident during the pandemic period, reflecting its
strong dependence on traffic related emissions. The decrease in during this period highlights
the direct impact of mobility restrictions on NO: levels. Maximum concentrations are
observed during colder seasons, with a notable peak around late 2021, likely associated with
increased traffic activity and reduced atmospheric dispersion. Minimum concentrations are

consistently recorded during warmer months (Figure 17).

In contrast, SO shows a moderate negative correlation with temperature, with a Pearson
correlation coefficient of r=-0.52, this suggests that temperature plays a role in influencing
SO-, but the relationship is less consistent compared to NO.. The temporal evolution of SO2
displays considerable variability, including sporadic peaks that do not always coincide with

seasonal temperature patterns, indicating that other factors influence the concentrations.

For SO-, the impact of the pandemic period is less clearly defined compared to CO and NO-,
indicating a weaker link to traffic related emissions. SO- concentrations exhibit significant
variability throughout the time series, with several pronounced peaks that do not strictly
follow seasonal patterns. Strong peaks are observed in late 2021 and 2023. Minimum values

are generally observed during warmer periods (Figure 17).
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Source: Own elaboration

5. DISCUSSION

5.1. Pollutant seasonal patterns and concentrations

Clear seasonal pollutant patterns were observed from CO, NO: and SO.. Pollutants showed
a clear rising tendency during cold months and an abrupt decrease during warmer months,

these tendencies are strongly associated with anthropogenic activities.

The temporal variations of the pollutants show that each pollutant responded differently to
the COVID-19 period, while still maintaining the overall seasonal pattern. Among the three,
NO: showed the most pronounced decline during 2020, with the lowest concentration
recorded in November 2020 and its concentration consistently remaining below the
expected seasonal cycle during the whole year. This sustained reduction suggests a clear
disruption in the typical emission dynamics showing a strong relationship between the
pollutant and traffic related emisions. From 2021 concentrations gradually increased until
surpassed the pre-pandemic levels which can be interpreted as a rebound effect, as Jean-
Philippe Putaud et al. (2023) found in their investigation too. NO2 shows consistent and
well-defined response across all cities, with a clear decrease during the pandemic period
followed by a partial recovery afterward. Reduction values were: -11% for Budapest, -
11.58% for Debrecen and -15.26% for Szeged, showing coherence with the study carried
out by Pieternel F. Levelt et al. (2022), where they determined that the reduction range is
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between -14% and -63% for megacities all over the world. The author also emphasized that

this pollutant is highly influenced by transportation.

CO also presented a decrease during 2020, although less pronounced e compared to NO-.
The time series shows that CO generally follows a stable seasonal pattern; however, during
the lockdown period (March-May 2020) the decline appears more abrupt than previous
years indicating a deviation from normal conditions. In addition, a more pronounced
reduction is observed in 2022, when CO reaches its lowest value in the entire time series.
This suggests that factors beyond the pandemic contributed to this behavior, reinforcing the

idea that CO variability is influenced by multiple factors.

In a national scale, the CO concentrations showed a slight decrease, coinciding with the
study of Gabriela Cioca & Raluca Andreea Nerisanu (2022), where they showed the
reduction of the concentrations were up to -25% in Hungary. Although the difference in the
magnitudes is due to the way the periods were established and the satellite used for the

study.

In a city scale and in contrast to expectations, CO concentrations increased during the
pandemic period in the three analyzed cities. The increase during the lockdown period could
be attributed to industries, power plants and indoor activities like heaters engaged in

cooking, heating and smoking (Manisalidis et al., 2020).

SO: in contrast, displays a markedly different pattern characterized by high variability and
less consistent behavior. A decrease is observed during the lockdown period, but it is not as
clear or as sustained as in NO:. The most notable feature of the SO: time series is the
pronounced peak observed in February 2021, which represents a significant variation from
the seasonal pattern. Additional fluctuations are observed in the subsequent years further
highlighting the irregular nature of this pollutant, meaning that its temporal evolution is not

strictly influenced by seasonal or pandemic related changes.

In a city scale, SO: also exhibits a more heterogeneous behavior, indicating a weaker and
less uniform response to the pandemic. In contrast to expectations, Budapest shows a clear
decrease during the lockdown period, Debrecen and Szeged present slight increases,
followed by reductions in the post pandemic period, which coincides with the study of
Gabriela Cioca & Raluca Andreea Nerisanu (2022), where they found that SO. suffered a

reduction of 8.38% in ground level emissions. This shows that SO2 concentrations are not
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only influenced by mobility restrictions but also power plants and other fossil fuel sources,
along with oil refineries and natural gas refineries, reported a reduction in activity based on

general energy demand reduction (Reddy & Venkataraman, 2002).

When comparing the three pollutants, it becomes evident that their responses to external
disturbances differ in magnitude and consistency. NO- shows the strongest response, with a
clear reduction during 2020. CO shows a moderate response, maintaining its seasonal
structure, but showing important deviations during some months. In contrast, SO:

demonstrates a weaker and less clear response.

Despite these differences, all three pollutants share a general tendency to get higher during
colder months and lower values during warmer months. NO: shows the most clearly defined
cycle, followed by CO and finally SO.. Indicating that, although seasonality is an important

factor, it does not affect all pollutants equally.

5.2. Pollutants and temperature

Results show there is a relationship between temperature and pollutant concentration.
Among all the pollutants, NO: shows the most consistent and pronounced negative
correlation with the temperature, it also shows a clear reduction during 2020, confirming
the influence of traffic and urban mobility. In contrast, CO exhibits a more complex
response, characterized by a moderate correlation with temperature and a less pronounced
reduction during the pandemic period. The persistence of relatively high CO concentrations
during the pandemic period suggests that its emissions are not exclusively linked to
mobility. Instead, the results indicate that other sources such as residential heating and
energy consumption likely played a significant role in maintaining CO levels. The additional
decrease observed in 2022, in the absence of pandemic restrictions, further supports the idea
that CO variability is influenced by a combination of meteorological conditions and changes

in emission patterns, rather than a single dominant driver.

SO: presents a distinct behavior compared to the other pollutants. A noticeable reduction
during the pandemic period is observed, indicating that SO: emissions were affected by the
decrease in anthropogenic activities. However, unlike NO: this reduction is not
accompanied by a clear correlation between SO: and temperature, this weak correlation
indicates that the concentrations are not controlled by seasonal atmospheric processes.

Instead, the presence of pronounced peaks and fluctuations throughout the time series
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indicates that SO: is more influenced by emission intensity and episodic sources rather than

temperature driven dynamics.

Additionally, the correlation with temperature indicates that seasonal dynamics play an
important role in modulating pollutant concentrations, although not uniformly across
pollutants. While NO: shows a strong dependence on temperature and CO a moderate one,
SO: deviates from this pattern, showing why temperature is not the only influencing the

pollutant concentration.

6. CONCLUSIONS

Air pollutant concentrations in Hungary follows a strong seasonal pattern, with higher
values during colder months and lower concentrations during warmer periods, reflecting the
influence of anthropogenic activities such as heating and energy consumption. However,
COVID-19 pandemic introduced a clear variation in these typical dynamics, affecting each

pollutant in a different way.

NO: showed the most consistent and pronounced response to the lockdown measures. A
significant decrease was observed during 2020 across all cities, highlighting its strong
association with traffic related emissions and urban mobility. A rebound effect linked to the

resumption of economic and transportation activities could be witnessed in 2021.

CO exhibited a more complex and less uniform behavior. Although a general decrease was
observed during 2020, the persistence of relatively high concentrations, particularly at a city
scale, shows that its emissions are not exclusively dependent on traffic. Instead, residential
heating, energy consumption and production, and other combustion related activities might
play a significant role. The additional decrease observed in 2022 further highlights that CO
variability is influenced by multiple factors, including emission sources and meteorological

conditions.

SO: displayed the highest variability and the weakest response to lockdown measures.
While a slight decrease was observed during the pandemic period, its temporal evolution

was characterized by irregular fluctuations and a pronounced peak in early 2021.

Overall, the results highlight that the impact of COVID-19 restrictions on air quality was

pollutant specific and strongly dependent on emission sources. While traffic related
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pollutants such as NO: responded clearly to mobility reductions, pollutants associated with

stationary sources such as SO: and CO, showed more complex behaviors.

This study demonstrates the value of satellite observations, particularly Sentinel-5P
TROPOMI data, for capturing large scale temporal variations in air pollutants and
identifying differences in pollutant behavior across urban environments. These findings

contribute to a better understanding of emission dynamics.
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8. ATTACHMENTS

ANNEX I. Main script for downloading data from Google Earth Engine

/!
// REGION: HUNGRIA
/!
var hungary = ee.FeatureCollection("FAO/GAUL/2015/level0")
filter(ee.Filter.eq("ADMO NAME", "Hungary"));

Map.centerObject(hungary, 6);
//
// FUNCION DE EXPORTACION (GeoTIFF)
//

function exportTiff(image, name) {
Export.image.toDrive({
image: image,
description: name,
fileNamePrefix: name,
folder: "GEE_TROPOMI _HUNGARY",
region: hungary.geometry(),
scale: 1000,
crs: "EPSG:4326",

maxPixels: 1el3

135
}
/

/ CcO
/!

function meanCO(start, end) {
return ee.ImageCollection("COPERNICUS/S5P/OFFL/L3 CQO")
filterDate(start, end)

.select("CO_column_number_density")
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.mean()
.clip(hungary);
}

var co_pre =meanCO("2018-01-01", "2019-12-31");
var co_covid = meanCO("2020-01-01", "2020-12-31");
var co_post =meanCO("2021-01-01", "2023-12-31");
var co_vis = {

min: 0.02,

max: 0.05,

nn

palette: ["blue", "green", "yellow", "red"]
}3
Map.addLayer(co_pre, co_vis, "CO Pre-pandemic");
Map.addLayer(co covid, co_vis, "CO Pandemic");
Map.addLayer(co_post, co_vis, "CO Post-pandemic");
exportTiff(co pre, "CO Pre 2018 2019 Hungary");
exportTiff(co _covid, "CO_COVID 2020 Hungary");
exportTiff(co_post, "CO_Post 2021 2023 Hungary");
/!
/! NO2
/!
function meanNO2(start, end) {

return ee.ImageCollection("COPERNICUS/S5P/OFFL/L3 NO2")

filterDate(start, end)
select("NO2_column_number density")
.mean()

.clip(hungary);

b
varno2 pre =meanNO2("2018-01-01", "2019-12-31");

var no2_covid = meanNO2("2020-01-01", "2020-12-31");
var no2_post =meanNO2("2021-01-01", "2023-12-31");

var no2_vis = {
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min: 0,

max: 0.00015,

nn

palette: ["blue", "green", "yellow", "red"]
¥
Map.addLayer(no2 pre, no2 vis, "NO2 Pre-pandemic");
Map.addLayer(no2 covid, no2 vis, "NO2 Pandemic");
Map.addLayer(no2 post, no2 vis, "NO2 Post-pandemic");
exportTiff(no2 pre, "NO2 Pre 2018 2019 Hungary");
exportTiff(no2 covid, "NO2_COVID 2020 Hungary");
exportTiff(no2 post, "NO2 Post 2021 2023 Hungary");
/!
/! SO2
/!
function meanSO2(start, end) {

return ee.ImageCollection("COPERNICUS/S5P/OFFL/L3_SO2")

filterDate(start, end)
.select("SO2_column_number density 15km")

.mean()

.clip(hungary);

}
var so2_pre =meanSO2("2018-01-01", "2019-12-31");

var so2_covid = meanSO2("2020-01-01", "2020-12-31");
var so2_post =meanSO2("2021-01-01", "2023-12-31");
var so02_vis = {

min: 0,

max: 0.0005,

nn

palette: ["blue", "green", "yellow", "red"]

¥
Map.addLayer(so2 pre, so2 vis, "SO2 Pre-pandemic");
Map.addLayer(so2 covid, so2_vis, "SO2 Pandemic");
Map.addLayer(so2 post, so2 vis, "SO2 Post-pandemic");
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v

exportTiff(so2 pre, "SO2 Pre 2018 2019 Hungary");
exportTiff(so2 covid, "SO2 COVID 2020 Hungary");
exportTiff(so2 post, "SO2 Post 2021 2023 Hungary");
Anex II. Seasonal Analysis (Hungary)

import pandas as pd

import matplotlib.pyplot as plt

from pathlib import Path

#
# FILE PATH (same folder)
#

DATA = Path("Hungary_air_pollution_monthly.csv")
OUT = DATA.parent # output in same directory

&
# LOAD DATA
i
df =pd.read csv(DATA, encoding="latin1")
i
# FUNCTION: SEASONAL CYCLE
#

def plot_seasonality(pollutant, ylabel, filename):

tmp = (
df[df["pollutant"] == pollutant]
.groupby("month")["value"]
.mean()
reset_index()
.sort_values("month")

)

plt.figure(figsize=(8,5))

plt.plot(
tmp["month"],

tmp["value"],
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linewidth=2,
marker="0"
)
plt.xticks(range(1,13))
plt.xlabel("Month")
plt.ylabel(ylabel)
plt.title(f" {pollutant} — Mean Monthly Cycle (Hungary)")
plt.grid(alpha=0.3)
plt.tight_layout()
plt.savefig(OUT / filename, dpi=300)
plt.close()
#
# RUN
#

nn

plot_seasonality("NO.", "NO: column number density (mol/m?)", "NO:_seasonality.png")
plot_seasonality("SO", "SO: column number density (mol/m?)", "SO:_seasonality.png")
plot_seasonality("CO", "CO column number density (mol/m?)", "CO_seasonality.png")

print("OK — Seasonal plots generated")

ANNEX III. City Comparison (Barplots)
import pandas as pd

import matplotlib.pyplot as plt
import seaborn as sns

from pathlib import Path
R

# FILE PATH

H e

DATA = Path("cities_pollution.csv")
OUT = DATA .parent
R

# LOAD DATA
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i —
df = pd.read csv(DATA)

dff"value"] = pd.to_numeric(df]"value"])

# Define period order

period order = ["pre", "pandemic", "post"]

df]"period"] = pd.Categorical(df] "period"], categories=period order, ordered=True)
i —

# STYLE SETTINGS

i —

plt.rcParams.update({
"axes.titlesize": 18,
"axes.labelsize": 14,
"xtick.labelsize": 12,
"ytick.labelsize": 12,
"legend.fontsize": 12

1)

sns.set_style("whitegrid")

# —

# PLOT LOOP

# —

for pollutant in df["pollutant"].unique():

subset = df[df["pollutant"] == pollutant]
plt.figure(figsize=(10,5))
ax = sns.barplot(

data=subset,

x="city",

y="value",

hue="period",

hue order=period order

)

plt.title(f" {pollutant} concentration by city and period")
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plt.xlabel("City")
plt.ylabel("Column number density (mol/m?)")
# Add labels in scientific notation
for bar in ax.patches:
height = bar.get height()
if height > 0:
ax.text(
bar.get x() + bar.get width()/2,
height * 1.01,
" {height:.2¢e}",
ha='center’,
va='bottom',
fontsize=10
)
plt.legend(title="Period")
plt.tight _layout()
plt.savefig(OUT / " {pollutant} cities comparison.png", dpi=300)
plt.close()
print("OK — City comparison plots generated")



