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HIGHLIGHTS

» The 2022 Russia-Ukraine conflict harmed the environment, impacting air pollution.
+ Hostilities reduced industrial NO, emissions but intensified fires in Ukraine.
« Fires in Chornobyl raised NO, to pre-conflict levels, holding trans-border impact.

ARTICLE INFO ABSTRACT

Dataset link: https://dataspace.copernicus.eu/, The invasion of Ukraine by Russia started on 24 February 2022. The armed conflict has been accompanied
https://earthdata.nasa.gov/firms, https://ads.a by atmospheric and soil pollution, deterioration of fresh water, and the creation of irreversible changes in
tmosphere.copernicus.eu/cdsapp#!/dataset/ca ecosystems. This study focuses on the effects of hostilities on tropospheric pollution. It comprises an analysis

ms-global-fire-emissions-gfas, https://www.ec
mwf.int/en/forecasts/datasets/reanalysis-datas
ets/era5, https://www.wetter3.de/archiv_dwd_
en.html, https://www.ready.noaa.gov/HYSPLI

of the spatiotemporal tropospheric NO, distribution over Ukraine for the period 24 February-06 May 2022
from the TROPOMI satellite instrument. We compared the tropospheric columns of NO, during the first 72
days of hostilities to values for three pre-hostilities periods: pre-COVID-19, COVID-19 lockdown and adaptive

T.php lockdown, to differentiate the effects of COVID-19 restrictions and active hostilities on NO, emissions over

Ukraine. We used VIIRS satellite instrument data to study fire distribution and its intensity and confirm their
Keywords: influence on the tropospheric NO, level as well as investigate the extent to which the hostilities affect fire
Tropospheric NO, frequency. Additionally, we analyzed the transborder and regional air mass transport from the origin of the

Effects of hostilities
Atmospheric pollution processes
HYSPLIT

fires using the HYSPLIT model version 5.2 and supported it with the analysis of near-surface weather charts.

The results indicate that hostilities in Ukraine have a direct impact on atmospheric pollution processes.
Hostilities resulted in an unprecedented reduction in economic activity, comparable to the COVID-19 pandemic
lockdown, and correspondingly, reduced NO, emission in industrial areas, which equals about 2-4 x 10'®
molec cm™2, whereas the NO, concentration locally increased in the areas of conflict. While we detected
temporal NO, decline, hostilities negatively affected air quality in Ukraine due to the significant increase
in frequency and intensity of fires, especially in conflict-related areas. Air pollution, in the case of one-off
strikes, tends to be a short-term phenomenon, but frequent attacks on large military targets cause atmospheric
consequences on local as well as on regional levels. During the first 72 days of hostilities, we linked bursts
of fires with significant air pollution over northern (Kyiv and Zhytomyr regions), southern (Odesa, Kherson
regions), and eastern (Donetsk region) parts of Ukraine. Based on the TROPOMI and VIIRS data, it was figured
out that forest fires over the Kyiv region and Chornobyl Exclusion Zone, driven by military actions on 19-23
March 2022, caused the NO, content increase from 3 to 17.5 x 10'® molec cm~2, which is comparable to
the most polluted Ukrainian industrial cities during the pre-hostilities period. As a result, the most affected
territories were located within 50 km of active fires, but air quality deterioration was observed at a distance of
about 200 km downwind. HYSPLIT version 5.2 forward trajectories simulation showed that a smoke-particle-
included air mass, related to the fires in the Chornobyl Exclusion Zone was extended to Romania, Serbia,
Kosovo, and Albania towards the Mediterranean Sea at the height of 530 m. At 1.5-3 km altitudes, the air
parcels were transported to Poland and countries of the Baltic region. At 3 km height, the air mass reached
the Russian Federation in 72 h.
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1. Introduction

After the occupation of parts of Ukraine in 2014, an invasion of
Ukraine by Russia began on 24 February 2022. In addition to the loss
of life and property, another result of these hostilities is the change in
environmental conditions in Ukraine and surrounding regions. Exam-
ples of this are changes in atmospheric pollution, reduced quality of
fresh water, and both reversible and irreversible changes to ecosystems
and thus ecosystem services. The focus of this study addresses changes
in tropospheric pollutants. Specifically oxides of nitrogen NO, (i.e. X
nitric oxide (NO) and nitrogen dioxide (NO,) are investigated by using
the tropospheric column of NO, as a surrogate. During the period of
hostilities, the tropospheric column amount of NO, is modified by the
following factors. Firstly, it is a changing population and its distribu-
tion, as a result of refugees leaving the region, and the mobilization of
two armies. This alters the NO, emitted by domestic heating, industry,
agriculture, and transport. Secondly, air pollutants are released by the
attacks on chemical and metallurgical plants. In addition, mines that
have become targets of attacks also can become a source of pollution,
leading to further environmental impacts. All of the above results of the
war have negative impacts on the health of the population, sustainable
development, and food security, especially in the eastern and southern
regions of Ukraine where most of the fighting takes place. However, the
results of the war influenced not only the eastern and southern parts but
also the entire territory of Ukraine. Within the first eight months of hos-
tilities, the State Environmental Inspectorate of Ukraine recorded that
680,618 tons of petroleum products were burned during the shelling
and 23,286 hectares of forest were on fire (see https://new.dei.gov.
ua/posts/2408, last access: 05.11.2022). As a result of the bombings
and rocket attacks over the Chornobyl Exclusion Zone and in the reed
thickets in river floodplains of the Azov-Black Sea region, namely in
the Danube biosphere reserve and Kinburn spit regional landscape
park, large-scale fires (10,000 hectares) were observed. By June 2022,
the State Environmental Inspectorate of Ukraine had reported at least
seven confirmed incidents with the release of toxic industrial chemicals
caused by military activities (see https://www.dei.gov.ua/posts/2226,
last access: 18.01.2023). A number of studies have previously shown
that these large and frequent fires are significant sources of increased
abundance of aerosols and other pollutants (see for example, Barnaba
et al., 2011; Griffin et al., 2021; Fan et al., 2023), with the focus on
Eastern and Central Europe (Bovchaliuk et al., 2013; Bondur et al.,
2019), and in particular on Ukraine (Galytska et al., 2018; Savenets
et al., 2020; Zhang et al., 2022). The increasing intensity and severity
of fires are expected to reduce air quality.

The hostilities in eastern Ukraine, officially known as the Anti-
Terrorist Operation (ATO), which began in 2014, as reported by Va-
syliuk et al. (2015) caused and continue to cause changes in the
environment such as damage to rural areas, increasing fire frequency,
disruptions of industry in the region. The occupation and attempted
annexation of Crimea, as well as hostilities in the ATO zone, were
named as critical factors in the sharp decline of total greenhouse gas
emissions in 2014. This is attributed to the considerable reduction
in industrial production and, as a consequence, reduction in energy
consumption (Lyashenko et al., 2022). Hence, military actions, which
halt industrial activities lead to a temporary reduction of pollution in
eastern Ukraine.

Previous scientific publications have identified a range of effects of
past armed conflicts and wars on atmospheric pollution and air quality.
For example, the Kuwait war in February 1991 resulted in fires from
the destruction of oil wells. Hobbs and Radke (1992) used observations
from the airborne measurement campaigns to investigate the optical
properties of the smoke, its chemical composition, the amounts, and
rates of trace gas emissions, as well as the potential effects of this
pollution on air quality, weather, and climate. They showed that smoke
significantly affected air quality in the Persian Gulf, however, the global
impact was insignificant. This is explained as follows. The particle
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emissions were less than expected, and the smoke was not as black
as expected. In addition, the plume was never observed to rise above
6 km height, well below the base of the stratosphere in this region
(i.e. around 13 km), and as a result, the smoke had a short atmospheric
residence time. At the same time, a smoke-particle-induced increase
of aerosol light absorption at the Mauna Loa Observatory, Hawaii
was seen, which could be traced back to oil burning in Kuwait in
February 1991 Bodhaine et al. (1992) and Lowenthal et al. (1992).
Using the large-scale backward trajectories at 500 hPa the authors
demonstrated direct transport paths from China and Kuwait to Hawaii,
which indicates that the pollution incident was based on long-range
transport in the free troposphere and had a significant transboundary
impact.

Experience from the Kosovo war, which occurred from February
1998 to June 1999, also indicates that frequent attacks on major
industrial plants, such as fuel storage tanks, machine industry, food-
processing plants, heating plants, water-treatment plants, and the elec-
tric power grid including transformers, caused many industrial acci-
dents and fires. These resulted in the release of various air pollutants
such as Semi-Volatile Organic compounds (SVOs), in particular, organic
phthalates, which were investigated by Melas et al. (2000) and per-
sistent organic pollutants (POPs), which were studied by Vukmirovi¢
et al. (2001). These studies describe the consequences and subsequent
transboundary transport of pollutants from the burning or damag-
ing of industrial sites and other military targets. The authors linked
these military conflicts to significant air pollution episodes. The at-
tacks on the industry were in Northern Serbia and in the vicinity of
Belgrade and polluted air masses were transported to Bulgaria, Roma-
nia, Ukraine, Moldova, and the Black Sea region. The distribution of
the transboundary pollution was investigated by calculating backward
trajectories, using the Hybrid Single-Particle Lagrangian Integrated
Trajectory model version 4 (HYSPLIT-4, Melas et al., 2000; Vukmirovic
et al., 2001).

A first attempt to statistically estimate the impact of hostilities on
NO, and Carbon Dioxide (CO,) emissions per capita, as well as on
the rate of change in a forested area, and a composite indicator of
environmental stress reduction for a large-N sample was published
by Reuveny et al. (2010). The study showed that military conflicts
reduce the CO, emissions, regardless of the location of the conflict
at home or abroad (“home” and “abroad” terminology defined by
Reuveny et al., 2010), but the impact is weaker in less developed
countries (LDCs) than in developed countries (DCs). This result is
attributed to the generally non-industrialized nature of economies in
LDCs. For NO,, hostilities at home reduce emissions for the LDCs and
increase them for the DCs, but conflict abroad increases NO,, emissions
for both the DCs and LDCs. The authors explained the varying impacts
of hostilities on NO,, emissions in LDCs and DCs as follows. Conflicts
in DCs were largely non-destructive at home and highly mechanized,
which could lead to increased emissions. Conversely, conflicts in LDCs
typically involve the destruction of infrastructure such as plants, roads,
and vehicles, which may result in reduced emissions. That is in agree-
ment with the preliminary estimation of spatial and temporal responses
of atmospheric composition to the Russia—Ukraine armed conflict in
2022, shown in Zhang et al. (2023), which investigated, not only in
Ukraine but also Russian cities bordering Ukraine. They showed that
NO, concentrations in most Ukrainian cities significantly decreased
at the beginning of the war (by 10.7-27.3%), while in Russian cities
outside the northern border NO, concentrations dramatically increased
(by 31.7-77.0%). Another study focusing on the manifestations of the
Russian-Ukrainian war across Central-East Europe (Wieczorek, 2023),
found that NO, levels in Ukraine exhibited a dual trend, with significant
drops of 33% observed in the Kyiv region, while a slight increase of 5%
was observed in the Black Sea regions between 2021 and 2022.

Some preliminary conclusions about the environmental impacts of
the military conflict in Ukraine are presented in the recent report
by the United Nations Environment Programme (UNEP, 2022). The
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report lists the damage, caused to the environment in Ukraine dur-
ing the first seven months of hostilities, divided into six key areas:
chemical industries and chemicals associated with armed conflict, fuel
and related infrastructure, waste and waste infrastructure, urban and
critical infrastructure, and damage to agriculture and to nature, that
are often impacted by armed conflicts. The analysis indicates that
the military action in Ukraine compounded pre-existing environmental
issues, including air and water pollution, deforestation, and waste
management. Additionally, it introduced new challenges like decreased
agricultural productivity due to physical damage from military maneu-
vers and explosives, soil contamination from a large set of pollutants,
loss of agricultural land from explosive remnants, such as unexploded
ordnance or land mines, and destruction of irrigation infrastructure.
However, UNEP (2022) report only briefly discussed the consequences
(like incidents of the release of toxic industrial chemicals) of the hos-
tilities on air pollution in Ukraine. Therefore, previous studies suggest
that the consequences of hostilities in different areas of the world
have an impact on atmospheric pollution. Specifically, there are often
temporary reductions of NO, emissions resulting from lower economic
activity but also increases due to an increased incidence of fires.

In this study, we focus on an analysis of the tropospheric NO, col-
umn amount retrieved from the Sentinel 5 Precursor (S5P) TROpopsh-
eric Ozone Monitoring Instrument (TROPOMI) due to military conflict
in Ukraine. NO, is an important short-lived and toxic tropospheric pol-
lutant in its own right and a precursor of short-lived climate pollutants
(SLCP) such as ozone (O3) (Manisalidis et al., 2020). NO, is emitted to
the troposphere by both naturally occurring processes (e.g. wildfires,
lighting, and the biogenic degradation of natural sources of ammonium
nitrate (NH,NO3)) and human activity (biomass burning, and fossil fuel
combustion, which is used for domestic heating, industrial processes
and to provide power for motor vehicles, shipping and aircraft, and
the biogenic degradation of man-made fertilizers (i.e. NH,;NO3). In
the troposphere, NO, comprises NO, which reacts rapidly with O; to
produce NO,. NO, is then photolyzed to NO and an O atom, which then
reacts with molecular oxygen O, in a termolecular reaction to reform
O;. As a result, NO, NO, and O; are in the Leighton photostationary
state. However, in the presence of sufficient NO, and carbon monoxide
(CO) or hydrocarbons, a chain reaction producing O; ensues (Fishman
and Crutzen, 1978)

We have selected to study NO, tropospheric vertical column amount
(VCD) distributions during 2019, 2020 and 2021, with a particular
emphasis on comparing periods before and during hostilities. This
analysis also includes the period of lockdown, where measures were
introduced to control the spread of coronavirus (COVID-19), which
reduced traffic and thus NO, emissions. In this study, we analyze the
effects on NO, emissions that occurred during the COVID-19 lockdown
and the hostilities, which have not been done before. In contrast to
the works of Zhang et al. (2023) and Wieczorek (2023), we analyze
the influence of fires and weather conditions on pollution incidents
during hostilities. We associate pollution incidents with fires during
hostilities by observations of the tropospheric NO, VCD increase taking
place during fires caused by the conflict. In addition, we investigate the
transport pathways of NO, using the HYSPLIT model version 5.2. We
calculated trajectories of air pollution from the largest fire event caused
by the conflict within the Kyiv region and Chornobyl Exclusion Zone
in the lowest 3 km layer of the troposphere.

2. Data and methods
2.1. TROPOMI data for NO, tropospheric vertical column

Since some of the ground-based measurements in Ukraine are no
longer under the control of the Government of Ukraine after the occu-
pation of part of Ukraine by Russia in 2014 (Savenets, 2021), we have
opted to utilize remote sensing as the sole feasible method for assess-
ing the spatiotemporal variability of NO, across the entire territory.
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The TROPOMI instrument flies onboard the S5P satellite, which was
launched on 13 October 2017. S5P flies in a sun-synchronous orbit hav-
ing an equator crossing time of 09:30 in a descending node. S5P makes
measurements of Ukraine between 12:00 Eastern European Summer
Time (EEST) and 14:00 EEST (see e.g. Savenets et al., 2022). TROPOMI
is a nadir-viewing hyperspectral spectrometer that builds on the her-
itage of SCIAMACHY (Burrows et al., 1995) and GOME (Burrows et al.,
1999) and measures the backscattered UV-visible (270-500 nm), the
near-infrared (NIR, 710-770 nm), and the shortwave infrared (2314-
2382 nm) wavelength ranges upwelling form the top of the atmosphere
and the extraterrestrial solar irradiance. Mathematical inversion of
these measurements yields daily global coverage on total columns of
trace gases such as O3, NO,, CO, SO, (Sulfur Dioxide), CH; (Methane)
and HCHO (Formaldehyde) and CHOCHO (Glyoxal) (Veefkind et al.,
2012; van Geffen et al., 2020; Alvarado et al., 2020).

TROPOMI tropospheric NO, VCD, used in this study, are derived
from the measurements of the UV-NIR spectrometer in the wave-
length range 400-465 nm (van Geffen et al., 2020). For the TROPOMI
tropospheric NO, retrieval the Dutch Ozone Monitoring Instrument
(OMI) NO, (DOMINO) approach that was successfully applied for the
OMI NO, retrieval (van Geffen et al., 2020), is used. DOMINO is
based on a three-step approach. The first step is to obtain the NO,
slant column density (SCD), using the Differential Optical Absorption
Spectroscopy (DOAS) method, which determines the total amount of
NO, in the effective light path from the sun through the atmosphere
to the satellite. The second step is to separate the stratospheric and
tropospheric SCDs of the total SCD, applying the NO, vertical profile
information from a chemistry transport model and data assimilation
(CTM/DA) system. And the third step is to convert these SCDs into
NO, vertical stratospheric and tropospheric column densities by ap-
plying appropriate air-mass factors (AMFs, van Geffen et al., 2020;
Eskes et al., 2022). To analyze the spatiotemporal distribution of NO,
vertical tropospheric columns over Ukraine, we used TROPOMI Level
2 NO, data products with the daily temporal resolution and spatial
resolution of 5.5 km along the satellite flight direction and 3.5 km
in the perpendicular direction at nadir. We used reprocessed (S5P-
PAL) and offline-mode (S5P-OFFL) data of version V02.03.01, freely
available from the S5P-PAL data portaland Copernicus Data Space
Ecosystem (https://dataspace.copernicus.eu/) for a time period of four
years 2019-2022. According to Fehr (2016), specified random un-
certainty of a single TROPOMI tropospheric NO, VCD measurement
should be within 25%-50% accuracy, with a precision of 0.7 x 1015
molec cm~2. In their study, Tack et al. (2021) determined the level
of uncertainty for TROPOMI Level 2 tropospheric NO, data of version
OFFL V01.03.01, and reported it is 5.6 + 0.4 x 104 molec cm=2.
The TROPOMI tropospheric NO, VCDs version V02.03.01 exhibits an
improvement of negative bias from —32% to —23% compared to the
previous versions, due to modifications in the treatment of surface
albedo and the implementation of the FRESCO cloud retrieval up-
grade (Lange et al., 2022b). According to Eskes et al. (2021), S5P-PAL
and S5P-OFFL products are in good agreement (within 5%-10%), have
a seamless connection, and could be used for trend studies, as they are
based on a one processor version. We analyze the tropospheric amount
of the total NO, VCD, defined as the vertically integrated number of
molecules per unit area between the surface and the tropopause (Lange
et al., 2022a). As recommended by Eskes et al. (2021), we set a quality
threshold of 0.75 to exclude regimental measurements, associated with
cloud-covered scenes (cloud radiance fraction >0.5), part of the scenes
covered by snow/ice, and problematic retrievals, from the analysis.

2.2. Selected periods for the NO, analysis

Traffic and economic activity in Ukraine in 2019-2022 were influ-
enced by measures implemented to reduce the spread of the impact of
COVID-19 and then later the hostilities following the Russian invasion
of Ukraine. From 12 March 2020, the Ukrainian government-enforced
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COVID-19 lockdown measures, which restricted mobility, have started.
Lockdown measures have included the complete closure of interna-
tional borders, airports, educational institutions, non-critical businesses
and restricted citizen mobility. Substantial restrictions continued for 72
days until 22 May 2020. Thereafter much of the mobility was restored
but restrictions were kept for entertainment and service spheres. Since
COVID-19 restrictions in Ukraine were changing over time, simple
averaging of TROPOMI NO, data during 2019-2022 smooths over the
specific lockdown effects and does not represent the typical values of
NO, tropospheric VCD at the time. For that reason, in the analysis
of NO, tropospheric VCD observed in Ukraine, we define and distin-
guish four periods: “pre-COVID-19” (31.12.2019-11.03.2020) before all
implemented strict restrictions associated with COVID-19, “COVID-19
lockdown” (12.03.2020-22.05.2020) associated with strict restrictions
of economic and transport activity, “adaptive lockdown” (14.12.2021-
23.02.2022), which covers the period of limited restrictions for busi-
ness, and “hostilities” (24.02.2022-06.05.2022) associated with the
beginning of the invasion of Ukraine by the Russian Federation armed
forces. As strict COVID-19 restrictions were maintained for 72 days,
to be consistent in the analysis, all defined periods have also a dura-
tion of 72 days. In this study, we consider the pre-COVID-19 period
as being representative of the emissions of NO, and thus the NO,
tropospheric VCD prior to the large impacts of COVID-19 lockdown,
adaptive lockdown, and hostility periods. We often refer to the three
following periods “pre-COVID-19”, “COVID-19 lockdown”, and “adap-
tive lockdown” as the “pre-hostilities” period. An assessment of the
impact of hostilities on NO, content in Ukraine was accomplished by
the comparison of the mean NO, tropospheric VCD for the periods
before and during hostilities. Although NO, emissions and the removal
of NO, are strongly dependent on the sources, sinks, solar insolation,
which initiates the photochemical removal of NO,, and wet and dry
deposition, are very dependent on the conditions in a given period,
averaging over 72 days smooths to some extent the NO, behavior.
Nevertheless, we consider this to be a reasonable approach, to identify
the large changes in NO, caused by the restrictions on movement
during the pandemic and the impact of the hostilities following the
invasion of Ukraine in 2022.

2.3. VIIRS data for the distribution of fires

The Visible Infrared Imaging Radiometer Suite (VIIRS) instrument
on board the Suomi National Polar-orbiting Partnership (Suomi NPP)
satellite is a joint project of the National Aeronautics and Space Ad-
ministration (NASA) and the National Oceanic and Atmospheric Ad-
ministration (NOAA, Schroeder et al., 2014). From the day it was fully
commissioned on 19 January 2012, the VIIRS has provided unique
operational environmental data products from the mathematical in-
version of its 22 imaging and radiometric bands, which extend from
412 nm to 12 pm at two spatial resolutions. As follows the I-bands
are of high-resolution (375 m), and M-bands are of moderate-resolution
(750 m). This enables an extensive set of data products to be generated
(i.e. 23 environmental data records) such as cloud data products (VIIRS
Atmosphere L2 Cloud Mask Product), sea surface temperature, ocean
color, polar wind, vegetation fraction, aerosol, fire, snow and ice, and
vegetation (Cao et al., 2014). VIIRS also hosts a unique panchromatic
Day/Night band, which is ultra-sensitive in low-light conditions. Both
daytime and nighttime fires are identified. VIIRS observes the entire
Earth’s surface twice each day. It passes over the territory of Ukraine
during the night between 02:33 and 03:47 EEST and during the day
from 12:43 to 14:25 EEST (see e.g. Oreshchenko et al., 2020). The
temporal separation between VIIRS and TROPOMI data products is less
than 5 min, both having an equator crossing time near 13:30 local
solar time. This formation flying enables synergistic data products to
be exploited for scientific research.

To indicate the location of fires and their strength, we used VI-
IRS 375 m Near Real-Time files: (VNP14IMGTDL) VIIRS Active Fire
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and Thermal Anomalies product from S-NPP distributed by via NASA
FIRMS (https://earthdata.nasa.gov/firms). The product has a retrieved
pixel size of 375 m? viewed in nadir. The fire detection algorithm is
described in Schroeder and Giglio (2018). These VIIRS data products
provide knowledge about fire location, time, and burning character-
istics like Fire Radiative Power (FRP). The latter is a measure of the
energy, emitted by fire (i.e. the total fire intensity minus the power
dissipated through convection and conduction) over its entire area and
is used as an indicator of fire intensity. FRP has units of MWatts (MW).
Each VIIRS fire pixel is also accompanied by a confidence value, which
expresses in % the probability of a fire being within a ground scene or
pixel. Confidence values defined as “low”, “nominal”, and “high” are
matched to the confidence intervals of 0%-29%, 30%-79%, and 80%-—
100% respectively. Fire pixels with “low” or “nominal” confidence
values were filtered out and not used, to avoid pixels contaminated by
sun glint and small relative temperature anomalies (i.e. AT < 15 K).

In this study, we used daily data on fire location and FRP from
2021-2022. First, we focus on the period January-September 2021 to
evaluate the distribution of fires before the beginning of the invasion of
Russian troops in 2022. Then, we analyze the same months but during
the year 2022, which includes the first seven months of hostilities.
This analysis enables the influence of the hostilities on the occurrence
and distribution of fires in Ukraine to be assessed. Finally, we analyze
the daily variations of fires during the period of hostilities, as defined
in Section 2.2. In addition, we identify fire episodes caused by the
hostilities and associated with high levels of air pollution and undertake
a case study for the largest of these fires.

To connect specific events during the hostilities to fire and pollution
episodes, we used the interactive map provided by “Liveuamap” (https:
//liveuamap.com/, last access: 13.02.2023). This map identifies events
related to the hostility and illustrates areas of control, relying primarily
on social media geotags to determine location. The Centre for Human-
itarian Dialogue (HD) and the United Nations Department for Political
and Peacebuilding Affairs (UN DPPA) Middle East Division applied this
tool in Syria to monitor the implementation of the ceasefire and to
assess the feasibility of humanitarian corridors as well as to contribute
to ensuring the security of its staff when traveling to Syria (UNDPPA
and HD, 2019).

2.4. GFAS data for the flux of NO, originating from fires and biomass
burning

The Global Fire Assimilation System (GFAS) is the global fire emis-
sion inventory provided by the Copernicus Atmosphere Monitoring
Service (CAMS) (https://ads.atmosphere.copernicus.eu). It serves as a
widely utilized and authoritative tool for quantifying and comprehend-
ing biomass burning emissions both on a global and local scale (Jin
et al., 2023; Di Giuseppe et al., 2018). GFAS integrates data from FRP
observations obtained from the Moderate Resolution Imaging Spec-
trometer (MODIS) instruments on NASA’s Terra and Aqua satellites.
The GFAS data provides gridded information on FRP, dry matter burnt,
and emissions from biomass burning for 40 gas-phase and aerosol
species. It is globally accessible on a regular latitude-longitude grid
with a horizontal resolution of 0.1°, covering the period from 2003 to
the present. It also provides information about injection heights based
on satellite-observed FRP and the European Centre for Medium-Range
Weather Forecasts (ECMWF) weather forecast (Rémy et al., 2017). The
system corrects for observational gaps caused by factors such as cloud
cover and filters out spurious FRP readings associated with non-biomass
burning sources, including volcanoes and industrial activities. GFAS
consistently provides reliable estimates for the magnitude and timing
of fire emissions, with uncertainties generally around 30% and slightly
higher for exotic species (Andela et al., 2013). In this study, we used
daily GFAS data (version 1.2) on the wildfire flux of nitrogen oxides
and the altitude of plume top from March 2023.
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2.5. Transport of air masses and meteorological data

To analyze the regional transport of pollutants, we used the model
output of the trajectory analysis model HYSPLIT version 5.2 developed
by NOAA Air Resources Laboratory (Stein et al., 2015). The HYSPLIT
version 5.2 combines (i) a moving frame of reference that follows air
parcels as they move from their initial location to simulate advection,
diffusion, and deposition (Lagrangian approach) and (ii) a fixed three-
dimensional grid as a frame of reference to compute the pollutant air
concentrations (Eulerian approach).

To study the NO, transport from the largest fires and to assess
its transboundary impact, we computed forward trajectories of the
air masses at different heights (mid-boundary layer height, 1.5 km,
and 3 km) for dates of the maximum measured NO, at each point.
The starting “mid-boundary layer height” is defined as one-half the
mixed layer height and is taken from the Global Forecast System
(GFS) meteorological data set. The atmospheric boundary layer is
a turbulent layer that is directly affected by the underlying Earth’s
surface and reacts to the influence of the surface during a short period
of time (within approximately an hour). The mixed layer height is
important for understanding the structure of the lower troposphere,
as it determines the volume available for pollutant dispersion (Dang
et al,, 2019). The 1.5 km height was chosen as an approximation
unaffected by the orographic features of the surface and corresponds
to the isobaric surface of 850 hPa. The 3 km height lies on the isobaric
surface of 700 hPa and characterizes the distribution of air flows in the
troposphere. We also chose the lower 3 km layer based on the previous
analysis, which showed that the particles (for instance, aerosols) are
concentrated in the lowest 3-5 km tropospheric layer (e.g. Fig. 9 in
Galytska et al., 2018). Forward trajectories were simulated for 72 h (3
days) at 12:00 UTC starting time, using the normal type of trajectories
and GFS meteorological data with a 0.25-degree resolution. In the base
settings, the user selects (up to three) starting heights from up to three
source locations at the initial time (Draxler et al., 2022). The starting
time of 12:00 UTC was chosen to stay close to a sampling of the
TROPOMI data. S5P observes the territory of Ukraine in the period from
9:00 UTC to 11:00 UTC dependent on swath width position and orbit.

The model trajectory analysis was combined with the analysis of
near-surface weather charts from the German Weather Service (https:
//www.wetter3.de/archiv_dwd_en.html) to assess the impact of the
weather on the processes of transport and dispersion of air pollutants
in the atmosphere. In addition, daily data from 24 February to 06 May
2022 for the wind speed and direction from the ECMWF ERAS reanaly-
sis data were used to provide insight into whether the events with high
NO, tropospheric VCD are emitted by local sources or result from the
transport of air masses by the wind. Furthermore, the temperature data
from ERAS for the period of 2019-2022 was also analyzed to observe
differences in the characteristics of the temperature regimes during the
investigated periods described in Section 2.2.

3. Results and discussion
3.1. Analysis of NO, variability over Ukraine in 2019-2022

Fig. 1 shows NO, tropospheric VCD over Ukraine for the four
periods defined in Section 2.2: (a) pre-COVID-19, (b) COVID-19 lock-
down, (c) adaptive lockdown, and (d) hostilities. Red contours indicate
territories captured by Russian forces as of 31 March 2022, after which
a successful counteroffensive began (source: https://liveuamap.com/)
and white labels identify administrative centers. The analysis of all
pre-hostilities (panels a-c) periods, which represent the specific effects
of the COVID-19 lockdown (panels b and c), showed that the most
polluted areas in Ukraine are associated with five large industrial zones
located close to mines or cities, which have working industries. The
largest of them is Donbas, which is located in the east of Ukraine
and includes the Donetsk and Luhansk administrative regions. The
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identification by using NO, tropospheric VCD is in agreement with
the assessment of the National Inventory Report (Lyashenko et al.,
2022) and the regional study of the state of air pollution in the period
2018-2020 over Ukraine including remote regions and uncontrolled
Ukrainian territories performed by Savenets (2021). Clear maxima of
NO, tropospheric VCD are also linked with the other four industrial
zones, namely the Kyiv metropolitan area, industrial cities of Central
(Dnipro, Zaporizhzhia) and Western Ukraine (Lviv, Ivano-Frankivsk),
and Kharkiv metropolitan area (panels a-c). Although the spatial dis-
tribution is similar for all the pre-hostilities periods, the maximum
concentration varies as a result of the variability of NO, emissions to
human activities and the large impact of COVID-19 restrictions, which
reducing these activities, in particular, NO, from fossil fuel burning
by traffic. The maximum values of NO, tropospheric VCD amount in
the most polluted industrial zone of Donbas were about 6-10 x 105
molec cm~2 before COVID-19 (panel a), this reduced to 4-6 x 101°
molec cm~2 during COVID-19 lockdown (panel b). With the restoration
of the transport system during adaptive lockdown (panel c), maximum
values of NO, VCD increased to 6-8 x 10'®> molec cm~2 in Donbas.
Our estimates of the changes in NO, during the COVID-19 lockdown
compared to the pre-COVID period (panels a-b) are similar to the
differences (—6.0 % + 1.2%) in the mean TROPOMI NO, VCDs values
estimated by Fioletov et al. (2022). The authors used the method of
isolation of three components, namely background NO,, NO, from
urban sources, and NO, from industrial point sources to estimate the
impact of the COVID-19 lockdown on each of these components. The
analysis of the hostilities period (panel d) also showed local maxima
(3-4 x 1015 molec cm~2) in the above-mentioned industrial zones and
urban agglomerations, but not as intense as in the pre-hostilities period
(panels a—c).

To estimate the NO, VCD changes, which we attribute to the hos-
tilities, Fig. 2 shows the absolute differences between NO, VCD during
hostilities and each of the pre-hostilities period (defined in Section 2.2
and also discussed in Fig. 1a—c). According to Fig. 2, during hostilities
satellite measurements of tropospheric NO, VCD over the industrial
zone of Donbas, Kyiv and Kharkiv metropolitan area, and big cities
of Dnipro, Zaporizhzhia, Lviv, and Ivano-Frankivsk reveal a temporal
decline in NO, (2-4 x 10'®> molec cm™2) relative to that in all pre-
hostilities periods (panels a-c). This result is in good agreement with the
study of Zhang et al. (2023), which reported significant NO, reductions
of 10.7-27.3% from 24 February to 7 April 2022, in Ukrainian cities
(e.g., Dnipro, Nikopol, Kryvyi Rih), which are on or close to the front
line of the confrontation, and also can be observed near red contours
in Fig. 2 all panels. At the same time, we also indicated local increases
in NO, tropospheric VCDs values in the northern (Kyiv and Zhytomyr
regions), southern (Odesa, Kherson regions), and eastern (Donetsk
region) parts of Ukraine ranging from 1 to 4 x 101> molec.cm~2 (panels
a-c), in contrast to earlier studies, which did not show such an effect.
The estimated difference (1-4 x 101® molec.cm™2) exceeds the uncer-
tainty associated with the NO, retrieval process (0.56 + 0.04 x 101%
molec.cm~2). We hypothesize that the elevated levels of NO, could
be a consequence of burning activities linked to ongoing hostilities.
The increase is not as intensive, because the results in the case of
emission from non-stationary sources, like fires, are sensitive to periods
of averaging: the larger the averaging period, the more smeared the
trace. By averaging the satellite measurements, a track of NO, near
stationary sources like urban areas or industrial units is more stable
than a track of fires, which is highly variable in space and time. Even
for the events of big fires, the NO, response might not necessarily be
detected given its short tropospheric lifetime, namely within 2-8 h
depending on latitude and season (e.g. Fig. 6 in Lange et al., 2022a).
Therefore, even a local temporal increase in NO, VCD suggests that fires
were intense for a long time to produce a NO, VCD increase visible on
a 72-day average period.

The variations in NO, emissions, its transport and transformation
can be also attributed to other factors such as seasonality, differences in
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Fig. 1. NO, tropospheric VCD (molec.cm~2) distribution during different periods over Ukraine: (a) pre-COVID-19 (31.12.2019-11.03.2020), (b) COVID-19 lockdown (12.03.2020—
22.05.2020), (c) adaptive-lockdown (14.12.2021-23.02.2022), (d) hostilities (24.02.2022-06.05.2022) also defined in Section 2.2. Red contours indicate territories captured by
Russian forces as of 31 March 2022 (source: https://liveuamap.com/). White labels identify the administrative centers.
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Fig. 2. Difference between NO, VCD (molec.cm~2) during the hostilities (24.02.2022-06.05.2022) and (a) pre-COVID-19 period (31.12.2019-11.03.2020), (b) COVID-19 lockdown
(12.03.2020-22.05.2020), (c) adaptive lockdown (14.12.2021-23.02.2022). Red lines identify the territories captured by Russian forces as of 31 March 2022.

Source: https://liveuamap.com/.

meteorological conditions and fluctuations in temperatures. NO, intra-
annual variations over clean remote regions and industrial zones of
Ukraine, based on S5P satellite data for the period of November 2018—
January 2020 are presented by Savenets (2021). The authors reported
that industrial regions and large cities do not exhibit clear seasonality,
however, frequent pollution events and spikes from December to Febru-
ary disrupt the distribution and lead to higher average values in winter.
During the seasonal maxima from December to February, the column
number density of NO, reaches 3-5 x 10~* mol m~2, while the most
stable conditions are observed from June to August and vary somewhat

within the range 0.9-1.1 x 10~* mol m~2 (e.g. Fig. 3 in Savenets, 2021).
For remote clean territories such as the Polissia in the northern part of
Ukraine and the Carpathians Mountains, NO, exhibits seasonal peaks
from late May to June, with column number density reaching 0.7-
0.8 x 10~* mol m~2. Between March and November, NO, values show
low variability, and concentrations typically form under local condi-
tions being minimally influenced by nearby cities or polluted areas.
During winter, the NO, levels drop to around 0.4-0.6 x 10~* mol m~2.

Furthermore, as we are comparing averages for specific periods
of the year (as mentioned in Section 2.2) to observe differences in
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Table 1
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Mean values of climatic parameters for Ukraine (within 44-52.35°N, 22-40.15°E) averaged for each investigated period according to ERAS data.

Parameter Pre-COVID-19 COVID-19 Adaptive lockdown Hostilities
Mean temperature (°C) 2.6 9.4 -0.1 5.8

Min temperature (°C) -20.0 -8.8 —-20.7 -13.7
Max temperature (°C) 16.6 24.9 14.8 21.1
Mean HDD (°C) 1111 622 1300 877
Amount of days below 8 °C (days) 17 3 33 12

characteristics of the thermal regime in Table 1 we present the cli-
matic parameters, such as mean, minimum and maximum values of
temperature, mean heating degree days (HDD), and the number of days
having temperatures below 8 °C, for all investigated periods averaged
for Ukraine (44-52.35°N, 22-40.15°E). The latter parameter is used in
Ukraine as an indicator of the duration of the heating season, as this
temperature threshold (8 °C) generally represents the point at which
buildings require heating. HDD is defined as the number of degrees
Celsius a given day’s mean temperature is below 18 °C. The resulting
daily HDD values are summarized for the period and averaged by area.
The higher HDD values imply that more heating is required to main-
tain a comfortable indoor temperature, which in turn implies higher
energy consumption and more air pollutant, emitted from combustion
processes, including NO, and NO,. Table 1 shows that the adaptive
lockdown period was the coldest among all investigated periods during
which the mean temperature in Ukraine was —0.1 °C. The minimum
temperature during the adaptive lockdown was —20.7 °C, indicating
that this period was characterized by extreme cold events. The number
of days with temperatures below 8 °C during the adaptive lockdown
period was 33, which is the highest among all investigated periods,
indicating the longest heating season. The mean HDD was 1300 °C,
which also indicates a higher demand for heating compared to other
investigated periods.

The climatic parameters during the adaptive lockdown period were
most similar to those during the pre-COVID-19 period. As shown in
Table 1, the mean temperature during the pre-COVID-19 was 2.6 °C,
which is higher, but still the closest to the mean temperature during
the adaptive lockdown period (-0.1 °C). Moreover, the mean HDD
value was 1111 °C, which is also comparable to the mean HDD during
the adaptive lockdown period (1300 °C). Despite this, the highest NO,
VCDs were observed during pre-COVID-19 period (6-10 x 10'> molec
cm~2, as shown in Fig. 1 panels a-d) that suggest other factors, beyond
climatic parameters and heating demands, may have played a role in
the observed differences in NO, VCD between these periods. During
hostilities, the thermal regime in Ukraine was relatively mild, with a
mean temperature of 5.8 °C and a minimum temperature of —13.7 °C,
which is less extreme than during the pre-COVID-19 and adaptive
lockdown periods. Moreover, the mean HDD was 877 °C, which is
also comparable to the COVID-19 period, but lower than during other
periods, suggesting a relatively lower demand for heating.

Thus, the local increases in NO, tropospheric VCDs values dur-
ing hostilities in the northern (Kyiv and Zhytomyr regions), southern
(Odesa, Kherson regions), and eastern (Donetsk region) parts of Ukraine
shown in Fig. 2 are primarily related to non-industrial regions, and they
cannot be attributed to seasonality or to the combustion of fossil fuels
used for heating. We suggest this elevated NO, may be a product of
burning caused by active fights. It should be noted that since 2014 Don-
bas, the most polluted territory of Ukraine, has temporarily remained
out of the control of the Government of Ukraine.

3.2. Assessment of fire’s influence on NO, emission in 2022 over Ukraine

A notable number of fires of both natural and human-made origin
have been recorded since hostilities started, causing air pollution. The
time series of the total number of fire pixels per month averaged
for Ukraine are shown in Fig. 3 (panel a). It considers both daytime
and nighttime measurements, with a confidence value above 80% (see

Section 2.3). A comparison of the number of fires in 2022 (orange)
within the same periods of the previous year 2021 (blue) shows that
during almost all analyzed months of 2022, there was a higher number
of fires in comparison with 2021, except April, August, and September.
The decrease in the number of fires in these months may be related
both to a decrease in the intensity of hostilities and to the tradition of
burning vegetation in the fields before sowing (April) or after harvest-
ing (August-September). According to Fig. 3a, in general, for Ukraine,
the highest ratio (11.1) of the frequency of fires in 2022 compared to
2021 was recorded in March, when the full-scale hostilities started. The
total amount of fire pixels registered by satellite in March 2022 is 11.1
times more than likewise numbers for 2021 (613 and 55 cases of fire
pixels, respectively).

The daily variations in the number of fire pixels, as well as its
daily average and maximum values of FRP in Ukraine for the hostilities
period, are shown in Fig. 3b for the first 72 days of hostilities. With
blue vertical bars, we show three periods of bursts in a number of fires,
spatially and temporally related to hostilities (supported by data from
https://liveuamap.com/): 19-30 March, 24-28 April, and 3-6 May. The
largest number of fires and the highest FPR values were observed dur-
ing 19-30 March. During this period we found three separate localized
clusters of fires associated with episodes of high pollution levels. We
indicate bursts of fires on the north border of the Kyiv and Zhytomyr re-
gions, including part of the Chornobyl Exclusion Zone on 19-23 March,
on the front-line Pisky—Maryinka-Starognativka (Donetsk region) on
21-26 March, and on the Danube biosphere reserve, on 28-30 March,
as shown in Fig. Sla in the supplement. During 24-28 April, the fires
were located near the towns of Rubizhne, Kreminna, and Severodonetsk
in the Lugansk region (Fig. S1b in the supplement). During 3-6 May
the fires were detected at Kinburn spit regional landscape park in the
Mykolaiv region and near the towns of Lyman and Yaremivka, which
are situated on the border of the Kharkiv and Lugansk regions (Fig. Slc
in the supplement).

Table 2 presents the monthly amount of fire pixels for the first nine
months of 2022, which coincides with the time of ongoing hostilities for
each region of Ukraine. Administrative regions in which hostilities were
conducted in March 2022, based on data from https://liveuamap.com/,
are highlighted in bold. Table 2 demonstrates that during January—
September 2022 the highest total number of fires is detected mostly
over the east (Donetsk region) and south Ukraine (Kherson, Mykolaiv,
and Zaporizhzhia regions). In particular, the highest number of fire
pixels in Ukraine was detected in the Kherson and Mykolaiv regions
in July (186 and 160 fire pixels correspondingly) and in the Donetsk
region in July (119) and August (144). Such a high number of fire pixels
is outstanding compared to other analyzed months and other regions of
Ukraine. The lowest number of fire pixels is detected mostly over the
western (Volyn, Rivne, Ternopil regions), central (Vinnytsia, Zhytomyr,
Cherkasy, Poltava regions), northern (Sumy region) parts of Ukraine
and Crimea. In March 2022, despite the presence of hostilities in the
Sumy region, the number of fires in the region was relatively low. Ac-
cording to data from “Liveuamap” (also described in Section 2.2), this
could be attributed to a lower incidence of heavy shelling compared
to other areas. Below we focus on the fire events, associated with the
active hostilities in Ukraine supported by data from https://liveuamap.
com/. In March, as a direct consequence of active hostilities the highest
number of fire pixels was detected in the Donetsk (99), Kyiv (59),
and Lugansk regions (42). The study of the localization of fire’s pixels
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Fig. 3. (a) Temporal distribution of the number of fire pixels in Ukraine in 2021-2022 and (b) daily variations in the number of fire pixels and the daily average (FRP-avr) and
maximum (FRP-max) FRP values in Ukraine for the hostilities period. The blue vertical bars indicate the periods of the increased number of fires.

Table 2

Total amount of fire pixels over Ukraine during January-September 2022 according to
VIIRS data. Bold stands for the administrative regions where hostilities were conducted
in March 2022.

Region JAN FEB MAR APR MAY JUN JUL AUG SEP Total
Vinnytsia 0 0 23 8 0 0 1 1 0 33
Volyn 0 0 11 1 2 0 0 0 0 14
Dnipro 0 1 31 1 2 6 14 14 1 70
Donetsk 0 2 99 13 24 7 119 144 10 418
Zhytomyr 0 0 36 1 7 0 0 2 3 49
Zakarpattia 0 0 26 0 0 0 2 2 0 30
Zaporizhzhia 0 3 11 3 4 1 91 89 16 218
Ivano-Frankivsk 0 0 25 4 0 0 0 0 0 29
Kyiv 0 0 59 3 29 1 0 20 4 116
Kirovohrad 0 0 28 3 5 0 4 4 0 44
Lugansk 0 1 42 16 20 15 40 28 10 172
Lviv 0 0 36 1 0 0 1 1 0 39
Mykolaiv 0 0 14 0 0 15 160 40 1 230
Odesa 1 3 61 13 3 1 42 16 12 152
Poltava 0 0 9 0 3 2 0 1 0 15
Rivne 0 0 6 0 7 0 0 1 0 14
Sumy 0 0 1 0 1 1 0 2 0 5
Ternopil 0 0 10 0 0 1 0 0 0 11
Kharkiv 0 0 25 11 16 28 29 28 0 137
Kherson 0 2 6 7 51 10 186 91 6 359
Khmelnytskyi 0 0 8 1 4 0 1 2 0 16
Cherkasy 0 0 7 0 8 0 0 0 0 15
Chernivtsi 0 0 14 2 3 0 0 0 0 19
Chernihiv 0 1 24 0 23 2 0 3 0 53
Crimea 0 0 1 3 0 0 1 2 1 8
Ukraine (total) 1 13 613 91 212 90 691 491 64 2266

shows that fire is three times more frequent phenomenon in hostilities-
related areas, compared to neighboring territories (also shown in Fig.
S2 panels a-i in the supplement). This is consistent with patterns
described for the hostilities in the ATO zone of Ukraine in June—
September 2014 (Vasyliuk et al., 2015). In particular, in the Donetsk
region, where hostilities are constantly taking place, the number of fires
is higher than in the Dnipro region, which borders the Donetsk region
in the west, and has the same climate conditions but there is no front
line. Consequently, during 2022 fire activities increased significantly in
the active hostilities area, especially in the warm period.

To demonstrate that the observed increase in NO, concentration
is indeed linked to fire activities resulting from hostilities, we ad-
ditionally analyzed the daily averaged flux of NO, originating from
fires and biomass burning, based on GFAS data. Fig. 4 represents the
aggregated NO, emissions over the period of increased fire incidents
(19-30.03.2022), previously detailed in Fig. 3b. During this timeframe,
numerous fires of varying intensities were recorded in Ukraine and
neighboring countries. The majority of recorded fires exhibited total
emissions up to 0.5 x 10~ kg m~2 s~1. However, three distinct fire
clusters, attributed to active conflicts, in the Chornobyl Exclusion Zone,

along the front-line in Pisky—Maryinka—-Starognativka (Donetsk region),
and within the Danube biosphere reserve displayed emissions at a
significantly higher rate of 2 x 10™° kg m~2 s~1, as also determined
earlier from VIIRS instrument data and illustrated in Fig. Sla in the
supplement. The significantly higher emission rates of NO, in these fire
clusters highlight the impact of hostilities on the observed increase in
NO, VCDs. To complement this evaluation, we also calculated daily
values of fire flux of NO, over the Kyiv region, averaged by territory
(within 50-52.35°N, 28-31°E). The maximum total emissions of NO,
in the Kyiv region were observed during 19-23 March and reached up
to 8.6 x 102 kg m~2 s~1. Furthermore, we verified the plume’s top
height above the surface within Ukraine. Fires associated with isolated
incidents, such as one-off strikes (see Frederick et al., 2022) or burning
vegetation in fields, exhibited plume top heights around 1000-1500 m.
However, fires driven by heavy shelling or active fights reached up to
2000 m and higher, with the maximum recorded height being 3700 m
near Maryinka city in the Donetsk region as shown in Fig. S3 in the
supplement.

To investigate whether increased fire activities contribute to pol-
lution at both local and regional levels, we provide a case-study of a
fire episode of 19-23 March 2022 in the Kyiv region, as mentioned in
Section 2.3, using HYSPLIT simulation.

3.3. Case-study on a fire distribution and NO, VCDs on 19-23 March 2022
in the Kyiv region

During 19-23 March 2022 the main emission of NO, VCDs (over
4 x 10> molec cm~2) was observed in the north of the Kyiv region,
mainly from two centers. One of them was located at the Chornobyl
Exclusion Zone (51.21°N, 29.30°E) and bordered in the northwest by
the Zhytomyr region, the other one was located near Bucha (50.54°N,
30.28°E) to the southeast of Irpin and Hostomel cities. The location
of both centers is shown in Fig. S4 in the supplement. VIIRS satellite
instrument detected about 26 fire locations around the Chornobyl
Exclusion Zone and 13 fire spots around Bucha (see Fig. S4 panels a-e in
the supplement) during 19-23 March 2022. Fig. 5 represents the time
series of NO, VCD over the Chornobyl Exclusion Zone and Bucha during
the period of hostilities. The teal vertical bars indicate the periods
with the increased number of fires, which agrees with Fig. 3b. Fig. 5
shows significant temporal dynamics of NO, VCD with pronounced
peaks during 19-20 March at the Chornobyl Exclusion Zone (panel a)
and on 23rd March near Bucha (panel b). In the Chornobyl Exclusion
Zone, NO, VCD was higher than near Bucha city because the number
of fires over this area was twice higher (26 fire pixels) than over Bucha
(13 fire pixels). If the daily NO, tropospheric VCDs in the Chornobyl
Exclusion Zone increased from 2.5 to 8.7 x 10'> molec cm=2 with
the start of fires, reaching a maximum of 17.5 x 10!> molec cm~2
on 20 March 2022 (panel a), in Bucha the increase of NO, was a
factor of two smaller, and daily values did not exceed 7 x 10!> molec
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Fig. 4. Spatial distribution of the total NO, emissions from fires and biomass burning averaged over the period of heightened fire activities (19-30.03.2022), as derived from
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Fig. 5. Daily NO, VCD over two centers of fire in the Kyiv region during hostilities period (24.02.-06.05.2022): (a) Chornobyl Exclusion Zone - 51.21°N 29.30°E, (b) near Bucha
city - 50.54°N 30.28°E. The teal vertical bars represent the period of the increased number of fires (19-30.03.2022), which agrees with Fig. 3b.

cm~2 (panel b). Nevertheless, the abundance of NO, at both centers
is comparable to the most polluted Ukrainian industrial cities during
the pre-COVID-19 period (shown in Fig. 1a). Fig. 6 illustrates the
distribution of NO, tropospheric VCD, fires location and FRP, wind
speed, and wind direction over Ukraine on 20 March 2022, a day when
daily NO, concentrations reached their maximum in the Chornobyl
Exclusion Zone. As it is particularly evident from Fig. 6, the NO,
plumes, traced by the TROPOMI satellite instrument, are local (around
50 km footprint). This is in good agreement with a study of Savenets
et al. (2020), which investigated the influence of wildfires that occurred
in the northern part of Ukraine during April 2020, on changes of CO,
NO, and the aerosol index. The authors reported that at a distance of
50 km from the fires, the content of CO in the atmosphere decreased
by 2-3 times, and NO, by 10 times. Most affected areas were within
50 km of active fires, depending on the wind speed and direction.
Abnormally dry weather conditions also contributed to the occurrence
and spread of fires in March 2022. Based on the monthly weather
reports of the Ukrainian Hydrometeorological Center, March 2022 was
drier than the average (44 mm,1981-2010) for the whole country.
Ukraine as a whole had 21%-79% of average rainfall, and in some areas
of the northwest fell only 2%-20% of the monthly norm. Meanwhile,
above-average precipitation (1-1.5 norm) occurred only in the north
of the Lugansk region. An analysis of weather charts from the German
Weather Service (see Fig. S5 panels a-l in the supplement) showed
that on 20-23 March (panels b-e), weather without precipitation was
determined by the crests of a high anticyclone over the Baltic Sea,

which moved in a southeast direction. Stable weather conditions, corre-
sponding to anticyclonic circulation, caused the accumulation of NO,
VCD up to 17.5 x 10'5 molec cm~2 from fires over the Kyiv region.
However, from 23 to 24 March, the weather conditions changed. On
24-28 March (panels f-j), cyclone and atmospheric fronts from the
northwest resulted in rain and windy weather in the northern half of the
country. This change likely caused a decrease in fire activities and a wet
deposition of pollutants, lowering NO, content to 2-3.5 x 10> molec
cm~2 in the atmosphere above Ukraine. Thus, the analysis of weather
charts, combined with TROPOMI and VIIRS satellite data, indicates
that high air pollution levels on 19-23 March 2022 were caused by
local air pollution sources, namely fires, and not by short- and long-
distance transport of air masses. In our analysis below, we focus on
the transboundary and regional transport of pollutants from the fires at
the Chornobyl exclusion zone and near Bucha city, using the HYSPLIT
model version 5.2 (see Section 2.5). We calculated HYSPLIT version
5.2 forward trajectories for 72 h for the dates of maximum NO, VDC
for each center from Fig. 5. Each subsequent point in Fig. 7 shows the
position of the air mass six hours after fixing the previous position.
According to the forward trajectories simulation of the HYSPLIT
model, on 20 March, combustion products with a starting altitude of
530 m, were transported outside of the Chornobyl Exclusion Zone to
other regions of Ukraine in the southwest direction within the first
12 h, and through Romania, Serbia, Kosovo, and Albania towards
Mediterranean sea afterwards (Fig. 7a, red). Air movements at starting
altitudes of 1.5 km and 3 km corresponded to anticyclonic circulation,
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Fig. 6. Spatial NO, VCDs and fire distribution over Ukraine on 20 March 2022. Circles identify the fire locations, black arrows indicate wind speed and direction. Labels stand
for the locations near clusters of fires indicated during 19-30 March 2022 also shown in Fig. S1 panels a-c in the supplement.
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Fig. 7. Forward trajectories of air masses, based on HYSPLIT model version 5.2, from the centers of fire (a) Chornobyl Exclusion Zone - 51.21°N 29.30°E, (b) near Bucha city -

50.54°N 30.28°E for the dates of maximum concentration NO, shown in Fig. 4.

which is seen in Fig. 7 (panel a, blue and green correspondingly) as
clockwise-shaped curves. It revealed that at the height of 1.5-3 km,
a smoke-particle-included air mass with increased NO, (17.5 x 101®
molec cm~2, as shown in Fig. 5b), from the fire center at the Chornobyl
Exclusion Zone was extended to Poland and countries of the Baltic
region. At 2 km height, the air mass reached the Russian Federation
in 72 h.

Forward trajectories near Bucha, where the maximum NO, VCD was
observed on 23 March, are shown in Fig. 7b. The trajectories indicate
that with the starting altitude of 560 m in the lower troposphere within
the first 12 h, the northwest wind spread the NO,-rich air to Kyiv
and Cherkasy regions and then returned to the northeast towards the
Russian Federation. Smoke related to the fires near Bucha city on 23
March was observed at a distance of about 200 km downwind of the
fire, covering the area of Kyiv city. At 1.5 km altitude, air mass with
increased NO, content was transported towards the Black Sea and the

10

Republic of Turkey, but at the 3 km layer of the troposphere, the air
parcels were transported to Moldova, Romania, Bulgaria, and Greece.

The next step was to examine whether there was indeed confirmed
increased air pollution in the areas expected to be affected according
to forward trajectories simulation (Fig. 7) by analyzing the variation
in NO, VCDs between the day of the fire outbreak and the subsequent
day. Fig. 8 visually presents these variations, depicting the NO, VCD
differences on both March 20 and 21, 2022 (panel a), and March
23 and 24, 2022 (panel b). Additionally, the figure incorporates the
trajectories predicted by the HYSPLIT model version 5.2, originating
from the fire centers, as also shown in Fig. 7. The red-marked circle
corresponds to the location of the air mass after 24 h following the
starting time (12:00 UTC on 20 March 2022, panel a, and 12:00 UTC
on 23 March 2022 panel b) at 1.5 km altitude. Fig. 8 unveiled a visible
difference in NO, VCD levels, indicating an increase to around 0.5-
1.0 x 10'5 molecules cm~2 in Poland following the fire event at the
Chornobyl Exclusion Zone at 1.5 km altitude. This result is consistent
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Fig. 8. Difference of NO, VCDs on (a) 20 and 21 March 2022 and (b) 23 and 24 March 2022. Gray circles indicate the position of air mass every hour after starting time (12:00
UTC on 20 March 2022 for panel a, and 12:00 UTC on 23 March 2022 for panel b). The red-marked circles indicate the location of the air mass after 24 h following the starting

time at 1.5 km altitude.

with the findings presented by Wieczorek (2023), which identified an
increased NO, (+0.67 + 0.47 pmol/m?) in Poland due to the ongoing
military operations in Ukraine. However, in the case of fires near Bucha
(shown in Fig. 8 panel b), where the release in NO, was half as large
as comparable with Chornobyl Exclusion Zone, no observed increase in
NO, over the Black Sea was evident.

4. Conclusions

In this study, we investigate the extent to which the hostilities
resulting from the invasion of Ukraine by Russia affect air quality
in Ukraine, by studying its effect on the abundance, dynamics, and
spatiotemporal distribution of the NO, tropospheric VCD, retrieved
from the TROPOMI instrument for the period 24 February-6 May
2022. In addition, the analysis was also made for periods in 2019,
2020, and 2021 to analyze the NO, tropospheric VCD variability before
the hostilities and to differentiate the effects of COVID-19 restrictions
and the hostilities on NO, emissions over Ukraine. In addition to
available studies on the spatial and temporal responses of NO, to
the Russia—-Ukraine armed conflict in 2022 over Ukraine, Poland, and
Russia (Zhang et al., 2023; Wieczorek, 2023), we study fire distribution
and its intensity, both confirm their influence on the tropospheric NO,
level and explore the impact of the hostilities on fire frequency over
Ukraine. Furthermore, we analyzed the NO, emission and injection
altitude of fires using the GFAS wildfire emission inventory to validate
the impact of hostilities on atmospheric pollution processes, resulting
from the increased frequency and intensity of fires in conflict zones.
To confirm that the fires under investigation were indeed caused by
hostilities, we additionally analyzed data from livemap.ua. Finally, we
analyzed the transborder and regional air mass transport from the
origin of the fires using the HYSPLIT model version 5.2, supplemented
with an analysis of near-surface weather charts, which has not been
done before.

Our comparison of NO, VCD values before and during hostili-
ties showed that hostilities resulted in an unprecedented reduction in
economic activity, comparable to the COVID-19 pandemic lockdown,
and correspondingly, temporarily reduced NO, emission over the in-
dustrial zone of Donbas, Kyiv and Kharkiv metropolitan area, and
large cities or urban agglomerations of Dnipro, Zaporizhzhia, Lviv, and
Ivano-Frankivsk on 2-4 x 10'® molec cm~2 relative to the analyzed
pre-hostilities periods. While for the majority of Ukraine, we show
that the NO, amount declined due to hostilities, we also detect local

increases in NO, tropospheric VCD values in the northern (Kyiv and
Zhytomyr regions), southern (Odesa, Kherson regions), and eastern
(Donetsk region) regions of Ukraine ranging from 1 to 4 x 1015 molec
cm~2. We attribute these increases of NO, with fire events, associated
with the active hostilities in Ukraine supported by data from https:
//liveuamap.com/.

The spatial distribution of fire detected by the VIIRS instrument
during Januaries-Septembers 2021-2022 revealed that there was a
higher number of fires in 2022 in comparison to 2021 except for
April, August and September. In particular, the hostilities significantly
increased the number of fires in the eastern, central, and southern parts
of Ukraine. The total amount of fire pixels registered by satellite in
March 2022, when the full-scale hostilities started in Ukraine, was 11.1
times more than that for 2021, which amounted to 613 and 55 cases of
fire, respectively. The highest number of fire pixels (i.e. 691 fire pixels)
in Ukraine was detected in July, particularly in the Kherson, Mykolaiv,
and Donetsk regions (186, 160, and 119 fire pixels correspondingly).
The number of fires increased not only due to hostilities but also due
to the beginning of the fire season and rising temperatures. With the
recent increase in fires, the threat to air quality is also increasing.
We indicated and discussed three periods of bursts in the number of
fires, spatially and temporally related to hostilities: i.e. 19-30 March,
24-28 April, and 3-6 May 2022. The analysis of the daily averaged
flux of NO, originating from fires and biomass burning, based on
GFAS data, showed that fire clusters in conflict zones had four times
higher NO, emission rates (i.e. 2 x 10~ kg m~2 s~!) compared to
fires located far from the front line or resulting from isolated strikes.
The plume heights of these fires reached up to 2-3 km or the isobaric
surface of 850-700 hPa suggesting that the released pollutants have the
potential to disperse and be transported over considerable distances in
the troposphere.

The case-study of the fire distribution and NO, VCDs in the Kyiv
region during 19-23 March 2022, when the largest number of fires was
observed, clearly demonstrates that as a direct consequence of hostili-
ties, NO, emissions increased due to the increase in fires. The intensive
forest fires over the Chornobyl Exclusion Zone and near Bucha city
on 19-23 March 2022 created elevated amounts of NO, (17.5 x 10>
molec em™2 and 7 x 10'> molec cm~2), which are comparable to
the most polluted Ukrainian industrial cities during the pre-COVID-19
period (shown in Fig. 1a). The analysis of forward HYSPLIT version 5.2
trajectories showed that the air mass with increased NO, content from
the Chornobyl Exclusion Zone was transported to Poland and countries
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of the Baltic region at the altitudes of 1.5-3 km. In the lower 530 m
layer of the troposphere, a smoke-particle-included air mass was carried
outside the Chornobyl Exclusion Zone to other regions of Ukraine in
the southwest direction within the first 12 h, and through Romania,
Serbia, Kosovo, and Albania and then towards the Mediterranean sea.
The most affected territories were within 50 km of active fires (traced
NO, plume is around 50 km footprint), but air quality deterioration
was also observed at a distance of about 200 km downwind. A visible
trace of NO,, which originated from fires in the Chornobyl Exclusion
Zone on March 20, 2022, was observed in Poland the following day.

Further studies are needed to investigate the influence of a signif-
icantly increased number of fires on the air quality over eastern and
southern parts of Ukraine in July 2022, which also belongs to another
natural zone according to Physical Geographical zoning. In our study,
we were unable to address this issue due to the release of a new
version (V02.04.00) of the TROPOMI Level 2 NO, data product on
20 July 2022, which introduced significant changes from the version
(V02.03.01) used in the current study. Additionally, a comparison
with a chemistry-transport model (CTM) can also be made to gain
more insights into the transport and transformation of pollutants in
the atmosphere and to compare with the results obtained from the
satellite observations. Moreover, adding other gases (SO,, CO) and
aerosols to the analysis could help identify additional sources and ex-
tent of air pollution caused by the hostilities as well as its influence on
public health.CALIOP aerosol observations, for instance, could provide
valuable insights for the analysis of air pollutants emissions and their
transport due to hostilities. Furthermore, the discovery of techniques
for extracting NO, emissions from TROPOMI data, with a specific
focus on refineries, could have a crucial impact on similar studies and
represent an alternative area for further research. For instance, de Foy
and Schauer (2022) application of the flux divergence method and a
Gaussian Mixture Model, based on TROPOMI data, to identify peak NO,
emission hotspots over four megacities in South Asia exemplifies the
potential of such methodologies.
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