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INTRODUCTION

This assessment report presents research and analysis of the impacts of four years
of the full-scale Russian invasion (24.02.2022-24.02.2026) on air quality in Ukraine,
based on satellite remote sensing data and ground-based monitoring stations of the
hydrometeorological observation network.

The assessment report includes an executive summary for governmental
authorities and policymakers, as well as an extended analysis of both short-term impacts
and long-term effects of military activities on atmospheric pollution. The analysis of
pollutant concentrations is preceded by an examination of changes in prevailing
meteorological conditions and the distribution of landscape fires, in order to account for
their contribution to atmospheric pollution formation. The report concludes with findings
summarizing the main impacts of the full-scale Russian invasion on air quality, along with
recommendations for optimizing the integrated use of different sources of air pollution
data and for incorporating the identified changes into decision-making processes. All
methodological and technical aspects of the conducted research are presented in a
dedicated section following the conclusions and recommendations.



EXECUTIVE SUMMARY FOR GOVERNMENT AUTHORITIES AND POLICYMAKERS

Over the four years (24.02.2022-24.02.2026) of the full-scale Russian invasion,
Ukraine has experienced an unprecedented impact on economic, social, and
environmental processes in modern history. Thousands of missile and drone strikes,
destruction of industrial facilities, devastation of cities, population displacement, and
landscape fires caused by shelling — all these and many other processes have had a direct
impact on air quality. Air quality is an important, though not always obvious, factor
determining risks to human health and ecosystem functioning.

Assessing the impact of war on air quality is significantly more complex than
traditional air pollution analysis under peacetime conditions, as it requires accounting for
the simultaneous influence of multiple interacting factors. Ground-based monitoring
networks effectively capture local changes in pollution levels but are unable to cover all
areas affected by hostilities. An additional challenge is the loss of part of the monitoring
network, particularly in areas closer to the front line. Satellite remote sensing of pollutants
provides broad spatial coverage but has limited sensitivity to certain concentration
changes and is dependent on cloud conditions. Moreover, due to the high variability of the
atmosphere, where many pollutants rapidly disperse, deposit, or undergo chemical
transformation, the temporal gap between emission and observation often complicates
reliable impact assessment.

The analysis is further complicated by changes in the spatial distribution of
landscape fires and the simultaneous action of multiple, often opposing, factors. On the
one hand, missile strikes can cause strong short-term emissions of pollutants; on the
other hand, the shutdown of industrial facilities leads to a reduction in regular emissions.
Power outages increase the use of generators, while population displacement may reduce
transport-related emissions in certain cities, although new war-related pollution sources
emerge in these areas.

The most typical and widespread consequence of the war is the increased
occurrence of episodes of high pollution levels following missile and drone attacks. On
average, after each missile or drone strike, near-surface pollutant concentrations increase
by 100-300% relative to pre-event levels, and in some extreme cases by more than 1000%.
At the same time, the frequency of such events being captured by ground-based
monitoring systems is low. This is due to the rapid dispersion of pollutants and the point-
based nature of measurements at stationary monitoring stations.

Due to the use of only polar-orbiting satellites for air quality monitoring over Europe
during 2022-2026, providing only one observation per day, most short-term high-pollution
events following missile and drone attacks were not captured due to the temporal
mismatch between emissions and satellite overpasses. In cases where the effects of



strong short-term emissions were observed, pollutant concentrations increased on
average by 50-150% relative to typical values. At the same time, satellite methods
enabled the detection of pollution associated with landscape fires, particularly those
occurring along the front line as a result of shelling. For remote areas lacking ground-
based monitoring, satellite remote sensing remains the only source of information on air
quality.

Four years of full-scale war have affected overall air quality in the form of long-term
effects. First and foremost, the consequences of the destruction of industrial facilities
and cities are observed. According to satellite observations at the regional scale, a
decrease in average pollution levels in industrial regions compared to the 2019-2021
period has been recorded, ranging from 8 to 30% depending on the pollutant. At the same
time, ground-based observations from the hydrometeorological monitoring network,
which better capture local changes, show more complex spatiotemporal dynamics. In
front-line cities, increased pollution levels are observed due to intensified military activity.
In large industrial cities, long-term trends mostly reflect a decrease in average pollution
levels due to industrial destruction. In rear-area cities, mixed trends are observed,
indicating a redistribution of pollutant concentrations.

It is important to emphasize the potentially misleading nature of observed pollution
decreases in some industrial cities. Strong short-term emissions caused by missile
strikes and resulting in industrial destruction may have a more severe impact on human
health than long-term, regular, but controlled emissions from the operation of these
facilities.

The war in Ukraine demonstrates that ground-based monitoring systems remain a
key source of information on air pollution. The launch of the geostationary Sentinel-4
satellite in 2025 can significantly enhance monitoring capabilities. However, the
combined observational data do not allow for a full reconstruction of air quality dynamics
throughout the war. The most effective tool for this remains the application of numerical
atmospheric modelling and chemical transport models.
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LIST OF ABBREVIATIONS

Pollutants:

CH20 - formaldehyde;
CeHsOH — phenol;

CO - carbon monoxide;
H>S — hydrogen sulfide;
HCI - hydrogen chloride;
HF — hydrogen fluoride;
NH3 — ammonia;

NO2 — nitrogen dioxide;
NO - nitrogen oxide;

O3 — ozone;

SO, — sulfur dioxide;
TSP - total suspended particles.

Systems, platforms:
CDSE - Copernicus Data Space Ecosystem;
FIRMS - Fire Information for Resource Management System.

Satellites and instruments:

MODIS —Moderate Resolution Imaging Spectroradiometer;

NOAA-20, -21 — National Oceanic and Atmospheric Administration -20, -21;
Sentinel-5P — Sentinel-5 Precursor;

Suomi NPP — Suomi National Polar-orbiting Partnership;

TROPOMI — TROPOspheric Monitoring Instrument;

VIIRS - Visible Infrared Imaging Radiometer Suite.

Organizations and authorities:

SES - State Emergency Service of Ukraine;

NAS - National Academy of Sciences of Ukraine;

UHMI - Ukrainian Hydrometeorological Institute of SES of Ukraine and NAS of Ukraine;
CGO - Central Geophysical Observatory named after Boris Sreznevskyi.

Other:

TPP - thermal power plant;

CHP - combined heat and power plant;
OFFL - offline Sentinel-5P data;

VCD - vertical column density.






After emissions of air pollutants enter the atmosphere, the formation of
concentrations depends significantly on weather conditions’. Not all changes in air quality
are associated with changes in emission volumes. Any analysis of atmospheric pollution
should therefore be preceded by an examination of changes in key meteorological
parameters that determine the deposition rate of pollutants, their dispersion conditions,
and the rates of atmospheric chemical reactions leading to the transformation of some
chemical species into others.

For example, a lower frequency of precipitation during a given season may lead to
higher average concentrations of pollutants due to a significantly reduced rate of wet
deposition?. Stronger winds promote better dispersion of pollutants, whereas a higher
frequency of calm conditions contributes to the accumulation of pollutants in the near-
surface atmospheric layer®. Temperature inversions (an increase in air temperature with
height) promote the formation of atmospheric blocking layers, leading to air quality
deterioration?. All these examples of prevailing weather impacts directly lead to changes
in pollutant concentrations, which are not related to increases or decreases in emission
levels.

Therefore, for a correct analysis of air quality changes caused by military activities,
changes in meteorological parameters are analyzed first. Based on it, the degree of
influence of prevailing weather conditions is determined.

In this report, the analysis of meteorological conditions focuses on four parameters:

1) near-surface air temperature, to account for atmospheric conditions affecting
the chemical transformation of pollutants;

2) total precipitation, to account for the intensity of wet deposition;

3) boundary layer height, indicating the potential for vertical dispersion of
pollutants;

4) near-surface wind speed, which determines the potential for horizontal
dispersion of pollutants.
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Near-surface air temperature during the period from spring 2022 to winter 2025/26
differed significantly from the values of the baseline period (2019-2021) used for
comparison of air quality. Fig. 1 shows seasonal changes in near-surface air temperature
during the period of the full-scale Russian invasion.

The most pronounced changes in near-surface air temperature during 2022-
2025/26 were observed in the transitional seasons. Each spring of this period was, on
average, 1-4°C warmer than in the baseline period. For the spring season, higher air
temperatures indicate a shift in meteorological conditions toward those more favorable
for chemical transformation and a background decrease in concentrations of several
pollutants (such as NO, and CO%*®), but enhanced formation of O, and CH,0¢. In contrast,
autumn near-surface air temperatures were significantly lower than in the baseline period,
resulting in opposite effects compared to spring conditions.

Among the summer seasons, particular attention should be given to the hotter
summer of 2024 and the general tendency toward higher temperatures in the southern
regions. The last two winters were contrasting: the winter of 2024/25 was significantly
warmer, while the winter of 2025/26 was colder compared to the baseline period of 2019-
2021.

spring summer
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Fig. 1. Changes in the seasonal mean near-surface air temperature (°C) since the beginning of the full-
scale invasion (spring 2022 — winter 2025/2026) compared to the mean temperature of the
corresponding season during the baseline period (2019-2021)



11

Changes in total precipitation over the period from spring 2022 to winter 2025/26
across the territory of Ukraine were more heterogeneous compared to the baseline period
(2019-2021). Fig. 2 presents the seasonal changes in total precipitation during the period
of the full-scale Russian invasion.

The most uniform feature is the increase in total precipitation during autumn
seasons, particularly in 2022 and 2023. Given that precipitation is the primary removal
mechanism for most atmospheric pollutants, autumn conditions were generally more
favorable for reducing pollution levels. Of particular interest is the spatial distribution of
summer precipitation. Throughout the entire period of the full-scale Russian invasion, an
increase in precipitation was observed in northern Ukraine (and thus more favorable
conditions for pollutant removal), whereas a precipitation deficit was recorded in the
southern regions (i.e., conditions more conducive to pollutant accumulation). In 2024 and
2025, summer precipitation in southern Ukraine was 100-150 mm lower than during the
2019-2021 baseline period.

A decrease in the intensity of wet deposition was also observed in winter 2024/25
across the entire territory of Ukraine, in winter 2025/26 in the western regions, as well as
in spring 2022 and 2024 over most of the country. In contrast, more favorable conditions
for pollutant removal were recorded in spring 2023 in the southeastern regions and in
winter 2023/24 across most of Ukraine.
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Fig. 2. Changes in the seasonal accumulated precipitation (mm) since the beginning of the full-scale
invasion (spring 2022 — winter 2025/2026) compared to the average accumulated precipitation of the
corresponding season during the baseline period (2019-2021)
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The boundary layer height, which indirectly determines the conditions for vertical
dispersion of air pollutants and reflects changes in the frequency of atmospheric blocking
layer formation, during the period from spring 2022 to winter 2025/26 across Ukraine was
generally characterized by higher values in the spring—summer season and lower values
in the autumn-winter season compared to the baseline period (2019-2021). Fig. 3
presents the seasonal changes in the mean boundary layer height during the period of the
full-scale Russian invasion.

The most significant changes were observed in the summers of 2024 and 2025 in
southern Ukraine, where the boundary layer height was 150-300 m higher than in the
baseline period. This indicates more favorable dynamical conditions for the dispersion of
pollutants from the near-surface layer. Overall, higher boundary layer heights were also
observed in summer 2022 in southern Ukraine, as well as in spring 2022, 2023, and 2024.

Less favorable conditions for vertical dispersion of air pollutants were observed in
autumn 2022 and 2025, as well as in winter seasons of 2022/23, 2024/25, and 2025/26
in the northern and western regions. During these periods, the boundary layer height was,
on average, 50-100 m lower than in the baseline period.
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Fig. 3. Changes in the seasonal mean boundary layer height (m) since the beginning of the full-scale
invasion (spring 2022 — winter 2025/2026) compared to the mean boundary layer height of the
corresponding season during the baseline period (2019-2021)
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Near-surface wind speed determines the intensity of horizontal dispersion of air
pollutants within the near-surface atmospheric layer. During the period from spring 2022
to winter 2025/26 over the territory of Ukraine, an increase in wind speed was
predominantly observed in autumn, a decrease in spring, and mixed patterns of change
during summer and winter seasons. Fig. 4 presents the seasonal changes in near-surface
wind speed during the period of the full-scale Russian invasion.

A decrease in near-surface wind speed creates conditions that favor greater
accumulation of air pollutants in the near-surface atmospheric layer. Such conditions
were most typical in spring 2023, 2024, and 2025, in winter 2024/25 and 2025/26, and in
northern Ukraine during summer 2023 and 2024.

Significant increases in wind speed, associated with more favorable conditions for

pollutant dispersion, were observed in autumn 2023 and 2024, in summer 2025, and in
winter 2023/24.

winter

spring summer

m/s

Fig. 4 Changes in the seasonal mean wind speed (m/s) since the beginning of the full-scale invasion
(spring 2022 — winter 2025/2026) compared to the mean wind speed of the corresponding season
during the baseline period (2019-2021)
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Alongside anthropogenic emissions from industrial facilities and urban transport,
landscape fires have always played a significant role in shaping air pollution in UkraineZ&2.
The spatial distribution of landscape fires can be clearly traced using thermal anomaly
data from the MODIS (Terra satellite) and VIIRS instruments (Suomi NPP, NOAA-20,
NOAA-21), as presented seasonally for the period 2019-2025/26 in Fig. 5.

Before the start of the full-scale Russian invasion, landscape fires exhibited a
distinct seasonal pattern’2. In spring, the regular burning of plant remnants in agricultural
fields led to the formation of thousands of thermal anomalies, which were clearly detected
by satellite observations and covered most of the territory of Ukraine2. A similar pattern
was observed in autumn, although the number of such fires was lower compared to the
spring season. In summer, the distribution of landscape fires across Ukraine was primarily
driven by unfavorable meteorological conditions, including high air temperatures and low
soil moisture'® therefore, most thermal anomalies were observed in the southern and
southeastern regions of the country.

With the onset of the full-scale Russian invasion, a redistribution of landscape fires
occurred™-'2, The primary driver became the concentration of fires along the line of active
hostilities caused by frequent shelling of military positions. A secondary, but still
significant, factor was the reduction in seasonal burning of plant remnants in agricultural
fields due to the introduction of stricter enforcement during wartime?2.

Immediately after the beginning of hostilities and active combat operations, the
spatial pattern of thermal anomalies began to clearly delineate the front line. In particular,
in spring 2022, the highest occurrence of landscape fires was observed in eastern Ukraine
and in the Kyiv region. In summer 2022, landscape fires were distributed along the front
line extending from the southern part of Kherson region to the northern part of Kharkiv
region. The period from autumn 2022 to spring 2023 was the last interval during which
the number of thermal anomalies during the warm season along the front line remained
relatively low. Starting from summer 2023, landscape fires along the front line have
consistently formed pronounced hotspots and have become a major source of biomass
burning emissions.
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Fig. 5. Spatlal dlstrlbutlon of heat anomalles detected by the MODIS and VIIRS satelllte sensors from
spring 2019 to winter 2025/2026.
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The primary consequence of military activity for air quality is a sharp, relatively
short-term increase in pollutant concentrations in the atmosphere due to emissions
following missile and drone strikes (or other war-related emergency events). Before the
war, such emissions were extremely rare and typically associated with industrial
accidents; however, during the war, these events have become a regular occurrence. Due
to the ability of the atmosphere to rapidly remove most pollutants, the duration of elevated
pollution levels does not exceed several hours after the cessation of the emission source
activity (e.g., after an explosion or complete extinguishing of a fire). At the same time,
despite their short duration, the magnitude of these emissions is such that pollutant
concentrations may pose an immediate risk to human health if populations are located
within the plume dispersion area.

During the period of the full-scale invasion, thousands of missile and drone strikes
have been recorded, leading to the formation of strong emissions of hazardous
substances. However, the detection of such events by any ground-based monitoring
system is largely incidental, as it requires both temporal (measurements taken during or
shortly after the emission event) and spatial (measurements aligned with the transport of
the emission plume by wind) coincidence between the emission source and the
monitoring station location. As a result, given the point-based nature of ground
observations, air pollution associated with most missile and drone strikes remains
undetected.

For the period from 2022 to 2025, a total of 443 cases were identified in which
elevated concentrations measured at stationary monitoring stations of
hydrometeorological organizations coincided with the impacts of missile and drone
strikes on Ukrainian cities (Fig. 6). Considering the total number of attacks, the detection
rate of direct concentration increases associated with strikes is less than 1%. In the first
two years of the full-scale invasion, only 60 cases (2022) and 42 cases (2023) were
identified. The increase in the number of missiles and drones launched against Ukraine in
2024 and 2025 led to a rise in the number of short-term episodes of strong pollutant
emissions. In 2024, 153 such cases were identified, and in 2025, 188 cases of increased
pollutant concentrations were detected that can be directly attributed to military activity
rather than other factors such as routine urban emissions, landscape fires, or unfavorable
meteorological conditions for atmospheric self-cleaning.

Fig. 6 shows the annual distribution of confirmed air pollution episodes based on
monitoring station data, as well as the average exceedances of pollutant concentrations
following missile and drone strikes relative to pre-event levels. These estimates are based
on TSP, CO, SO,, and NO, — the pollutants with the highest observational coverage in
Ukraine.
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Fig. 6. Annual distribution of confirmed air pollution events based on monitoring station data, and
average exceedances of pollutant concentrations in the immediate period following missile or drone
strikes relative to pre-strike levels for TSP, carbon monoxide (CO), sulfur dioxide (S0O,), and nitrogen

dioxide (NO,).

Following missile and drone strikes on cities, average concentrations of air
pollutants increased by 135% for TSP, 240% for NO,, 270% for SO,, and 290% for CO (fig.
6). For all considered pollutants, extreme cases of severe air pollution led to concentration
increases of more than 1000% relative to pre-attack levels. The analysis and interpretation
of these results require consideration of the fact that the conditions under which
exceedances are identified are not homogeneous and, in general, cannot be compared
using standard statistical approaches. First, the monitoring station recording increased
concentrations may in some cases be located close to the impact site, while in others it
may be several kilometres away. Second, measurements may be taken immediately after
the strike in some cases, and several hours later in others. Therefore, all reported relative
changes in pollution represent only aggregated effects intended to illustrate the general
magnitude of concentration increases following missile and drone attacks, and do not
provide precise estimates of exceedances under specific conditions.

When considering differences in impacts between strikes on energy infrastructure
and those on oil storage facilities and refineries, CO and SO, concentrations were, on
average, higher following strikes on energy facilities, whereas TSP and NO, showed
greater increases associated with fires at oil depots and refineries. As with the overall
assessment of all cases, this pattern reflects aggregated observational outcomes and
does not demonstrate a strictly causal relationship indicating more intense increases of
specific pollutants under one type of strike compared to another.
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Despite all advantages of satellite remote sensing related to the coverage of areas
without ground-based observations and regions of active hostilities, the analysis of four
years of the full-scale Russian invasion has demonstrated the limited capability for
quantitative assessment of air pollutant content during short-term air quality deterioration
events, particularly following missile and drone strikes. While satellite remote sensing of
thermal anomalies and the Earth’s surface allows more frequent and reliable detection of
the impacts of missile strikes and landscape fires, the estimation of pollutant
concentrations is constrained by the relatively low accuracy of atmospheric retrievals and
the insufficient number of available satellites for this purpose.

Polar-orbiting satellites, which provide only one observation per day during daytime
hours, most often failed to capture the majority of war-related emission sources,
particularly those occurring during night-time and early morning missile and drone strikes.
While landscape fires near the front line are more frequently detected, the impacts of
missile and drone strikes on urban air pollutant concentrations are often indistinguishable
from background anthropogenic emissions unrelated to military activity (transport and
industry). When combined with frequent cloud cover that hinders satellite observations,
the number of cases in which quantitative changes in pollution can be reliably assessed
becomes critically small.

The launch of the geostationary Sentinel-4 satellite may significantly improve
detection capabilities starting from 2026; however, satellite air quality monitoring during
the first four years of the war will remain fundamentally limited in terms of capturing the
impacts of missile and drone strikes.

Previous scientific studies'* have presented examples of short-term deterioration
in air quality associated with industrial facilities. Since a significant number of missile and
drone strikes are directed at urban infrastructure, their impacts are only rarely
distinguishable against the background of urban pollution, especially considering the
substantial time lag between the strike and satellite overpass. This time lag is often longer
than the atmospheric lifetime of NO,, which is the most suitable pollutant for
quantitatively assessing the impacts of such events.

Fig. 7 presents an example of a large-scale missile strike on Kyiv that occurred on
8 July 2024 between approximately 10:00 and 13:00 local time. Because the strike
occurred shortly before the Sentinel-5P satellite overpass, its impacts on atmospheric
pollution can be quantitatively assessed. During this missile attack, a strike hit the
“Okhmatdyt” children’s hospital, destroyed an entrance of a five-story residential building,
and impacted multiple sites across seven districts of Kyiv.
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Fig. 7. Spatial distribution of nitrogen dioxide (NO,) over Kyiv on 7, 8, and 9 July 2024 (8 July — day of the
missile strike) based on TROPOMI satellite instrument data
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According to satellite data, the impacts of missile and drone strikes are most often
observed as short-term and abrupt exceedances of air pollutant concentrations. During
these events, the increase in the VCD of the analyzed pollutant averages between 100%
and 200% compared to mean background levels (or air conditions of the preceding days).
The vast majority of such effects are detected for NO,, while a smaller number of cases
associated with active combustion allow for the detection of increases in CO and
particulate matter. In satellite remote sensing, particulate matter cannot be directly
quantified and is instead indirectly assessed using aerosol optical depth and the
absorbing aerosol index. Over the four years of the full-scale invasion, satellite
observations did not allow for the identification of any cases of increased SO, and CH,0O
that could be reliably attributed to missile or drone strikes. This is primarily due to the
previously mentioned limitations related to retrieval accuracy for these chemical species,
frequent cloud cover, and the significant time lag between most strikes and polar-orbiting
satellite overpasses. For SO, and CH,0, ground-based monitoring provides substantially
more reliable and informative evidence of short-term concentration increases.

In general, the assessment of air pollution impacts (when detected by satellites)
following Russian attacks on Ukrainian cities and industrial facilities appears as
anomalously high concentrations of pollutants. As illustrated in Fig. 7, NO, VCD in the
polluted urban air plume over Kyiv were 2-2.5 times higher after the missile strikes on 8
July 2024 compared to typical city conditions on 7 and 9 July 2024.

During landscape fires, satellite monitoring is capable of detecting short-term
increases in CO and tracking polluted air plumes originating from fire locations. Fig. 8
shows an example of CO transport associated with landscape fires on 30 July 2025,
caused by shelling along the front line.

It is evident that the sensitivity of detecting enhancements in CO VCD over a
relatively homogeneous spatial background depends on the intensity and magnitude of
biomass burning. Therefore, most observed landscape fire events do not produce
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detectable changes in the total atmospheric column. Under conditions where background
CO values range from 0.023 to 0.035 mol/m?, clear fire-related enhancements can be
identified when total CO exceeds 0.040-0.045 mol/m? (depending on the season). Short-
term CO enhancements along the front line during landscape fires are approximately 30—
70% relative to background values in unaffected areas. During particularly intense fires,
CO may exceed 0.065 mol/m? corresponding to increases of 100-150% above
background levels.
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Fig. 8. Spatial distribution of carbon monoxide (CO) based on TROPOMI satellite instrument data and
thermal anomalies from MODIS and VIIRS satellite instruments along the front line in Kharkiv, Luhansk,
and Donetsk regions on 30 July 2025.
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The previously considered short-term effects of military activities on air quality are
unidirectional and reflect an immediate deterioration of atmospheric conditions following
missile and drone strikes. However, on a multi-year scale, changes in air quality reflecting
the long-term effects of war are far more complex and include the combined influence of
a large number of processes that often have opposing impacts on pollution levels. In
addition to the high frequency of short-term episodes of severe pollution caused by
missile strikes and ecosystem fires along the front line, socio-economic consequences
also begin to play an increasingly important role. The main war-related drivers contributing
to increased concentrations of air pollutants include:

- missile and drone strikes, and explosions resulting from sabotage activities;

- landscape fires following shelling;

- damage to military equipment and other infrastructure in active combat zones;

- changes in fuel types and fuel usage;

- increased vehicle emissions in areas receiving internally displaced populations;

- operation of generators during power outages;

- increased emissions from military vehicles near the front line; among others.

At the same time, several processes contribute to reductions in pollutant emissions,
including:

- shutdown and destruction of industrial facilities;

- reduced vehicle emissions due to population displacement;

- reduced seasonal agricultural open burning due to stricter enforcement;

- temporary suspension of industrial activity during blackouts.

Most of these processes occur simultaneously, against the background of
changing prevailing meteorological conditions that determine the atmospheric capacity
for pollutant removal. This makes the long-term effects of military activity on air quality
highly complex and heterogeneous in their impacts.

Analysis of pollutant concentrations based on ground-based monitoring data from
hydrometeorological organizations has revealed the spatially localized nature of air
pollution changes during the full-scale Russian invasion, their dependence on the
economic role of cities and existing industrial activity, proximity to the front line, as well
as differing trends among various chemical species.

Based on the analyzed trends in ground-level air pollution, three main long-term
effects of military actions can be identified:

1) an increase in air pollution in frontline cities, directly associated with active
military operations;
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2) a decrease in average pollution levels in large industrial cities, primarily due to
the destruction of industrial facilities;
3) a redistribution of pollutant concentrations in rear-area cities.

Air pollution in most major Ukrainian cities was primarily formed by key pollutants—
CO, NO,, and particulate matter (in form of TSP)'°. Four years of Russia’s full-scale
invasion (2022-2026), accompanied by regular missile strikes on industrial facilities,
resulted in a predominant decrease (with some exceptions) in the concentrations of these
pollutants in cities such as Dnipro, Horishni Plavni, Kharkiv, Kremenchuk, Kryvyi Rih, Kyiv,
Odesa, Zaporizhzhia, and others (see Figs. 9, 11, 13). In contrast, in Kramatorsk and
Sloviansk, located close to active combat zones, concentrations of CO, NO,, and TSP
increased on average by 12-40%, depending on the city and pollutant. Increases in NO,
and TSP within a wide range of 15% to 87% were also recorded in cities near the front line
and border areas, including Kherson, Sumy, and Chernihiv. Being closely related in
emission sources, soot (Fig. 14) and NO (Fig. 12) largely followed trends similar to TSP
and NO,, respectively, varying within a range of -25% to 35%.

In more distant rear-area cities, changes in CO, NO,, and TSP concentrations were
heterogeneous. An increase in CO was recorded in lvano-Frankivsk, Kropyvnytskyi,
Ternopil and Zhytomyr ; an increase in NO, in Bila Tserkva and Poltava; and an increase
in TSP in Obukhiv, Uzhhorod, Zhytomyr, and others. A decreasing trend in CO
concentrations was observed in Bila Tserkva, Brovary, Khmelnytskyi, Obukhiv and
Uzhhorod; a decrease in NO, in Cherkasy, Chernivtsi, Khmelnytskyi, Obukhiv, Vinnytsia;
and a decrease in TSP in Bila Tserkva, Chernivtsi, Ternopil, and several other cities.

In Ukraine, the formation of SO, concentrations was associated with the operation
of TPPs/CHPs as well as metallurgical, coke-chemical, and chemical industries. During
the period of Russia’s full-scale invasion, three main patterns of SO, concentration
changes were identified (Fig. 10). The first pattern is a decrease in SO, by 11-16% in
several industrial cities where levels were historically high, including Dnipro, Kamianske,
Odesa, and Sloviansk. The second pattern is an increase of 29-63% in other industrial
cities, such as Kryvyi Rih and Svitlovodsk, including those located closer to the border or
front line (Kharkiv, Kherson, Sumy). The third pattern is a substantial decrease in SO, —
on average by 30—-60% in cities in Western Ukraine, including Chernivtsi, Ivano-Frankivsk,
Khmelnytskyi, and Lviv. Exceptions include Lutsk and Uzhhorod, where SO, increased
relative to the baseline period of 2019-2021. Thus, there is an overlap of opposing effects
associated with the destruction of TPPs/CHPs and industrial facilities (leading to a
decrease in S0O,), and the increased use of generators and fuel types with higher pollutant
content (leading to an increase in SO,).

Concentrations of C¢H;OH increased on average by 10—-15% during the full-scale
invasion in cities experiencing regular shelling or located near active combat zones,
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including Kharkiv, Kherson, Kramatorsk and Sloviansk (with Lutsk as an exception, where
changes in C,HsOH trends are likely unrelated to military activity) (see Fig. 15). In large
industrial cities, CqHsOH decreased on average by 20-40%.

In comparison to C,H;OH, the trends in CH,0 during the full-scale Russian invasion
are significantly more heterogeneous and more difficult to attribute to specific driving
factors (Fig. 16). In cities close to the front line or border areas (Izmail, Kherson,
Kramatorsk, Sloviansk, Sumy, Zaporizhzhia), an increase in CH,0 of 12-35% was
observed. In industrial cities located farther from active combat zones, a general decrease
in CH,O concentrations was recorded (Dnipro, Kremenchuk, Kryvyi Rih, Mykolaiv, Odesa,
etc.), although opposite trends were observed in some cases (e.g., Svitlovodsk). In rear-
area cities, the patterns are highly heterogeneous.

In industrial cities with previously higher NH; concentrations, a decrease of 10—-25%
was observed during the full-scale invasion, particularly in Cherkasy, Kamianske,
Kremenchuk, Kryvyi Rih and Kyiv (Fig. 17), indicating a decline in industrial production. A
slight increase in NH; was observed in Kharkiv, Poltava and Rivne, and a more pronounced
increase in Vinnytsia; however, these changes could not be unambiguously linked to the
consequences of the war.

Among other specific pollutants, a decrease in H,S concentrations of 16-42% was
also recorded in industrial cities located away from the front line, particularly in
Kamianske, Kryvyi Rih, Kyiv and Odesa (Fig. 18). In contrast, increases in H,S were
observed in Cherkasy and Zaporizhzhia. For HCI concentrations, data from six cities show
that a decrease was observed only in Chernivtsi (Fig. 19), while increases of 8—32% were
recorded in Khmelnytskyi, Kyiv, Poltava, Rivne and Zaporizhzhia. For HF concentrations,
one of the most notable trends is a 117% increase in Sloviansk (Fig. 20), which may be
exclusively attributable to the impact of military activity. A decrease of more than 50% in
HF was recorded in Chernivtsi and Kyiv.
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Fig. 9. Percentage change in average concentrations of carbon monoxide (CO) in atmospheric air based
on ground-based monitoring data during the period of the full-scale invasion (March 2022 - December
2025), compared with average concentrations for the baseline period (2019-2021) *

* Note on result interpretation: the values shown in the plot represent aggregated changes in local pollution within the locations of monitoring
stations, which may not correspond to overall patterns for the entire city or its individual districts.
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Fig. 10. Percentage change in average concentrations of sulfur dioxide (SO.) in atmospheric air based
on ground-based monitoring data during the period of the full-scale invasion (March 2022 — December
2025), compared with average concentrations for the baseline period (2019-2021) *

* Note on result interpretation: the values shown in the plot represent aggregated changes in local pollution within the locations of monitoring

stations, which may not correspond to overall patterns for the entire city or its individual districts.
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Fig. 11. Percentage change in average concentrations of nitrogen dioxide (NO2) in atmospheric air based

on ground-based monitoring data during the period of the full-scale invasion (March 2022 — December
2025), compared with average concentrations for the baseline period (2019-2021) *

* Note on result interpretation: the values shown in the plot represent aggregated changes in local pollution within the locations of monitoring
stations, which may not correspond to overall patterns for the entire city or its individual districts.
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Fig. 12. Percentage change in average concentrations of nitrogen oxide (NO) in atmospheric air based

on ground-based monitoring data during the period of the full-scale invasion (March 2022 — December
2025), compared with average concentrations for the baseline period (2019-2021) *

* Note on result interpretation: the values shown in the plot represent aggregated changes in local pollution within the locations of monitoring
stations, which may not correspond to overall patterns for the entire city or its individual districts.
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Fig. 13. Percentage change in average concentrations of total suspended particles (TSP) in atmospheric
air based on ground-based monitoring data during the period of the full-scale invasion (March 2022 -
December 2025), compared with average concentrations for the baseline period (2019-2021) *

* Note on result interpretation: the values shown in the plot represent aggregated changes in local pollution within the locations of monitoring
stations, which may not correspond to overall patterns for the entire city or its individual districts.
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Fig. 14. Percentage change in average concentrations of soot in atmospheric air based on ground-based
monitoring data during the period of the full-scale invasion (March 2022 - December 2025), compared
with average concentrations for the baseline period (2019-2021) *
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Fig. 15. Percentage change in average concentrations of phenol (CsHsOH) in atmospheric air based on
ground-based monitoring data during the period of the full-scale invasion (March 2022 - December
2025), compared with average concentrations for the baseline period (2019-2021) *

* Note on result interpretation: the values shown in the plot represent aggregated changes in local pollution within the locations of monitoring
stations, which may not correspond to overall patterns for the entire city or its individual districts.
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Fig. 16. Percentage change in average concentrations of formaldehyde (CH,0) in atmospheric air based
on ground-based monitoring data during the period of the full-scale invasion (March 2022 — December
2025), compared with average concentrations for the baseline period (2019-2021) *

* Note on result interpretation: the values shown in the plot represent aggregated changes in local pollution within the locations of monitoring

stations, which may not correspond to overall patterns for the entire city or its individual districts.
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Fig. 17. Percentage change in average concentrations of ammonia (NHs) in atmospheric air based on
ground-based monitoring data during the period of the full-scale invasion (March 2022 — December
2025), compared with average concentrations for the baseline period (2019-2021) *
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Fig. 18. Percentage change in average concentrations of hydrogen sulfide (H2S) in atmospheric air
based on ground-based monitoring data during the period of the full-scale invasion (March 2022 -
December 2025), compared with average concentrations for the baseline period (2019-2021) *

* Note on result interpretation: the values shown in the plot represent aggregated changes in local pollution within the locations of monitoring
stations, which may not correspond to overall patterns for the entire city or its individual districts.
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Fig. 19. Percentage change in average concentrations of hydrogen chloride (HCI) in atmospheric air
based on ground-based monitoring data during the period of the full-scale invasion (March 2022 -
December 2025), compared with average concentrations for the baseline period (2019-2021) *
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Fig. 20. Percentage change in average concentrations of hydrogen fluoride (HF) in atmospheric air
based on ground-based monitoring data during the period of the full-scale invasion (March 2022 -
December 2025), compared with average concentrations for the baseline period (2019-2021) *

* Note on result interpretation: the values shown in the plot represent aggregated changes in local pollution within the locations of monitoring

stations, which may not correspond to overall patterns for the entire city or its individual districts.
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The analysis of long-term effects of military actions on air quality based on Sentinel-
5P satellite data is limited by the accuracy of retrieving the concentrations of different
chemical species. For NO,, CO, SO,, and CH,0, overall changes over four years of the full-
scale Russian invasion were analyzed. Due to the high noise levels in satellite data for SO,
and CH,0, these pollutants were excluded from the analysis of seasonal distribution
across years.

Assessment of overall air quality based on satellite remote sensing is best
performed using NO, levels, which is associated with three main factors. First, NO, fields
are formed by emissions from the vast majority of emission sources'®'Z. Second, satellite
retrieval accuracy for NO, is higher compared to other gaseous pollutants®'. Third, NO,
has a relatively short atmospheric lifetime?°, which leads to localization of concentration
maxima around major emission sources and prevents overly smoothed spatial
distributions when averaging (as is the case, for example, with CO). Fig. 21 presents
seasonal changes in NO, VCD in the vertical atmospheric column during the period of the
full-scale Russian invasion.

It should be noted that the seasonal NO, change maps show localized clusters of
intense decreases. These “stable” clusters, which remain spatially consistent from year
to year for a given season and are not associated with cities or industrial areas, indicate
not the effects of military activity but rather the presence during the baseline period
(2019-2021) of episodic strong emission events — most often large-scale landscape
fires. In the calculation of NO, changes, these appear as localized decreases exceeding
50%. Such clusters should not be included in the overall interpretation when assessing
the impact of military actions on air quality.

Immediately after the start of the full-scale Russian invasion, a large-scale
redistribution of emission sources occurred. Among the main consequences was a
substantial (more than 30%) decrease in NO, over Kyiv and several other cities due to the
shutdown of industrial activity and population outflow, which led to reduced transport
emissions. These changes were particularly pronounced in spring and summer 2022.

In spring 2022, NO, increased by 10-15% in areas of active combat and along the
emerging front line, which developed from the southern to the northeastern regions of
Ukraine.

However, the most significant changes in atmospheric NO, occurred over Russian
territory to the northeast of the Ukrainian border, where NO, increased by more than 50%,
associated with intensified military activity related to attacks on Ukraine. Such strong
changes are clearly linked to military activity, as there were no reasons for NO, increases
due to landscape fires or unfavorable meteorological conditions. Similar increases in NO,
in areas adjacent to Ukraine were recorded regularly and were characterized by
particularly strong rises in spring and autumn during 2022-2024, in summer 2023, and in
winter seasons of 2022/23, 2023/24, and 2025/26.
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Fig. 21. Percentage change in the seasonal mean tropospheric nitrogen dioxide (NO2) column density
since the beginning of the full-scale invasion (spring 2022 - winter 2025/2026) compared to the mean
NO: of the corresponding season during the baseline period (2019-2021)

With the stabilization of the front line, two opposing processes began to be
observed along its course: an increase in NO, VCDs due to numerous landscape fires and
explosions, and a decrease in NO, due to the destruction of industrial facilities and the
complete devastation of cities near the front line. Against the background of continuously
alternating increasing and decreasing NO, trends over different periods, the cumulative
effect over four years and the scale of economic destruction along the front line
outweighed the additional NO, emissions associated with war-related sources.

The influence of meteorological conditions in some cases had a decisive impact on
pollution formation. For example, the regional increase in NO, observed in autumn 2025
was a result of lower temperatures and a reduced atmospheric boundary layer height
compared to the baseline period, which led to unfavorable conditions for NO, chemical
transformation and dispersion.

In contrast to NO,, CO VCDs in the vertical atmospheric column based on Sentinel-
5P satellite data do not allow for such a clear identification of long-term changes. Due to
the fact that CO has an atmospheric lifetime of several months?!, emissions are able to
spread over large distances, becoming more spatially homogeneous. Even after seasonal
averaging, short-term local CO peaks are completely smoothed out, allowing only regional
background changes to be identified, which are not related to military activity.
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Fig. 22 presents the seasonal changes in total CO content in the vertical
atmospheric column during the period of the full-scale Russian invasion.

During the full-scale invasion, CO VCDs showed a regional decrease of 5-20%,
particularly in spring and the autumn—winter seasons of 2022 and 2025. An increase in
CO was observed mainly during summer seasons, reaching up to 10% relative to the
baseline period (2019-2021). Despite the inability of satellite observations to reliably
capture war-induced long-term changes in CO, variations in the regional background
remain important to consider for correct interpretation, as short-term military-related
impacts are superimposed on this background.
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Fig. 22. Percentage change in the seasonal mean total carbon monoxide (CO) column density since the
beginning of the full-scale invasion (spring 2022 - winter 2025/2026) compared to the mean CO of the
corresponding season during the baseline period (2019-2021)

In general, over four years of Russia’s full-scale invasion (2022-2026), regional
long-term changes in atmospheric pollutant concentrations reflect both war-related
impacts and a significant influence of meteorological conditions. Fig. 23 presents the
changes in NO,, CO, CH,0, and SO, VCDs during the period of the full-scale Russian
invasion relative to the average content during the baseline period.

The total NO, content primarily reflects the consequences of the large-scale
destruction of cities and industrial facilities along the front line, as well as an overall
decrease across most regions of Ukraine due to damage and shutdowns of industrial
activity. Against this background, localized increases in NO, were recorded mainly in the



39

Cherkasy, Dnipropetrovsk and Poltava regions. Military activity in Russian territories
adjacent to Ukraine, as well as intensified shelling in recent years in the northern parts of
the Chernihiv and Sumy regions, led to a marked increase in NO, levels.

The total CO content decreased due to factors not related to military activity, but
rather as a result of an overall regional decline and the influence of prevailing
meteorological conditions. Mariupol, with the destroyed Azovstal plant, is the only
location in Ukraine where long-term CO effects observed in satellite data reflect war-

related impacts, in particular a decrease of about 8% against a regional background of 2—
3%.
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Fig. 23. Percentage change in the tropospheric nitrogen dioxide (NO,), total carbon monoxide (CO),
formaldehyde (CH,0) and sulfur dioxide (SO2) vertical column densities during the full-scale invasion
(spring 2022 - winter 2025/2026) compared to the mean vertical column densities during the baseline
period (2019-2021)

Satellite data for CH,0 indicate a 10-40% decrease in VCDs due to more favorable
prevailing meteorological conditions. The effects of the full-scale Russian invasion on
long-term CH,O0 trends can be observed only in Kyiv and in cities within the Donetsk and
Luhansk regions, where such a decrease was not recorded. However, conclusions based
on CH,O0 satellite data should be interpreted with caution, as its retrieval sensitivity does
not allow for reliable detection of local emission changes and mainly reflects the general
state of the atmosphere, including changes in chemical transformation processes
occurring above the surface layer. In particular, at the local scale, CH,0 emissions may
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increase, which is associated with the widespread use of diesel generators during periods
of electricity supply disruptions.

The SO, VCDs derived from satellite observations is characterized by a relatively
weak signal and a significant contribution of noise in the retrieval process. This results in
an extremely spotted spatial distribution of SO,. In this case, meaningful conclusions can
only be drawn for areas with high SO, concentrations either before or after the start of the
full-scale invasion. The only region of Ukraine where the signal exceeds the noise
component in the analysis of long-term changes is Donetsk Oblast. Across most of this
region, SO, decreased by 30-50% due to the destruction of energy infrastructure and
industrial facilities operating on coal.

As aresult, the long-term effects of Russia’s full-scale invasion on air quality, based
on a combined analysis of ground-based and satellite observations, primarily
demonstrate the catastrophic consequences of the destruction of economic capacity.
This is visible as a decrease in average pollutant concentrations in industrial cities and,
more broadly, at the national scale. At the same time, with increasing proximity to the
front line and the border with the Russian Federation, numerous localized hotspots of
persistently high surface-level pollution are formed due to emissions from regular shelling
of cities. Although these localized hotspots are largely not reflected at the regional scale
when analyzing the total pollutant content in the atmospheric column, surface-level trends
in average pollutant concentrations often exceed a 50% increase relative to baseline
values (i.e., prior to the full-scale invasion).
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CONCLUSIONS

Military activities cause substantial changes in the formation of pollution,
associated with an increased frequency of short-term episodes of extremely high
concentrations due to missile and drone strikes, the redistribution of pollutant emission
sources, disruptions in the regularity of emissions from industrial facilities and road
transport, and changes in the characteristics of landscape fires. The manifestation of the
impacts of military activities on atmospheric pollution differs at local and regional spatial
scales and demonstrates both increasing and decreasing trends in pollutant
concentrations depending on the temporal scale of the processes (short-term events and
long-term effects). Due to differences in the atmosphere’s self-cleaning capacity,
accounting for the influence of prevailing meteorological conditions is important for
consideration in pollution analysis.

The main consequence of military activities for atmospheric air quality is a sharp,
relatively short-term increase in pollutant concentrations caused by emissions released
after missile and drone strikes. Due to the limited spatial coverage of ground-based
monitoring, only 443 cases of high pollution events during 2022-2025 were identified as
consequences of attacks on Ukrainian cities, accounting for less than 1% of all recorded
strikes. On average, these events resulted in a 100-300% increase in near-surface
concentrations of major pollutants, while increases could exceed 1000% during the most
extreme emission events.

Available satellite observations of atmospheric chemical composition helped to
somehow expand additional consequences of missile and drone strikes for air quality
(primarily for NO, and CO). However, the total number of reliable identifications remains
extremely low due to limitations associated with cloud cover, insufficient sensor
sensitivity to detect increases in pollutant content in the atmospheric column above
already polluted urban areas, and the fact that chemical composition data for 2022-2026
are available only from polar-orbiting satellites (i.e., providing a single observation per
day). In the case of short-term pollution episodes caused by landscape fires, including
those along the front line, satellite data remain the only source of observations that
enables quantitative assessment of changes in air quality.

The long-term effects of the Russian full-scale invasion during 2022-2026 primarily
reflect the catastrophic consequences of the destruction of industrial facilities and the
devastation of cities closer to the front line. At the regional scale, satellite observations
revealed a decrease in the VCDs of chemical components. Changes in the background
concentrations of pollutants and the influence of prevailing meteorological conditions
compared with the 2019-2021 period enhanced the manifestation of these effects.
However, even against this background, a decrease in long-term average concentrations
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of NO, and CO in industrial cities across Ukraine, as well as SO, over the territory of
Donetsk Oblast, can be identified.

Despite regional trends in pollutant concentration changes, differences in the
formation of pollution are more clearly detectable at the local level within the surface
layer. Overall, three main long-term effects of military activities on near-surface pollutant
concentrations were identified:

1) an increase in atmospheric air pollution in frontline cities, directly associated with
active military operations;

2) a decrease in average pollution levels in large industrial cities, primarily due to
the destruction of industrial facilities;

3) a redistribution of pollutant concentrations in rear-area cities.
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RECOMMENDATIONS

The main challenge in assessing atmospheric air pollution under wartime
conditions is the discrepancy between the need for pollutant concentration data and the
actual possibilities of obtaining such data. Unlike peacetime conditions, the number of
extreme pollution events requiring additional analysis increases dramatically. Under these
circumstances, the need for broader monitoring coverage becomes more critical.
However, military activities lead to the opposite situation: infrastructure is lost, monitoring
stations are partially destroyed, and observations become impossible as one approaches
the front line. Satellite observations help assess overall trends and identify the
consequences of individual cases; however, the study of the period of Russia’s full-scale
invasion clearly demonstrated the critical limitations of existing satellite monitoring of air
pollutants. At the same time, these existing challenges indicate that many of these issues
can be at least partially addressed.

First of all, despite the point-based nature of observations and the inability to fully
cover the territory, ground-based monitoring remains the key source of information on
air quality, providing evidence-based records of exceedances of regulatory thresholds
after missile and drone strikes. Temporal resolution limitations can be overcome through
the modernization and deployment of automated monitoring stations. Despite the high
cost of installing stationary monitoring stations equipped with automated instruments
providing minute-scale temporal resolution, each additional station significantly improves
the ability to detect the consequences of missile and drone strikes, as well as reliably
identify year-to-year trends in air quality changes.

Given the presence of multiple air quality monitoring stakeholders in Ukraine, the
rapid integration of data from different monitoring networks is highly important. Such
integration would enable complementary use of information for analysis and research and
would partially address limitations in spatial coverage.

It is important to emphasize the role of non-governmental air quality monitoring
networks and the expansion of low-cost sensor networks to provide broader spatial
coverage. Combined with stationary monitoring stations operated by official monitoring
entities, the integration of low-cost sensor networks provides a valuable indicative
component that standardized or reference-grade ground-based monitoring networks are
unable to capture. Despite methodological inconsistencies between observations,
military activities have demonstrated the importance of obtaining any indicative
measurement under conditions where other information sources are unavailable. Each
available data source has its own level of reliability and representativeness and must be
used accordingly; however, together these sources significantly improve understanding
of the consequences of extreme wartime events.
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Satellite monitoring of atmospheric pollutants, which at the beginning of Russia’s
full-scale invasion appeared to be a potential solution to overcome the spatial limitations
of ground-based observations, could not replace ground monitoring. Nevertheless, it
significantly complemented the results and strengthened conclusions regarding the
impacts of the war. Among all limitations of satellite-based air quality monitoring, the
most significant drawback was the availability of only polar-orbiting satellites. For
example, Sentinel-5P, with observations limited to near-noon hours, provided little benefit
for detecting the consequences of Russia’s large-scale missile and drone attacks, which
occurred mainly at night and in the early morning. Under wartime conditions,
geostationary satellite missions could provide the greatest benefit for atmospheric
pollution monitoring, as they continuously observe the same territory and allow tracking
the emergence of emissions as well as the subsequent transport and dispersion of
pollution plumes.

In 2025, the geostationary satellite Sentinel-4 was launched for monitoring air
quality over Europe. Its spatial coverage will allow complete coverage of Ukraine, while
hourly data availability will improve the identification of wartime impacts on atmospheric
pollution. If military activities continue, Sentinel-4 data may become an important source
of information starting from the end of 2026.

As aresult of direct monitoring of impacts, ground-based and satellite observations
of atmospheric air pollution represent the primary evidence-based source demonstrating
deterioration of air quality. In the context of collecting materials for damage and loss
assessment, observations will play a leading role. However, available monitoring data
from all sources during 2022-2026 will not allow reconstruction of air pollution changes
throughout the entire war period because the amount of available data is insufficient.
Numerical modeling of atmospheric processes and the application of chemical transport
models are the only possible tools for reconstructing the evolution of air quality
throughout the war. Currently, research focuses only on individual case studies rather
than comprehensive modeling. The main challenges in applying models for such tasks
include the creation of emission inventories from extraordinary wartime events, the
availability of sufficient computational resources, and funding for such studies. At the
same time, this can be achieved in the future through proper problem formulation,
allocation of time and resources, and continued support for ongoing research using
numerical models.
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Meteorological data and processing

To account for the potential influence of prevailing meteorological conditions on
atmospheric air quality, changes in near-surface air temperature, precipitation, wind
speed, and atmospheric boundary layer height were analyzed. Meteorological data were
obtained from the ERAS reanalysis dataset (accessed on 09.05.2026), specifically the set
of monthly averaged data?? for the period from March 2019 to February 2026. Since the
assessment report presents changes in pollutant concentrations during the full-scale
invasion period (2022-2026) relative to the baseline period (2019-2021), the same
temporal division was applied to assess changes in prevailing meteorological conditions.
Thus, the assessment was performed as the difference in meteorological parameters
during the full-scale invasion period compared with the baseline period. For the analysis
of individual cases of air quality deterioration following missile and drone strikes in cities,
pollutant concentrations were compared with wind fields using ERAS reanalysis data,
specifically the hourly dataset?.

Visualization of meteorological data was performed in Python using the matplotlib,
cartopy, geopandas libraries, and several other libraries for data processing and
preparation.

Ground-based atmospheric air pollution monitoring data and processing

The analysis of near-surface pollutant concentrations was conducted using ground-
based monitoring data from the network of hydrometeorological organizations of the
SESU, which are archived and stored at CGO. The data used in this report cover the period
from January 2019 to December 2025, with 2019-2021 defined as the baseline period
and the period of military activities defined as 24 February 2022 to 31 December 2025.
The first months of 2026 were not included due to the considerable time required for data
quality control and further verification of the causes of high pollutant concentrations.

Prior to Russia’s full-scale invasion, ground-based air quality monitoring within the
network of hydrometeorological organizations was conducted in 39 Ukrainian cities at
126 monitoring stations. With the beginning of the full-scale invasion in 2022, monitoring
stations in Lysychansk, Mariupol, Rubizhne, and Siverskodonetsk were lost. No analyses
or calculations were performed for the lost monitoring stations in these cities. A
significant amount of missing data occurred during the occupation of Kherson, as well as
in Kramatorsk and Sloviansk due to extremely difficult conditions for conducting
observations. Despite this, the available datasets allowed these cities to be included in
the analysis. Overall, 35 cities with ground-based observations were included in the study.
These cities, including four that were occupied after 2022, are presented on the map in
Fig. 24, together with the location of the front line and the liberated territories.


https://cds.climate.copernicus.eu/datasets/reanalysis-era5-single-levels-monthly-means?tab=overview
https://cgo-sreznevskyi.kyiv.ua/uk/
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Fig. 24. Map showing the locations of cities with air pollution monitoring stations operated by the
network of hydrometeorological organizations of Ukraine

For the analysis, ground-based observation data were used for 11 pollutants: TSP,
CH,0, C,H;OH, CO, H,S, HCI, HF, NH;, NO,, NO, and SO,. A specific feature of the
monitoring system operated by the network of hydrometeorological organizations is the
availability of only four daily observation times (01:00, 07:00, 13:00, and 19:00), which is
related to the outdated state of the instrumentation. Despite these limitations, the
hydrometeorological monitoring network provides the most extensive coverage in Ukraine
in terms of historical datasets, which is critically important for assessing long-term
effects of military activities.

The study of the impacts of Russia’s full-scale invasion on near-surface air pollution
included the identification of short-term air quality deterioration events following missile
and drone strikes, as well as the analysis of long-term effects of the war.

During the analysis of short-term episodes of air quality deterioration in cities,
attribution of pollution patterns to missile and drone strikes was performed under the
following conditions. First, information about the attack had to be publicly available. Data
on missile and drone strikes were collected based on official reports from authorized
governmental bodies, as well as using information from the EcoZagroza platform.
Second, a necessary condition was a full temporal and spatial consistency between


https://ecozagroza.gov.ua/news
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increased pollutant concentrations, the timing of the strike, the presence of pollutant
emissions, and wind field patterns indicating transport of pollution from the impact site
to the monitoring station. Third, the observed increase in pollutant concentrations must
not correspond to regular variations in urban pollution (e.g., higher concentrations during
rush hours) and must not be influenced by other emission sources with the same
transport direction (e.g., during landscape fires). Only under these conditions could an
observed concentration increase be conclusively attributed to missile or drone strike
impacts.

The analysis of short-term impacts was conducted for pollutants with the best
temporal and spatial coverage — CO, NO,, SO,, and TSP. The increase in concentrations
after missile and drone strikes was calculated by comparing pollutant concentrations in
the nearest available time interval after the attack with the average concentration during
the day preceding the attack.

The analysis of long-term effects was conducted for the full set of 11 selected
pollutants by calculating the relative change in average concentration during the period of
the full-scale invasion compared with the baseline period.

Processing and visualization of ground-based monitoring data were carried out in
Python using the numpy, matplotlib libraries, and several other supporting packages.

Satellite observations and data processing

The study of the VCDs based on satellite remote sensing data was conducted using
Sentinel-5P satellite data with the TROPOMI instrument onboard. The original data were
downloaded from the official data hub, which as of 2026 is accessible through the
Copernicus Data Space Ecosystem (CDSE, accessed on 08.05.2026).

The dataset used in this report covers the period from February 2019 to February
2026, where 2019-2021 is defined as the baseline period, and the period of military
activity is defined as the first four years of Russia’s full-scale invasion — from 24 February
2022 to 24 February 2026. Sentinel-5P data are processed daily at UHMI using an
automated air quality assessment system?2. More accurate OFFL Level-2 data were
selected for the analysis of VCDs for tropospheric NO,, CO, SO,, and CH,0.

The Sentinel-5P OFFL archive at UHMI is archived into daily datasets gridded onto
a regular coordinate grid (Level-3 processing) with a horizontal resolution of 0.1°. These
data are obtained after filtering the original observations using a ga-value threshold of
0.75 and averaging pixels into predefined 0.1°x0.1° grid cells covering the territory of
Ukraine, neighboring countries, and the Black and Azov Sea regions. This gridding
approach allows for consistent comparison between adjacent days and enables proper
temporal averaging, which is not feasible with raw Level-2 data due to the variable spatial
coverage of Sentinel-5P and its 16-day revisit cycle. For the analysis of short-term events,



https://dataspace.copernicus.eu/data-collections/copernicus-sentinel-missions/sentinel-5p
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the same OFFL Level-2 data were used, but in their original horizontal resolution of 3.5x5.5
km at nadir.

The analysis of thermal anomalies for assessing landscape fire distribution was
performed using data from Terra (MODIS instrument), Suomi NPP, NOAA-20, and NOAA-
21 satellites (VIIRS instrument), obtained from the Fire Information for Resource
Management System (FIRMS, accessed on 09.05.2026). The dataset covers all recorded
thermal anomaly events over the territory of Ukraine from March 2019 to February 2026.

Visualization of satellite data was performed in Python using the matplotlib,
cartopy, geopandas libraries, and several other tools for data processing and preparation.



https://firms.modaps.eosdis.nasa.gov/download/
https://firms.modaps.eosdis.nasa.gov/download/
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