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ABSTRACT

Land cover changes in arid zones with industrial agglomerations require a comprehensive
spatiotemporal assessment of drought and soil airborne pollution. Geospatial maps were
obtained for each level of the two time periods -2019-2021 and 2022-2024 based on the
distribution and contextual significance of each parameter. An analysis of the identified
trends in the climate change indicators (precipitations, evapotranspiration and land surface
moister) allows us to speak about a meteorological type of drought complicated with large
Kakhovka water reservoir disappearance in June 2023. At the same time, the advance of
drought conditions was fixed in the LAI change in canopy density throughout the steppe zone
of Ukraine by 2024. It was found that the progression of arid conditions has the character of
horizontal zonality in the direction from south to north.

The main differences in the risk of acid rain caused by industrial agglomerations are related
to the spatial distribution of nitrogen dioxide in the atmosphere in the northern part of
Ukrainian steppe.

Keywords: Steppe zone, spatio-temporal climate changes, land surface temperature and
moister, leaf area index, airborne emissions.

INTRODUCTION

Soil moisture is one of the most critical land environmental variables in assessing
terrestrial environmental conditions associated with ecological, hydrological, and
atmospheric processes (Sellers & Schimel, 1993; Goward et al., 2002). Variations in soil
moisture lead to significant changes in the surface energy balance, regional runoff, and
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vegetation productivity. Land surface temperature (LST) is an important parameter for
understanding the surface energy balance and the exchange of heat between the Earth's
surface and the atmosphere (Weng et al., 2004; Weng, 2009). It is known that drought is
expressed in prolonged water scarcity and can last for months and even years (Alahacoon &
Edirisinghe, 2022; Jalayer et al., 2023). Comparison of VI and LST showed that the values of
the three indices mentioned decreased, and LST increased. A spatiotemporal study of
vegetation health and drought severity in southern Africa showed that the spatial trend of
land surface temperature (LST) and NDDI has increased in recent years in the range from
moderate drought to the severe drought threshold (Orimoloye et al., 2019). A decrease in
SSM leads to an increase in the daily range of LST, and the maximum LST occurs later under
wet conditions because dry soils respond more quickly to temperature variations than wet
soils (Sun & Pinker, 2004).

Leaf Area Index (LAI) is defined as the one-sided green leaf area per unit ground area for
broadleaf canopies or the projected needleleaf area for coniferous canopies (Tian, 2024). The
assessment of leaf area index is linked to vegetation cover, soil temperature and moisture
change processes and climate modelling (Avdan & Jovanovska 2016). Understanding
changes in land cover and land surface temperature (LST) is important for assessing
ecological and climate processes and land management (Ahmed ef al., 2024). The interaction
between thermal and vegetation dynamics, in connection with different land cover types,
results in changes in spectral radiance and texture in LST (Weng et al, 2004). These
differences are responsible for the spatial patterns of urban heat island movement. The urban
heat island effect has been established not only for large agglomerations (Gallo & Owen,
1998) but also in cities with a population of less than 10,000 people (Karl et al., 1988).
Natural vegetation is replaced by surfaces such as asphalt, stone, metal and concrete. As
a result, the level of evapotranspiration of such surfaces is sharply reduced. It leads to an
increase in heat flux. Differences in heat fluxes are due to different relative rates of surface
cooling between urban and rural areas (Voogt, 2002; Weng & Schubring, 2004). In this
regard, the role of vegetation in reducing the amount of heat stored in the soil and surface
structures due to transpiration, in contrast to relatively unvegetated urban areas, has been
called a significant factor in reducing the formation of heat islands (Carlson et al., 1981;
Goward, 1981). Most of the changes caused by urbanization were observed as the TVX space
transitioned from low temperatures and dense vegetation conditions to high temperatures and
sparse vegetation conditions (Amiri ef al., 2009). Normalized Differrence Vegetation Index
(NDVI), urban vegetation abundance (UVA) and urban forest abundance (UFA) were found
to be negatively correlated with LST (Huang et al., 2009). Thus, urban vegetation and urban
forest are able to reduce LST. Sustainable redevelopment of urban brownfields requires
accurate information on the environmental impact of installing different types of vegetation
(Smetana & Crittenden, 2014) . The professional selection and use of native plants can
provide alternatives for redeveloping these areas into green spaces. Ecological corridors are
also crucial for achieving ecoclimatic regulation goals, such as biodiversity and carbon
sequestration enhancement (Wu & Convertino, 2025). Meanwhile, air quality issues caused
by acid rains (AR) have become increasingly serious in the cities of industrial regions in
recent decades (Payus et al., 2020). AR can be defined as a combination of dry and wet
deposition from the atmosphere having higher than normal concentrations of nitric (HNO3),
sulfuric acids (H2SOs), and acidifying compounds that lead to a decrease in the pH of
rainwater < 5.6 (Prakash ef al/, 2023). AR human-induced sources include the burning of
coal, natural gas, and oil in thermal power plants. AR spread and loss result in leaf loss,
growth inhibition, premature defoliation, premature senescence, necrotic spots, and other
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visible plant symptoms (Du et al. 2017; Liu et al. 2018). Urban and suburban forests can
mitigate nitrogen gas pollution by absorbing NO, through leaf gas exchange (Gong et al.,
2022). The average annual NO; uptake by urban forests can account for 0.14-2.60 % of
annual total atmospheric NO, and potentially reduce NO, concentrations by an average of
0.10-0.34 g/m.

The main objective of this case study was to study the spatio-temporal climate and airborne
pollution changes and trends that occurred during two time periods -2019-2021 and
2022-2024 at the territory of the steppe zone of Ukraine.

MATERIAL AND METHODS

The steppe zone occupies the southern part of Ukraine. It is spread from southwest to
northeast up to 1100 km, and from north to south up to 500 km. Its total area is about 25
million hectares, which makes up 40% of the whole territory of the country (Fileccia ef al.,
2014). The main component of the formation of the water regime of the steppe zone of
Ukraine is associated with atmospheric precipitation, since groundwater lies at a depth of
more than 10 m. Russian forces have destroyed one-third of Ukraine's freshwater storage
since February 2022 to 2024 (Hapich et al., 2024; Hapich & Onopriienko, 2024). Potable,
industrial and irrigation water supplies have been cut across the south and east of Ukraine. In
conditions of insufficient soil moisture, the type of water regime in the northern steppe zone
can be characterized as non-washable and, sometimes (once every 5-10 years), washable or
sporadically washable. The change in soil cover from ordinary to southern black soils occurs
with a decrease in precipitation from 544 mm (north) to 458 mm (south) and an increase in
temperature from 8.1 to 9.4 °C. MAPFU official statistics estimate that about 500 million
tonnes of soil are lost annually from 32.5 million ha of arable lands in Ukraine (Bulygin,
2006). It means that an average of 15 tonnes per year is eroded from arable land. The
following indicators: 1) surface soil moisture (SSM), 2) land surface temperature (LST), 3)
leaf area index (LAI), 4) atmospheric NO, and SO concentrations were selected to estimate
the changes in environmental conditions within the study area. The geospatial maps for each
indicator were obtained for two time periods, namely 1)2019 — 2021, 2) 2022 — 2024 and 3)
the difference between these periods using the remotely sensed datasets. Each averaged map
was divided into five levels: very low, low, medium, high, and very high. These levels were
used to standardize visual interpretation across all indicators. However, the specific value
ranges for each level were individually determined for each indicator, based on their
distribution and contextual meaning.

The data for evapotranspiration analysis were sourced from the MODIS MODI16A2
product (Running et al., 2017). This product provides an 8-day composite with 500 m spatial
resolution. Units are given in kg/m?/8day

Air temperature and precipitation were obtained from the ERAS5-Land dataset
(Mufioz-Sabater, 2019) with a spatial resolution of 11132 m. Air temperature is given as
a daily mean in Kelvin, while precipitation is given as a daily sum in meters. Further, air
temperature and precipitation were converted to degrees Celsius (°C) and millimetres (mm),
respectively. For each year from 2019 to 2024, evapotranspiration and air temperature data
were averaged annually over the vegetation period (April-September), while precipitation
was calculated as the total sum over the vegetation period.

Surface soil moisture (SSM) data derived from the National Aeronautics and Space
Administration (NASA) Soil Moisture Active Passive (SMAP) dataset (Chan et al., 2017).
SMAP provides data with 9 km spatial resolution and daily temporal resolution. It indicates
the volumetric water content of the soil's upper layer, expressed as a fraction between 0 and
1. The data obtained was averaged for the vegetation period. LST was obtained from the
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MODIS MOD11A1.061 product (Wan et al., 2015) with 1 km spatial resolution and daily
temporal resolution. The units of measurement are degrees Celsius. This data was averaged
only for the vegetation period. The canopy density was evaluated by Leaf Area Index (LAI),
which is derived from the MODIS MCDI15A3H.061 product (Myneni ef al., 2015) with 0.5
km spatial resolution and 4-day temporal resolution. LAI ranges from 0 to 1, where higher
values indicate denser green vegetation. Unlike SO, and NO, concentration, this data was
averaged only for the vegetation period (April — September) during the abovementioned
years. Atmospheric NO, and SO, concentrations were assessed by the Sentinel-5p dataset
(Veefkind et al., 2012) with 1,1132 km spatial resolution and 2-day temporal resolution (i.e.
the data available every 2 days). Thus, we averaged all available data for the two mentioned
periods. This dataset provides values presented in mol/m?. The corresponding map color,
value range, area, and share relative to the total area for each of the five levels. The
differences between the two periods were marked with green color.

RESULTS

The data on spatially averaged annual seasonal precipitation and evapotransiration in two
steppe subzones are shown at the Figs. 1 and 2.

Fig. 1: Annual averaged seasonal precipitation, mm
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Fig. 2: Annual averaged seasonal evapotranspiration, kg/m?/8day
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A comparative analysis of the dynamics of changes in average daily seasonal precipitation
revealed a significant decrease in 2024. A similar trend was also noted in the decrease in
vegetation cover evapotranspiration.

The maps of the spatial distribution of soil moisture across the steppe zone of Ukraine for

the two periods being compared are shown in Fig. 3.

Fig. 3: The maps of the surface soil moisture spatial distribution in the steppe zone of
Ukraine

2019-2021

2022-2024

The overall decrease in the spatial distribution of surface soil moisture (SSM) was
observed over an area of 34,344 m? in four categories in the range of 0.15-0.35 to very low,
amounting to 24.23 % (Table 1).

Table 1: Spatial distribution of time-series parameters of SSM

2 )

Color Range Level 2019_213;? (kzlgz)z-zou 2019-2?)2;lre (23)2)2-2024
0-0.15 Very Low 72090 106434 50.86 75.09
0.15-0.2 Low 61641 30132 43.49 21.26
0.2-0.25 Medium 3078 2106 2.17 1.49
0.25-0.35 High 1944 1053 1.37 0.74
>0.35 Very High 2997 2025 2.11 1.43

Decrease 125064 88.23
No

Change 243 0.17
Increase 16443 11.6
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A trend toward meteorological drought by the end of the second period was recorded over
an area of 125,064 km?, accounting for 88 %. The remaining changes occurred with the
retreat of water along the Dnipro River bed after the destruction of the Kakhovka Dam by
military action in June of 2023 (Fig. 4).

Fig. 4: Differences in the SSM spatial distribution during two periods

The maps of the spatial distribution of LST across the steppe zone of Ukraine for the two
periods being compared are shown in Fig. 5.

Fig. 5: The maps of the spatial distribution of LST across the steppe zone of Ukraine
for two compared periods

2019-2021 2022-2024

An excess of LST>35°C was recorded in the northern part of the Kherson region over an
area of 37 km? (Table 2). The share of redistribution of land temperature from high to
medium level amounted up to15 % by the end of the second period.
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Table 2: Spatial distribution of time-series parameters of LST

Color Range Level 2019_2%;? (kzl:;;)z-zou 2019-2?)12121‘re (200/02)2-2024
- 15-20 Very Low 2006 2431 1.51 1.83
20-25 Low 2435 3323 1.83 2.5
25-30 Medium 40193 60940 30.19 45.78
- 30-35 High 88356 66257 66.37 49.77
>35 Very High 139 176 0.1 0.13
Differences in spatial distribution of LST
Decrease 104325 78.37
No Change 0 0
Increase 28802 21.63

Differences in the LST spatial distribution for two periods are shown in the Fig. 6.

Fig. 6: The map of the differences in the LST spatial distribution during two periods

A visual assessment of Fig. 6 allows the identification of areas of spatial changes in land
surface temperature, which increased for two years compared to three years, in the green
spots at the northwest, centre, south, and western parts of the steppe zone. The share of the
LST increasing was 21.6 % on the area 28,8 km?. A comparative analysis of the dynamics of
changes in average daily air temperature indicates the development of drought conditions in

both subzones in 2024 (Fig. 7).
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Fig. 7: Annual spatial averaged seasonal daily air temperature, °C
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This was a recorded trend of increasing in daily air temperature over the last period from
2022 to 2024. The maps of the spatial distribution of the leaf area index across the steppe
zone of Ukraine for the two compared periods are shown in Fig. 8.

Fig. 8: The maps of the leaf area index spatial distribution in the steppe zone of Ukraine

2019-2021 2022-2024

It was found that the progression of arid conditions exhibits a character of horizontal
zonality from south to north. A similar trend was noted in the LAI change in the canopy
density throughout the territory of the northern part of the steppe zone of Ukraine by 2024
(Table 3).
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Table 3: Spatial distribution of time-series parameters of LAI

2 o
Color Range Level Area (km") Share (%)

2019-2021 | 2022-2024 | 2019-2021 | 2022-2024

0-0.1 Very Low 52014 70116 40.83 55.04
0.1-0.15 Low 60506 45855 47.5 36.0

0.15-0.2 Medium 12283 8956 9.64 7.03
0.2-0.25 High 1420 1324 1.11 1.04
>(.25 Very High 1160 1133 0.91 0.89
Differences in the spatial distribution of time-series parameters of LAI
Decrease 91713 72
No
Change 69 0.1
Increase 35608 279

The share of LAI in the range of 0-0.1 increased to 14.2 % in the area 18102 km?.
Differences in the LAI spatial distribution for the two periods are shown in Fig. 9. The
decrease in LAI share on an area of 91,713.25 km? was 72 %.

Fig. 9: Differences in the LAI spatial distribution during two periods

The maps of the spatial distribution of nitrogen dioxide across the steppe zone of Ukraine
for the two compared periods are shown in Fig. 10. Analysis of the spatial distribution of
nitrogen dioxide over the area of the northern part of the steppe of Ukraine shows that the
main contribution to NO; pollution of the atmosphere is associated with the activity of
industrial agglomerations located in such cities as Kryvyi Rih, Dnipro, Kamyanske, Nikopol,
Zaporizhia and Chervonoarmiysk.
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Fig. 10: The maps of the spatial distribution of NO2 content in the atmosphere for two

periods

2019-2021

2022-2024

The decrease in the share of nitrogen dioxide from 0.00007 - 0.00008 mg/m? to 0-0.00007
mg/m?® by the end of the period 2022-2024 was 7.36 % (Table 4).

Table 4: NO: spatial distribution, mg/m?

2
Color Range Level 2019-2A0;ia (k27:2)2-2024 2019-23]21;lre (2‘?2)2-2024
0-0.00007 Very Low 11893 1853 8.7 1.36
0.00007-0.000075 Low 71370 82516 523 60,5
0.000075-0.00008 Medium 27695 32289 20.3 23.7
0.00008-0.000085 High 19467 16959 14.3 12.4
>0.000085 Very High 5937 2746 44 2.0
Differences in NO: spatial distribution
Decrease 61753 45
No
Change 0
Increase 74609 55

It is known that the main emissions of nitrogen dioxide into the atmosphere are associated
with the blasting of ammonium in open-pit quarries for the extraction of iron ore (Kryvyi Rih
and Shirokovsky districts of Dnipropetrovsk region), the operation of sintering plants of
metallurgical plants and chemical industry enterprises. The reduction or complete absence of
the area of NO, pollution halos in the Kryvbas iron ore and Nikopol manganese ore regions
on the 2022-2024 map indicates a reduction or complete cessation of industrial activity in the
southwest of the Dnipropetrovsk region, caused by the systematic bombing of these
territories by Russian troops. The maps of the spatial distribution of sulfur dioxide across the
steppe zone of Ukraine for the two periods being compared are shown in Fig. 11.
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Fig. 11: The maps of the spatial distribution of SO: content in the atmosphere of the
steppe zone of Ukraine for two periods

2019-2021 2022-2024

The main source of SO atmospheric pollution is thermal power plants and mine dumps in
the western Donbass. It is known that the removal of sulfide-containing minerals to the
surface of mine dumps leads to the emission of SO, into the atmosphere during weathering
(Plet et al., 2021). The decrease in the share of SO, with a concentration of >0.0002 mg/m?
by the end of the period 2022-2024 was 9.0 % (Table 5).

Table 5: SO; spatial distribution, mg/m3

Color Range Level 2019_213;? (kzl:)l;)z-zou 2019-2?)121;lre (2'?2)2-2024
0-0.0001 Very Low 1128 2089 0.8 1.5
0.0001-0.00015 Low 22825 29936 16.7 22.0
0.00015-0.0002 Medium 59066 63266 433 46.4
0.0002-0.00025 High 40206 33440 29.5 24.5
>0.00025 Very High 13137 7631 9.6. 5.6

Differences in SO: spatial distribution
Decrease 79823 58.5
No
Change 0 0
Increase 56539 41.5

The differences in the NO; and SO, spatial distribution in the steppe zone of Ukraine are
shown in Fig. 12.
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Fig. 12: The differences in the spatial distribution of time-series NOz and SO: in the
steppe zone of Ukraine during two periods

Changes in NO, Changes in SO,

A visual assessment of the map of differences in the spatial distribution of NO, indicates
that the main changes towards a decrease occurred in the central, industrially developed part
of the northern steppe and the eastern and central parts of the steppe zone. In fact, a spatial
dispersion of nitrogen dioxide from the central part of the steppe zone to adjacent territories
occurred. A study of the SO, distribution map indicates a uniform distribution of local
changes in the concentration of sulfur dioxide across the studied territory of the south-eastern
part of Ukraine.

DISCUSSION

The advantages of used remote sensing indices

The monitoring and estimation of drought spatiotemporal dynamics on multiple time
scales play a pivotal role in protecting the natural environment (Dejene et al., 2023). Our
current understanding of the use of SSM, LST and LAI indices is consistent with the results
of a number of authors. Indeed, SSM and LST are closely interrelated (Pablos et al., 2016).
Integration of soil moisture indices (SMI) and land surface temperature (LST) makes it
possible to conduct a comprehensive assessment of changes in soil moisture over time and
space (Soni et al., 2025). Data from three vegetation indices (VI) such as NDVI, NDWI,
NDMI and LST were used to assess aridity over 30 years in Bangladesh (Das et al., 2023).
Our spatial assessment of changes in the soil surface moisture revealed the leading role of
acute precipitation deficit in reducing plant evapotranspiration and, ultimately, in reducing
SSM in the vast majority of the steppe zone of Ukraine. The creation of LST difference maps
made it possible to identify areas of spatial changes in land surface temperature over the two
compared periods, which started in the north-western, central, southern, and western steppe
zones from April to September. The development of this approach seems similar to how it
has been done in some studies (Wang et al., 2021; Laz et al., 2023; Passos et al., 2024). The
study of the temporal dynamics of the LAI and LST index revealed the significance of the
corresponding seasonality of the vegetation cover (Ahmed et al., 2024). The highest level of
correlation between the leaf area index and the land surface temperature was in winter and
autumn. The analysis of the LAI distribution maps for the two compared periods in our case
confirmed that the severity of drought in the steppe zone of Ukraine has a horizontal zonality
in the direction from south to north.
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An original findings for development of knowledge in the regional level

Currently, four types of drought are distinguished, including meteorological, agricultural,
hydrological and socio-economic droughts (Mishra & Singh, 2010; Zhang et al., 2022; Chen
et al., 2024; Sutanto et al., 2024). In general, the droughts lead to degradation of land and
vegetation cover, desertification and other consequences of natural disasters (Beloiu et al.,
2022; Jalayer et al., 2022; Masroor et al., 2022; Bouwman et al., 2025).

It was found that in Ukraine, trends in meteorological drought characteristics are quite
diverse on both a 3- and 12-month scale (Semenova & Serrano, 2024). The explosion of the
Kakhovka dam in June 2023 in the south of the Dnipropetrovsk province can be an additional
example initiated by military action drought (Pichura ef al., 2025). It becomes clear that
rising temperatures and precipitation variability are leading to an increase in the frequency of
droughts in the south of Ukraine, where water availability is a limiting factor. Heat waves
(above 33°C) increase evapotranspiration and pose a risk to plant growth in the steppe zone
of the country. Potential weather extremes - frosts, heat waves, droughts, dust storms and
heavy rainfalls - create variability in the spatial distribution of land surface temperature and
soil moisture. For some time past, the dust storms of 8-17 h duration happened three to five
times per year (Birmili ef al., 2008). Meantime, atmospheric dust influences regional
climate directly and indirectly by limiting incoming and outgoing solar radiation,
precipitation formation, altering cloud properties atmospheric chemical processes. It is
known that nitrogen and sulfur oxides are the main components of air pollution. Nitrogen
oxides are key species in the troposphere, where they are linked to acid rain and ozone
formation (Richter, 2009). Acidification lead to significant damage to ecosystems through
exposure to air pollutants, nutrient imbalances in the soil, and foliar damage caused by
ground-level ozone. In our case, the main halos of stable nitrogen dioxide are concentrated
over the territories of industrial agglomerations in the Dnipropetrovsk, Zaporizhia and
Donetsk provinces. Meanwhile, the main changes in the spatial distribution of nitrogen
dioxide are noted in the eastern and southern parts of the steppe zone. Apparently, this is due
to the processes of soil degradation caused by both the global warming process and the
dominance of soil cultivation technologies, leading to the development of denitrification
processes. It is also known that denitrification is an important component of the nitrogen
cycle in soil, returning reactive nitrogen to the atmosphere (Schliiter et al., 2025).
Denitrification is a four-step microbial-facilitated reduction process, whereby NOs is reduced
to NO», NO, and N,O (Hu et al., 2015). It was established that NO, emissions were greater
during the dry season at low (natural) soil nitrate content and comparable soil moisture
(Cérdenas et al., 1993). It is also known that the main emissions of sulfur dioxide into the
atmosphere are associated with the combustion of coal in thermal power plants and the
operation of vehicles (Guttikunda & Jawahar, 2014; Wang et al., 2024). Studying the map of
SO, distribution revealed a uniform distribution of local changes in the concentration of
sulfur dioxide over the studied territory of south-eastern Ukraine.

International importance of original findings for development of knowledge in the
regional drought occurence

It has been established that rising air temperatures coupled with low soil moisture lead to
worsening drought (Semenova & Slizhe, 2020). In our case, analysis of key weather
parameters and indices revealed that changes in air and land surface temperatures were
insignificant, while precipitation decreased by more than half. The prevalence of very low
soil moisture levels across much of Ukraine's steppe zone sets a precedent for the
development of so-called general drought, which triggers a sharp drop in air humidity (Zhou
et al., 2019). Particularly severe conditions are developing in the southern part of the
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Ukrainian steppe, where over the past six years, evapotranspiration level have been 20 %
lower than in the Kirovohrad and Dnipropetrovsk regions.

CONCLUSIONS

The results of this study allowed us to assess changes in surface temperature, soil moister
and vegetation cover density in the northern and southern parts of the steppe zone of Ukraine.
It was found that precipitation deficit and low surface moister are the dominant factors
determining drought type. Visual assessment of the distribution of land surface temperature
allows us to identify halos of spatial changes over a six-year period that occurred in the
northwest, centre, south and western part of the steppe zone. Aridization led to a decrease in
vegetation density over 72 % of the steppe zone in the direction from south to north.

The main changes in decreasing in the spatial distribution of NO; in the south-western part
of Dnipropetrovsk region are connected with negative military impact of Russian troops on
metallurgical plants activity.
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