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This study examines the spatial and temporal characteristics of surface air temperature
(SAT) changes in Ukraine from 1990 to 2021. It focuses on the seasonal and regional vari-
abilities, long-term trends, the harmonic characteristics of the annual temperature cycle,
and their implications for regional climate change.

From meteorological observations at 93 weather stations ({295 dataset), the average
annual SAT was 9.6+0.8 °C. Over the past three decades, the mean rate of temperature
increase reached a significant +0.64+ 0.01 °C per decade, substantially exceeding histori-
cal averages. This warming trend is further evidenced by annual temperature anomalies,
which showed only three years (1993, 1996, and 1997) with negative anomalies (ranging
from —0.32 to —0.55 °C), while the remaining years were anomalously warm, with peaks in
2007, 2015, 2019, and 2020 (reaching up to +2.79 °C).

Monthly SAT trends revealed statistically significant warming across nearly all months,
ranging from +0.34°C to +1.19 °C per decade. The most intensive warming was observed
in December (+1.19£0.14 °C per decade), particularly in northern and eastern Ukraine.
Conversely, January exhibited minimal or even negative trends in many regions, except
for Crimea and southern Ukraine, where moderate warming persisted.

The amplitude and phase of seasonal SAT variations are reliable indicators of continen-
tal climate characteristics. In 1990—2021, the mean amplitude of the seasonal temperature
cyclewas 12.3 + 1.0 °C, with a decreasing trend of approximately 0.1 °C per decade. This
decline is largely attributed to warming during the warm season. The mean phase of the
seasonal cycle was estimated at 1.29 + 0.06 months. A slight phase shift of —0.012 months
per decade was also observed over the study period.

The study highlights increased temperature variability during winter and spring months,
contributing to a more comprehensive understanding of contemporary climate shifts in
Ukraine. These findings underscore the urgent need for adaptive strategies to mitigate
the impacts of ongoing climate change.
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Introduction. Surface air temperature
(SAT) changes are a key indicator for evalu-
ating global warming and its effects on spe-
cific regions. SAT trends provide valuable in-
sights into the rate and magnitude of climate
change over time and are crucial to climate

monitoring efforts. On a global scale, the av-
erage temperature has risen by about 1.1 °C
since the late 1800s, with most of this increase
occurring after the 1970s [Song et al., 2022].
In recent years, temperatures have reached
unprecedented levels, with the 2010s being
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the hottest decade recorded [Robinson et al.,
2021; Heeter et al., 2023].

SAT trends are more prominent in the
Northern Hemisphere, where the predomi-
nance of land accelerates warming compared
to the ocean-dominated Southern Hemi-
sphere. The global average annual surface
temperature variations correlated strongly
with fluctuations in the predominant atmo-
spheric circulation type [Olmo et al., 2020].
Regions such as Europe, Asia, and North
America exhibit pronounced warming trends,
particularly in highly urbanized and indus-
trialized areas [Perkins-Kirkpatrick, Lewis,
2020; Shen et al., 2022]. Over the past several
decades, temperature trends in the Northern
Hemisphere have been a major focus of cli-
mate research. Scientists from various nations
and organizations have contributed to this
expanding field, advancing techniques and
integrating observational data with climate
modelling [IPCC, 2023]. Research consistent-
ly highlights a notable rise in average air tem-
peratures across the Northern Hemisphere
over the past century, with the most signifi-
cant increases occurring since the mid-20th
century [Manabe, 2011; Heeter et al., 2023;
Cao et al., 2023].

Therefore, climate change remains one
of the key global challenges of the 21st cen-
tury, significantly impacting ecosystems and
socio-economic processes worldwide [Abbass
et al., 2022; Parmesan et al., 2022]. Ukraine,
located in a temperate climate zone, is no ex-
ception to these challenges [Lipinskyi et al.,
2003]. Over the past 50 years, observations
have consistently shown a steadily increasing
average annual air temperature [Wilson et al.,
2021; Boychenko, Maidanovych, 2024]. This
process is accompanied by changes in the
structure of precipitation, an increase in the
frequency of extreme climatic events such as
droughts, downpours, and heat waves, which
is confirmed by research [Boychenko et al.,
2016, 2025; Vozhegova et al., 2021; Karamush-
ka et al., 2022].

According to the latest results from climate
models, by the end of the 21st century, the
average temperature in Ukraine is expected
to increase by 2.5—3.0 °C, depending on the
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greenhouse gas emissions scenario [Krakov-
ska, 2018; IPCC, 2023]. This temperature trend
could lead to significant changes in agricul-
ture, water resources, biodiversity, and public
health [IPCC, 2023]. For example, studies on
the impact of temperature changes on the ag-
ricultural sector suggest the need to adapt
crop-growing technologies to new climatic
conditions [Mahato, 2014; Malhi et al., 2021].
The southern regions of Ukraine are particu-
larly vulnerable, with an already increasing
risk of desertification and a decline in yields
[Vozhegova et al., 2020; Pichura et al., 2022].

Climate change, both on global and re-
gional scales, intensified significantly in the
second half of the 20th century and especially
in the first decades of the 21st century [Olon-
scheck et al., 2021; IPCC, 2023]. Analysis of
records from 45 weather stations indicates
that, during the 1991—2020 climatic baseline,
Ukraine exhibited a statistically significant
increase in mean annual SAT, amounting to
0.79140.08 °C per decade [Boychenko, Mai-
danovych, 2024].

This article aims to comprehensively ana-
lyze recent changes in Ukraine's temperature
regime by examining SAT trends over the past
few decades using weather observations. Spe-
cifically, we analyzed: average annual SAT
changes, the linear trend, anomalies, spatial
distribution, and annual cycle; changes in,
and linear trends of, the amplitude and phase
of SAT; seasonal variation of the temperature
root-mean-square errors and differences in
linear trends; spatial distributions of monthly
SAT trends for each calendar month.

This study builds on the authors' previ-
ously published primary results [Boychenko,
Maidanovych, 2024], offering a more in-depth
analysis using updated observational data.

Data and methods. This research is based
on the analysis of changes in average annual
and monthly surface air temperature (SAT)
across Ukraine. The data included informa-
tion from 93 meteorological stations (243
dataset) for the period 1990—2021 (Fig. 1)
obtained from the Central Geophysical Ob-
servatory of Ukraine and open climate data
sources [Open Data-Server, 2023; Climate
Explorer, 2023; Weather and Climate, 2023].
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The dataset underwent comprehensive
quality control. To evaluate the reliability of
the time series, the homogeneity record was
tested using a model developed by the authors
specifically for this purpose. The procedure
also included the detection and removal of
evident errors and outliers by cross-checking
with station metadata. This approach reveals
potential breaks or shifts in the data while
preserving the original climatic signal and
the natural variability of the series, ensuring
that subsequent analyses were not biased by
artificial corrections.

Although modern homogenization tools
such as Climatol (https://www.climatol.eu/)
are widely applied in climate data analysis,
their full implementation may not always re-
flect reality. Such procedures tend to smooth
or artificially adjust the data, potentially di-
minishing the representation of true climatic
extremes and regional features. For this rea-
son, in the present study, we adopted our
own verification approach, which ensures
adequate data quality while maintaining the
authenticity of the climatic variability inher-
ent in the observational records.

Height above sea level, m

-< 30 35] — 300
-50—200 -501 — 1000
-201 - 350 -ll)I]l - 2061

The selection criteria for meteorological
stations included an even spatial distribu-
tion across Ukraine and elevation levels not
exceeding 350—400 meters above sea level.
It is essential to evaluate the temperature
changes observed in mountainous and foot-
hill regions separately, as altitude significant-
ly affects meteorological parameters (e.g., a
vertical temperature gradient), which can
potentially skew aggregated estimates. Ac-
cording to [Boychenko, Maidanovych, 2023],
the annual altitudinal temperature gradient
in Ukraine during 1991—2020 is estimated
at-0.60 £ 0.22 °C per 100 m. These gradient
exhibits notable seasonal variability, with
the highest values observed in July—August
(-0.63 to —0.73 °C/100 m) and the lowest in
April—May (-0.45 to —0.55 °C/100 m).

The distribution of the meteorological sta-
tions used in this study is shown in Fig. 1.

Unfortunately, due to the war in Ukraine,
meteorological data from parts of the eastern
regions have been unavailable since 2014.

We analyzed the spatial and temporal dis-
tribution of annual and seasonal SATs from
1990 to 2021. The seasonal temperature cycle

100 200 km

Fig. 1. Locations of the meteorological stations used in the study.
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was approximated using Fourier analysis with
a single harmonic, allowing an objective esti-
mation of the annual amplitude of tempera-
ture variation [Von Storch, Zwiers, 1999].
Climatic norms for 1961—1990 were
sourced from the Climate Cadastre of Ukraine
[2005]. Seasonal temperature trend analysis
involved calculating linear trend coefficients
for each calendar month at each station, fol-
lowed by spatial averaging. Linear trends were
computed using the method of least squares.
Anomalies for specific variables and years
were calculated as the differences between
the observed annual values and the cor-
responding climatic norms or multiannual
averages [State of the Global Climate, 2021;
Climate Bulletin, 2024]. In our research, SAT
anomalies AT were computed by subtracting
the 1961—1990 climatic baseline T, . from

nrm
the annual mean values Tyear of the Qg3 da-
taset:

AT =T,

year —

Tym: Torm =84°C. (1)

nrm r

The annual temperature cycle is well ap-
proximated by a single-harmonic Fourier fit
[Climate Bulletin, 2024; Boychenko, Maida-
novych, 2024]. The fitted equation is:

. (2n(m-0.5
Tn =Tyear +as1n(%)+
+bcos(2n(m_0'5)j,
12

1
Tyear ZEZTm '

a=1/6ZTmsinw,
b=1/6> T, COSW'

A=va*+b* F=arctg2, (2)
a

where T, is the monthly mean temperature
of month m (m=1,...,12), °C; Tyear is average
annual temperature, A is the amplitude (°C);
F is the phase (in months), a and b are ap-
proximation constants.

The Mann-Kendall test was applied to
evaluate the statistical significance of trends

at the 95 % confidence level. This non-
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parametric method is widely used to detect
monotonic trends in climate time series, as it
determines whether a variable shows a con-
sistent increasing or decreasing pattern over
time without assuming any specific data dis-
tribution. Statistical processing followed es-
tablished methods for climate data analysis
[von Storch, Zwiers, 1999] and was conducted
using Microsoft Excel with the XLSTAT soft-
ware package.

To create thematic maps, we used the
GADM database of global administrative
areas. Climate data interpolation was per-
formed in SAGA GIS (System for Automated
Geoscientific Analyses) using the radial basis
function with thin plate spline interpolation
[Bohner et al., 2006]. This method provides
an accurate and efficient approach for inter-
polating point-based temperature data across
space [Hutchinson, 1991; Boer et al., 2001;
Hancock, Hutchinson, 2006]. Final visualiza-
tion and map production were carried out us-
ing QGIS [Passy, Théry, 2018]. To avoid local
distortions of climatic trends, the Carpathian
region (elevations above 400 m) was exclud-
ed, and the detailed orographic features of the
Crimean Mountains were disregarded during
the spatial interpolation and data visualiza-
tion on small-scale maps.

Average monthly SAT anomalies for the
period 1990—2021 were calculated by sub-
tracting the corresponding monthly climatic
norms for 1961—1990.

Results. Average annual surface air tem-
perature changes in Ukraine (1990—2021).
According to an analysis of meteorological
data from the Qg5 weather dataset, the average
annual SAT in Ukraine for the climatic norm
period 1991—2020 was 9.6 £ 0.8 °C, com-
pared to the climatic norm of 8.4 £ 1.1 °C for
1961—1990. For the period 1990—2021, the
average annual SAT in Ukraine was 9.6+0.8 °C
also, with a statistically significant increase of
0.6410.01 °C per decade (Fig. 2).

For this study, the Mann-Kendall trend
test was applied to assess monotonic trends
in surface air temperature. The analysis yield-
ed Kendall's tau values ranging from 0.373 to
0.590, indicating predominantly strong posi-
tive correlations in the time series data. The p-
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Fig. 2. Average annual SAT in Ukraine for 1990—2021:
1 —time series from 93 weather stations, 2— averaged
time series, 3 — *c, 4 — linear trend.

values were consistently <0.0001, which is far
below the chosen significance level (a=0.05).
Because the p-values are substantially low-
er than a, the null hypothesis (#,: no trend in
the series) is rejected in favour of the alterna-
tive hypothesis (,: a trend exists in the se-
ries). This provides strong statistical evidence
of significant monotonic trends across most
stations. The probability of incorrectly reject-
ing the null hypothesis while it is true (type
I error) was estimated to be less than 0.01 %
for approximately 94 % of stations. At several
stations, including Uzhhorod, Rivne, Izmail,
and Velykyi Bereznyi, the error probability
ranged between 0.05 % and 0.28 %, which still
supports the robustness and reliability of the
findings. Overall, the results confirm statisti-
cally significant upward trends in SAT across
most of Ukraine, providing clear evidence of
long-term warming processes in the region.
The average annual SAT anomalies for
1990—2021 show that colder-than-average
years occurred only in 1993, 1996, and 1997
(AT ranging from —0.55 to —0.32 °C), whereas

¥ 3
= .
g 2 B  B_==-
g %
= -
z 1 . =
) -
=]
=
2
]
51 mm] =m? ---3
g -

o o = o o = e o =
§E 853838888 TeEeER
T 55906000 oo oo
e A e G G G G R

Fig. 3. Average annual SAT anomalies in Ukraine for
1990—2021: I — cold anomalies, 2— warm anomalies,
3 — linear trend.
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warmer-than-average years dominated the
rest of the period. The warmest years included
2007, 2015, 2019, and 2020 (AT ranging from
+0.23 to +2.79 °C), as illustrated in Fig. 3.

For example, the year 2007 was particular-
ly anomalous, not only in Ukraine but across
many regions globally [Busuioc et al., 2007
Kundzewicz et al., 2009; Founda, Giannako-
poulos, 2009]. In Ukraine, the annual average
SAT in 2007 was 2—3 °C above the climatic
norm. During the summer, most of the coun-
try (especially southern regions and Crimea)
experienced extreme heat (up to 2—6 °C
above the norm), whereas in the northern re-
gions, temperatures remained near average.
Unusually high temperatures were also re-
corded in January and March (3—8 °C above
the norm, depending on the region), while
April and November saw abnormally low SAT
values, 1—3 °C below the norm, particularly
in Transcarpathia and Crimea.

The spatial distribution of average annual
SAT and its corresponding trends from 1990
to 2021 are presented in Fig. 4.

As shown in Fig. 4, a, the average annual
SAT over 1990—2021 ranged from around
7 °C in northeastern Ukraine to 11—12 °C in
southern regions, maintaining a clear latitudi-
nal gradient. Meanwhile, SAT trends revealed
a northwest-southeast gradient of increasing
values (Fig. 4, b), with pronounced warming
hotspots in urbanized, industrialized, and
microclimatically distinct areas, where rates
reached +0.7...+0.8 °C per decade. This ac-
celerated warming toward higher latitudes
within Ukraine reflects a broader hemispheric
pattern observed in the Northern Hemisphere
[Boychenko, 2008].

Some discrepancies may be attributed to
the inclusion of a larger number of meteo-
rological stations in this study, particularly
those in southern regions and Crimea. Similar
assessments of temperature changes in south-
ern regions and Crimea have been reported in
recent studies [Boychenko et al., 2022; Kara-
mushka et al., 2022].

Annual cycle of surface air temperature in
Ukraine. SAT seasonal variation is typical for
temperate latitudes [Lipinskyi et al., 2003]. In
recent decades, maximum temperatures have
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Fig. 4. Spatial distribution of average annual SAT (a) and corresponding trends (b) in Ukraine, 1990—2021 (a —
SAT averages, b — SAT trend per decade).
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generally occurred during the summer, rang-
ing from +19.6 to +21.8 °C, while minimum
temperatures are recorded in winter, ranging
from —2.4 to —0.8 °C. During transitional sea-
sons, average temperatures range from +3.0 to
+15.6 °C in spring and from +3.7 to +15.5 °C
in autumn.

The annual temperature cycle is well ap-
proximated by a single-harmonic Fourier fit
(2), which effectively captures the primary
seasonal variability (parameters of equation
(2) are a;=-3.38 and b;=-11.79). The quality
of the approximation is high, with the coef-
ficient of determination (R?) ranging from

24

181

Temperature, °C

Fig. 5. Annual cycle of SAT in Ukraine for 1990—2021:
la— averaged monthly SAT (Qq5), 1b— Fourier approx-
imation (2), Ic — £o, 2— climate norm (1961—1990).
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Fig. 6. The amplitude of the seasonal cycle of SAT (1)
and linear trends (2) in Ukraine (1990—2021).
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0.97 t0 0.99, depending on the region and the
length of the observation series [Climate Bul-
letin, 2024; Boychenko, Maidanovych, 2024].
Therefore, most of the variance in monthly
mean temperatures is explained by the first
harmonic component, corresponding to the
dominant annual cycle.

A comparison of the average monthly SAT
for 1990—2021 (g3 dataset) with the climate
norm for 1961—1990 is shown in Fig. 5. The
most significant warming has occurred during
the months of January—April and June—Au-
gust.

The amplitude (A) and phase (F) of the first
harmonic of seasonal SAT variations are reli-
able indicators of continental climatic effects.
Based on Fourier analysis, the average tem-
perature amplitude in Ukraine for 1990—2021
is 12.3+ 1.0 °C, with a decreasing trend of
~0.1 °C per decade, primarily due to warm-
ing in the warm season [Boychenko, Maida-
novych, 2024]. Changes in seasonal ampli-
tude across Ukraine are presented in Fig. 6.

The phase (F) of the seasonal SAT cycle
averaged 1.29 £ 0.06 months. The phase has
shifted slightly by —0.012 months per decade
(1990—2021), as shown in Fig. 7.

The interannual variability of SAT was as-
sessed using the root-mean-square error (s)
[Feng et al., 2003]. In recent decades, peak
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Fig. 7. The phase of the seasonal cycle of SAT (1) and
linear trends (2) in Ukraine (1990—2021).
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5, ¢

Fig. 8. The seasonal cycle of SAT root-mean-square er-
rors in Ukraine: I — climate norm 1961—1990, 2 — av-
erage values for Qg5 dataset, 1990—2021.

variability (s=2.3+3.0 °C) has occurred in the
cold season (especially January—February),
whereas minimum variability (s=1.3+1.5°C) is
typical for summer. A comparison of seasonal
variability between the periods 1961—1990
and 1990—2021 is shown in Fig. 8. Variabil-
ity increased during winter and spring and
decreased in summer, especially in March—
May and June—August.

Linear trend analysis over the last three
decades shows monthly SAT trends ranging
from +0.34 to +1.19 °C per decade. An excep-
tion is January, where a slight cooling trend of
—0.04 °C per decade is observed across most
of Ukraine, excluding southern regions and
Crimea. Conversely, December exhibits a
strong warming trend of +1.19 + 0.14 °C per
decade, as illustrated in Fig. 9.

Winter. Mild and snow-deficient winters
have become the norm in Ukraine, particu-
larly in recent decades. The average monthly
surface air temperatures for December, Janu-
ary, and February, averaged across the country
for the period 1990—2021, are 0.8 £ 2.0 °C,
—2.4+19°C, and -1.5% 1.8 °C, respectively.

The spatial distribution of trends in aver-
age monthly SAT during winter exhibits no-
ticeable zonal differences. December shows
the most pronounced warming, with trends
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Fig. 9. The seasonal cycle of SAT linear trends in
Ukraine (1990—2021).

ranging from +1.19+0.14°C per decade,
especially in the northern, northeastern,
and eastern regions (Fig. 10, December). In
contrast, in January, there is an overall weak
warming or even cooling trend, averaging
—0.04 £0.32 °C per decade across most of
Ukraine. Notable cooling trends were record-
ed at weather stations such as Oster (-0.60 °C
per decade), Rivne (-0.58 °C per decade),
Chernihiv (-0.44 °C per decade), and Druzh-
ba (-0.41 °C per decade). However, southern
regions, Crimea, and Zakarpattia show weak
warming trends in January, ranging from +0.3
to +0.7 °C per decade (Fig. 10, January). In
February, warming trends are evident but
less intense compared to December. The SAT
trends vary from +0.06 to +0.61 °C per de-
cade across most regions. Yet, some stations
in the northern part of the country display
insignificant warming or even slight cooling,
with trends from —0.02 to —0.26 °C per decade,
as observed in Olevsk, Oster, Rivne, Ternopil,
and Teteriv.

The trends of winter temperatures and
the anomalously warm or cold months over
1990—2021 are presented in Fig. 11 and
Table. While warm winters have become in-
creasingly frequent in recent decades, the
warmest winters occurred in December (2007,
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December
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The trend of temperature,
°C per decade
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Fig. 10. Spatial distribution of monthly SAT trends in December, January, and February in Ukraine (1990—2021).

2015, 2019, 2020), January (1994, 2007, 2020),
and February (1990, 2002, 2016), whereas
the coldest ones were recorded in December
(1993, 1996, 1997), January (1996, 2006, 2010),
and February (1996, 2003, 2012).

Spring. In the context of climate change,
spring has begun to arrive more rapidly and
without delay in Ukraine in recent decades.
The average monthly surface air temperatures
for March, April, and May, averaged across
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Fig. 11. Monthly SAT anomalies in Ukraine for 1990—
2021: 1 — December; 2 — January; 3 — February; Iaq,
2a, 3a — respective linear trends.
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the country, are 3.0 + 1.4 °C, 9.8 £ 0.7 °C, and
15.6 £ 0.9 °C, respectively.

The spatial distribution of temperature
trends in spring exhibits regional variabil-
ity. In March, significant warming trends
are observed across most of Ukraine, with a
national average of +0.56 £0.13 °C per de-
cade, and even higher values (up to +0.93 °C
per decade) in the southern regions and
Crimea (Fig. 12, March). In April, the over-
all warming trend remains at approximately
+0.56 £ 0.13 °C per decade. However, the
spatial pattern shifts: western and central
Ukraine exhibit the highest warming, while
the southeastern, northeastern, and southern
regions show weaker trends, ranging from
+0.10 to +0.43 °C per decade (Fig. 12, April).
May demonstrates the most pronounced
warming among the spring months, with an
average trend of +0.63 + 0.23 °C per decade.
Particularly strong trends are recorded in the
eastern and southern regions, with values be-
tween +0.8 and +1.0 °C per decade. However,
negative trends are also detected in the Trans-
carpathian region, notably at stations such as
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Fig. 12. Spatial distribution of monthly SAT trends in March, April, and May in Ukraine (1990—2021).
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Fig. 13. Monthly SAT anomalies in Ukraine for 1990—
2021: 1 — March; 2— April; 3— May; 1a, 2a, 3a — the
respective linear trends.

Berehove (—0.03 °C per decade), Uzhhorod
(—0.04 °C per decade), and Velykyi Bereznyi
(—0.05 °C per decade) (Fig. 12, May).

The evolution of monthly temperature
anomalies in spring, as well as the occur-
rence of anomalously warm or cold months
over 1990—2021, are shown in Fig. 13 and Ta-
ble. The warmest years during spring months
occurred in March (2014, 2017, 2020), April
(2000, 2016, 2018), and May (2003, 2012, 2013,
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2018). The coldest springs were observed in
March (1996, 2005, 2018), April (1992, 1997,
2003), and May (1991, 1999, 2020).

Summer. In recent decades, heatwaves,
anomalously high temperatures, and droughts
have become increasingly frequent across
Europe, including in Ukraine [Twardosz,
Kossowska-Cezak, 2021; Twardosz et al.,
2021]. The average monthly surface air tem-
peratures across Ukraine for June, July, and
August are 19.6 £ 1.3 °C, 21.8+ 1.7 °C, and
21.1 £ 1.9 °C, respectively. Analysis of long-
term trends over the period 1990—2021 re-
veals a clear warming trend across all sum-
mer months. The average warming trends
in Ukraine are: +0.97 £ 0.16 °C per decade
in June; +0.60 £ 0.13 °C per decade in July;
+0.85+0.19 °C per decade in August (Fig. 14).
In June, particularly intense warming (up to
+1.12+£0.13 °C per decade) is observed in
the northern and central regions of Ukraine.
Meanwhile, in August, the highest rates of
warming occur in the eastern and southern
regions. Among the summer months, July
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Fig. 14. Spatial distribution of monthly SAT trends in June, July, and August across Ukraine (1990—2021).

shows the lowest overall warming trend. How-
ever, Kyiv stands out for exhibiting one of the
most rapid warming rates, likely attributed
to urban heat island effects driven by inten-
sive urbanization and localized microclimatic
changes.

The evolution of monthly surface air
temperature anomalies during summers in
Ukraine for the period 1990—2021 is pre-
sented in Fig. 15 and Table. These anomalies
suggest that warm summers predominated.
The warmest years occurred in June (1999,
2010, 2019), July (2001, 2002, 2021), and Au-
gust (2010, 2017, 2018). Conversely, the cold-
est years were observed in June (1993, 1994,
2001), July (1990, 1993, 1997), and August
(1990, 1993, 1997%).

Autumn. In Ukraine, autumn is marked by
a relatively rapid rise in temperatures, with
September often exhibiting summer-like
conditions. The average monthly surface air
temperatures across the country for Septem-
ber, October, and November are 15.5+ 1.8 °C,
9.4+1.8 °C, and 3.7%£1.9 °C, respectively.
Over the period 1990—2021, the spatial dis-
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Fig. 15. Monthly SAT anomalies in Ukraine for 1990—
2021: 1 —June; 2—July; 3— August; 1a, 2a, 3a — the
respective linear trends.

tribution of average monthly temperature
trends during autumn shows predominantly
positive values, indicating consistent warm-
ing, albeit with regional variations. The aver-
age warming trends are: +0.90 + 0.13 °C per
decade in September; +0.40 £ 0.12 °C per de-
cade in October; +0.87 £ 0.17 °C per decade in
November (Fig. 16). Notably, lower warming
trends were observed in the southern regions,
Crimea, and Zakarpattia, suggesting local-
ized climate moderation effects.
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Fig. 16. Spatial distribution of monthly SAT trends in September, October, and November across Ukraine (1990—

2021).
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Fig. 17. Monthly SAT anomalies for September, October,
and November in Ukraine (1990—2021): I — September;
2 — October; 3 — November; Ia, 2a, 3a — the linear
trends, respectively.

The monthly SAT anomalies during the au-
tumns in Ukraine (1990—2021) are illustrated
in Fig. 17 and Table. These anomalies dem-
onstrate a clear warming signal over the last
three decades. In particular, the frequent oc-
currence of positive SAT anomalies in recent
years confirms that autumns have become
significantly warmer in Ukraine. Pronounced
warming was observed in September (1994,
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2015, 2020), October (2012, 2018—2020), and
November (1996, 2010, 2013). Cold anoma-
lies were more common in September (1993,
1996, 1997), October (1997, 2015, 2016), and
November (1993, 1995, 1998, 1999).

Importantly, a comparative analysis of
monthly temperature trends reveals a pro-
gressive increase in warming from June to
December. In contrast, the period from Janu-
ary to June is characterized by lower or even
negative trend values (see Figs. 10, 12, 14, 16).
A comprehensive summary of the highest and
lowest annual and monthly surface air tem-
perature anomalies for the period 1990—2021
is presented in Table. It highlights that the
coldest years during this period were primar-
ily observed in the 1990s (e.g., 1991—1993,
1996—1998) and early 2000s (2003, 2000). In
contrast, the warmest years occurred predom-
inantly in the last decade, particularly 2007,
and 2015—2020.

Discussion. This study analyzed surface
air temperature trends across Ukraine over
recent decades, offering valuable insights
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Summary of annual and monthly surface air temperature extremes in Ukraine (1990 —2021)
(blue is cold anomaly value, red is warm anomaly value)

Month

2021
<T.> 24 | -1.5 3.0 9.8 156 | 196 | 21.8 | 21.1 15.5 9.4 37 | 08| 9.6
+c 203 2.9 2.2 1.5 1.7 1.5 1.4 1.3 1.7 1.4 2.5 2o 0.8

into the region's evolving climate dynamics.
The results confirm a statistically significant
warming trend, in line with global climate pat-
terns, yet characterized by distinct regional
and seasonal variations. Notably, the rate of
warming in Ukraine exceeds the global aver-
age, as similarly reported in long-term anal-
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yses by Boychenko & Maidanovych [2024]
based on century-long SAT datasets.
Temperature trends in Ukraine are shown
to be strongly influenced by geographic loca-
tion, seasonality, and the temporal resolution
of observational data— a point supported by
earlier studies [Krauskopf, Huth, 2020]. For
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instance, Pokornd et al. [2018] demonstrated
that the strongest warming periods in Eastern
Europe occurred in mid-January, early March,
and mid-May to early August, depending on
the region and season.

Our findings align with regional trends
across Eastern Europe [Anders et al., 2014,
Rousi et al., 2022], but reveal locally specific
warming signatures. The most pronounced in-
creases in SAT were observed in winter and
spring, suggesting potential shifts in atmo-
spheric circulation, snow cover dynamics, or
solar radiation balance. In contrast, summer
warming was more moderate and spatially
variable, possibly due to soil moisture feed-
back, evapotranspiration rates, or urban heat
island effects, especially in metropolitan ar-
eas such as Kyiv.

A comparative analysis by Pyasetska &
Shcheglov [2023] further supports these
trends, revealing a general increase in month-
ly SAT for 2006—2020 compared to 1991—
2005. Interestingly, they observed localized
January cooling, which may represent a novel
feature of the evolving Ukrainian climate and
aligns with anomalies identified in the pres-
ent study.

Further insight is provided by Osadchyi
et al. [2018], who analyzed SAT extremes in
Ukraine between 1946 and 2015. They report-
ed significant increases in both maximum and
minimum temperatures, especially from 1981
onward. The most rapid increases occurred
during the summer, with trends of +0.94 °C
per decade for maximum temperatures and
+0.61 °C per decade for minimum tempera-
tures. Additionally, maximum temperatures
tended to increase faster than minimum tem-
peratures in all seasons except winter.

These seasonal discrepancies in SAT trends
may signal a gradual shift in Ukraine's con-
tinental climate characteristics [Boychenko
et al., 2017, 2018]. As summer temperatures
rise more rapidly than winter temperatures,
the traditional seasonal contrast may weaken,
potentially driving the region toward a more
temperate or even subtropical climatic profile.
Such transformations would have profound
implications for ecosystems, agriculture, and
hydrological cycles.
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A broader European context is provided
by Twardosz et al. [2021], who found that be-
tween 1985 and 2020, the strongest warming
occurred in spring (+0.061 °C/year), followed
by summer and winter, while autumn warm-
ing was least pronounced (+0.045 °C/year).
Ukraine's warming patterns are broadly con-
sistent with these findings, though regional
variability within Ukraine remains more com-
plex, especially in winter and summer. The
northeastward intensification of warming,
especially in winter and spring, and south-
ward patterns in summer, further illustrate
Ukraine's transitional climatic positioning
within Europe.

Understanding these spatiotemporal SAT
trends is critical for climate risk assessment
and policy development, particularly in the
areas of agriculture, infrastructure resilience,
and water resource management. To improve
adaptation strategies, future research should
prioritize high-resolution climate modeling,
incorporating additional variables such as
precipitation, humidity, and extreme weath-
er events, to enhance projections of localized
climate impacts.

Conclusion. The analysis of surface air
temperature dynamics in Ukraine over the
period 1990—2021 reveals a distinct and con-
sistent warming trend, with notable seasonal
and regional variability. According to meteo-
rological observations (weather dataset Qg3),
the average annual SAT in Ukraine for this
period was 9.6 £ 0.8 °C. Over the past three
decades, the mean rate of temperature in-
crease reached approximately +0.64 + 0.01 °C
per decade, significantly exceeding histori-
cal norms. The pattern of annual temperature
anomalies further supports this conclusion:
only three years — 1993, 1996, and 1997 —
exhibited negative anomalies (from —0.32 to
—0.55 °C), while all other years were anoma-
lously warm, with particularly high anomalies
recorded in 2007, 2015, 2019, and 2020 (up to
+2.79 °C).

Analysis of monthly SAT trends during the
study period revealed statistically significant
warming in nearly all months, ranging from
+0.34 °C to +1.19 °C per decade. The stron-
gest warming was observed in December
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(+1.19£0.14 °C per decade), particularly in
northern and eastern regions of Ukraine. In
contrast, January exhibited minimal or even
negative trends in many areas, except for
Crimea and southern Ukraine, where mod-
erate warming persisted.

The amplitude and phase of the first har-
monic of seasonal SAT variations serve as reli-
able indicators of continental climatic effects.
Based on Fourier analysis, the mean ampli-
tude of the seasonal SAT cycle for 1990—2021
was 12.3+ 1.0 °C, with a decreasing trend of
approximately 0.1 °C per decade, primarily
driven by summer season warming. The mean
phase of the seasonal cycle was estimated at
1.29 + 0.06 months. A slight phase shift of
—0.012 months per decade was also detected
over the study period.
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AOCAIAKEeHHSI CE30HHUX TEHAEHIIiN 3MiHU TPU3eMHO1
TeMIlepaTypu nosiTps B YKpaini (1990—2021)

C.T Bosiuenko'?, H.M. MaﬁAaHOBHqs, 2025

1IHCTI/ITyT reocpizuku im. C. I. Cyo06oTtina HAH VYkpainu, Kuis, YKpaiga
ZHaHiOHaABHI/Ifl yHiBepcureT «KneBo-MoruagHcbKa akapeMis», Kuis, Ykpaina
3YKpalHCHKHit HAYKOBO-AOCAIAHUU IHCTUTYT IPOTHO3YBAHHSA
Ta BUIIPOOYBAHHS TEXHIKU i TEXHOAOTIN AASL CIABCBKOTOCTIOAQPCHKOTO
BUpOOHUITTBA iM. AeoHipa [Toropiroro, AocAipHUITEKE, YKpaiHa

Y AOCAIA’KEHHI BUBYAAUCSA IPOCTOPOBO-YACOBI XapaKTEPUCTUKU 3MiH TeMIlepaTypHu
IIPU3eMHOTro IOBITPs B YKpaiHi 3a nepiop 1990—2021 pp., 30cepep’Xyiounch Ha Ce30H-
HiN Ta perioHaAbHIN MiHAWUBOCTI, AOBTOCTPOKOBUX TPEHAAX I TAPMOHIYHUX XapaKTepuc-
THKaX PIYHOrO OUKAY TeMIIepaTypH, a TAKOJK IXHIX HACAIAKAaX AAS PEriOHaAbHUX 3MiH
KAIMarTy.

CepepHs piuHa TeMIlepaTypy IIPU3eMHOTIO MOBITPS 3a aHaAi30BaHUM Iepiop (BUKO-
pUCTOBYBaBCs Habip MeTeOpOAOTriuHUX crnocTepeskeHb 93) cranoBuAa 9.6+0.8 °C, 110
nomiTHO Ha 1,2 °C Buiie raimaTtuaHol HopMu 1961—1990 pp. (8,4£1,1 °C). I'IpoTrsarom
IIMX TPHbOX AECSATUAITH CEPEeAHS IIBUAKICTH 3POCTaHHS TeMIlepaTypu AOCSTAd 3HAUHUX
no3Hauok (0,64+0,01 °C) 3a AeCATUAITTS, CYTTEBO II€PEBUIIYIOUN iCTOPUYHI CEpeAHi ITo-
Ka3HUKU. LIg TeHAEHIIIA IOTENAIHHA MIATBEPAKYETHCSA PIYHMMU TeMIIepaTyPHUMM aHO-
ManisiMu: Auliie Tpu poku (1993, 1996, 1997) AoeMOHCTpPyBaAM HeraTUBHI aHOMaAIl (Bia
—0,32 po —0,55 °C), Toai 9K iHIII poKK OYyAM aHOMaABHO TeNAUMH, 3 Iikamu y 2007, 2015,
2019 ta 2020 p. (po +2,79 °C).

AHani3 MiCIYHUX TPEHAIB TeMIlepaTypHu NPU3eMHOIO MOBITPSI BUSIBUB CTAaTUCTUYHO
3Hauyllle OTeNAIHHS MalKe B yci Micatli, v alanazoHi Bip +0,34 °C po +1,19 °C 3a pecs-
TUAITTS. HatlinTeHCcUBHIIIe TOTeNAIHHA ciocTepiraroca y rpyaHi (+1,1940,14 °C 3a pecs-
TUAITTS), OCOOAMBO B IMiBHIUYHUX i CXIAHUX perioHax Ykpainu. HatomicTs, ciueHb AeMOH-
CTpyBaB MiHiMaAbHI a0 HaBiTH HeraTHBHI TPEHAU y OaraThbOX perioHax, 3a BHHSTKOM
Kpumy Ta niBpHS YKpaiHU, Ae IIOMipHe IIOTeNAIHHS 30epirarocs.

AwmrniniTypa Ta pasza Ce30HHUX KOAMBAHB IIPU3EMHOI TeMIlepaTypH IOBITPs € Hapill-
HUMHU iHAMKATOPaMM KOHTUHEHTAABHUX KAIMATUYHUX XapaKTePUCTUK. Y mepiop 1990—
2021 pp. cepepHs aMIIAITYA@ CE30HHOTO TeMIIePaTyPHOTIo ITUKAY cTaHoBHuAA 12,3+ 1,0 °C
3i 3HMIKYBaAbHOIO TeHAeHIieto mpruoAnu3Ho Ha 0,1 °C 3a pecaTuniTTs. Lle 3HU)KEHHS TIe-
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PEBA’KHO 3yMOBAEHEe IIOTENAIHHSAM y TeIAUM Iepiop poky. CepepHe 3HaueHHS (pasu
Ce30HHOT0 IIMKAY OIliHeHO fK 1,29 + 0,06 Micamsa. YOIPOAOBXK AOCAIAKYBAHOTO IIEPIOAY
criocTepirarocst He3HauHe 3MilleHHs (pa3u Ha —0,12 MicsAIsa 3a ACCATUAITTSI.

AOCAIAKEHHS TIAKPECAIOE HMIABUIILEHY MiHAUBICTE TEMIIepaTy Py IPOTATOM 3UMOBUX 1
BECHSHUX MICAIIIB, 110 CIPUsI€ OIABII IIOBHOMY PO3YMIHHIO Cy4aCHUX KAIMATUYHUX 3MiH
B YKpaiHi. L]i BUCHOBKH HiAKDPECAIOIOTH HaraAbHY IIOTPe0Y B aAQIITUBHUX CTPATETIIX AN
IIOM'SIKIIIEHHST HACAIAKIB IIOTOYHUX KAIMATUYHUX 3MiH.

KAaro4doBi croBa: 3MiHa KaiMaTy, IpU3eMHa TeMIlepaTypa IOBiTps, TeMIIepaTypHi aHo-
Maail, aMIIAITyAQ Ta pa3a Ce30HHOTO KOAMBAHHS TeMIIEpaTypH.
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