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The spatial variation of temperature is found to depend linearly on climate continental-
ity, morphology of the relief, the position of the site with respect to seas, in addition to the
usual elevation, latitude and longitude predictors. There are other factors that can have an
additional significant influence: big bodies of water, terrain attributes relief, atmospheric
factors (local circulation), configuration and aspect of coasts and vegetation. Therefore,
these multifactorial influences form the climatic field of temperature.

In this study, the regional semi—empirical model of the spatiotemporal distribution
of the average annual and monthly temperature for the plain part of Ukraine on the basis
of the methodology for assessing the influence of height above sea level and geographic
coordinates is proposed. Based on the method for determining the altitudinal, latitudinal,
and longitudinal gradients of meteorological parameters, we calculated these gradients for
annual and monthly air surface temperature for the periods 1961—1990 and 1991—2020.

Thus, on the plain part of Ukraine, the annual surface air temperature decreases by an
average on 0.60—0.63 °C with a shift of 100 m height above sea level, on 0.51—0.55 °C with
a shift of one latitude degree to the north, on 0.067—0.071 °C with a shift of one longitude
degree to the east. Also, the variations of these annual mean temperature gradients from
year to year are characteristic.

The seasonal variation of gradients has a pronounced non—monotonic character: high-
est values of altitudinal gradientare typical for July—August (from —0.63 to —0.73 °C per
100 m), and the lowest values — for April—May (from —0.45 to —0.55 °C per 100 m); highest
values of latitudinal gradient are typical for August—September (from —0.60 to —0.70 °C
per 1 °N), and the lowest values — for April—May (from —0.20 to —0.35 °C per 1° N); the
longitudinal gradients have positive values in June—August (0.074—0.128 °C per 1° E),
and negative values in November—March (from —0.228 to —0.154 °C per 1° E).

We found that the altitudinal and latitudinal gradients of temperature have the most
spatiotemporal variability and the longitudinal gradient has the smallest one. Greatest
variabilities of temperature gradient values are typical for February—March and July—
September, and the least variability — for April—May.

The analysis of the dynamics of gradient changes in the period 1991—2020 compared
to the period 1961—1991 showed the following: the altitudinal gradientvalues increased by
8—13 % in January and March—May; the latitudinal gradient values increased by ~30 %
in December—February and decreased by ~20 % in May—August.

The proposed semi—empirical model contains a coefficient that takes into account
influence of additional effects associated with pronounced orographic and other terrain
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features. This study presents the numerical values of this coefficient for some specific
microclimate regions of the plain part of Ukraine.

The model estimates of thirty—year monthly mean temperature in Ukraine for the
periods 1961—1990 and 1991—2020 was calculated. A comparison of the model estimates
of of the average annual and monthly temperature for 72 meteostations in Ukraine with
their actual values showed a statistically significant correlation (the reliability of the linear
approximation is 0.89—0.98). Thus, the presented design of the semi-empirical model
makes it possible to quite well restore the annual and monthly temperature on the terri-

tory of Ukraine.

Key words: altitudinal, latitudinal, and longitudinal gradients; the average annual and
monthly temperature; climatic norm; semi-empirical model.

Introduction. The spatial variation of the
within-year pattern temperatures is found to
depend linearly on climate continentality,
relief morphology, and position of the site
with respect to seas, in addition to the usual
elevation, latitude, and longitude predictors
[de Castro et al., 2007, Habit et al., 2022].
Also,other factors can have a significant ad-
ditional influence, including big water bodies,
terrain relief attributes, atmospheric factors
(local atmospheric circulation), and configu-
ration and aspects of coasts and vegetation
[Daly et al., 2002; Serbin, Kucharik, 2009]. To-
gether, these multifactorial influences form
the climatic field of temperature.

The effect of altitudinal zonation is most
pronounced in mountainous areas and regions
with orographic heterogeneity [Johansson,
2000; Daly et al., 2002; Lookingbill, Urban,
2003; Claps et al., 2008]. While the reaction
of meteorological conditions to terrain height
changes is less noticeable in the plain land re-
gions (up to altitudes of 350—400 m above sea
level), it can still form a certain microclimate.

The global value of the vertical tem-
perature gradient in the troposphere is
—-0.65+0.06 °C/100 m (that is, the temperature
decreases with height by 0.65 °C with every
100 m) [Oliver, 2005]). In plain regions, the
response of meteorological parameters to the
height of the area above sea level is less no-
ticeable (up to 350—400 m). However, it can
still form certain microclimatic conditions and
cannot be neglected. Microscale features of
the weather station's location or the region
generate a specific «microclimatic noise»
and transfer their climatic fields to the rank
of stochastic [Boychenko, Voloshchuk, 2007

Tutmez et al., 2012]. Analytical representation
of climatic fields has an important advantage
— it naturally takes into account the spatial
and temporal connectivity of climatic param-
eters and thereby allows automatic filtering of
random «outliers» in the data array [Ninyerola
etal., 2000; Boychenko, Serdyuchenko, 2005;
Claps et al., 2008].

The seasonal variability of temperature,
namely the amplitude of the seasonal course,
depends on the latitude. One of the climatic
indicators that incorporate the influence of
latitude is the index of continentality [de
Castro et al., 2007; Boychenko et al., 2018].
Note that the influence of longitude on the
temperature distribution is insignificant and
thus often neglected.

The basic principles of the methodology
of assessing the dependence of meteopara-
meters (surface air temperature and precipi-
tations) on the area height above sea level
and geographical coordinates in Ukraine
were researched by Voloshchuk and others
[Voloshchuk, Boychenko, 2003; Boychenko,
Serdyuchenko, 2005; Boychenko, Voloshchuk,
2007; Boychenko, 2008]. This type of meth-
odology is used to homogenize the climatic
fields of surface temperature and precipitation
[Boychenko, Serdyuchenko, 2005; Vrac, 2007
Mecroberts, Nielsen-Gammon, 2011].

Method and Data. In this study, we used
time series of average monthly air temperature
values (7, °C per month) for 72 meteostations
(a set of Q,) almost uniformly spread on the
territory of Ukraine (with height above sea
level to 350 m), for the periods 1961—1990
[The Climate..., 2005] and 1991—2020 [CGO,
2021].
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The software packages MS Excel and XL-
STAT were used for the statistical analysis and
graphical design.

Study Region. Ukraine is situated in the
central part of Eastern Europe between 44.34
and 52.33° N and 22.08 and 41.25° E. Most of
the country is located southwest of the Eastern
European plain, with elevations generally be-
low 350 m. There are the Ukrainian Carpath-
ian Mountains in the west and the Crimean
Mountains in the south. The absolute height
of the territory of Ukraine ranges from -5 m
(water level in Kuialnyk Estuary) to 2061 m
(Goverla Mountain). The coasts of the Black
and Azov Seas in Ukraine are mainly flat, ex-
cept for the Crimean Mountains [Marynych,
Stetsenko, 20006].

The climate of Ukraine is mostly temperate
continental and subtropical Mediterranean
type on the southern portions of the Crime-
an Peninsula. The Transcarpathian Lowland
has specific to mild climate (warm low-snow
winters and rainy summers) [Lipinskyy et al.,
2003]. According to the analysis of meteoro-
logical data, the average annual tempera-
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tures were from 7 to 13 °C in the plain part of
Ukraine in 1900—2020. The average monthly
temperatures in winter vary from -2 to—-10 °C,
and in summer, from 17 to 25 °C.

The territory of Ukraine has complex cli-
matic and orographic features, and therefore
several proxy regions are distinguished. These
regions and meteorological stations used for
modelling are shown in Fig. 1. This study ex-
cluded the Carpathian Mountains and the
Crimean Peninsula.

Method for determining the altitudinal,
latitudinal, and longitudinal gradients of me-
teorological parameters. Altitudinal (G)), la-
titudinal (G(p), and longitudinal (G;) gradients
of average monthly temperature for the set of
Q,, were estimated using the least squares
method [Voloshchuk, Boychenko, 2003; Boy-
chenko, Serdyuchenko, 2005; Boychenko, Vo-
loshchuk, 2007; Boychenko, 2008]. According
to this, it is assumed that the parameters of
the selected function take such values {7}
that the average squared deviations of the em-
pirical data for {7} from those estimated by
the selected function would be the smallest.
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Fig. 1. Climatic subzones and location of meteorological stations of Ukraine used in this study (Region 1: the plain
part of Ukraine; Region 2: Foothill area (with altitude up to 350—400 m); Regi on 3: Transcarpathian Lowland; Re-
gion 4: the coastal regions of the Black Sea; Region 5: Sivash and Azov regions; Region 6: Carpathian Mountains;
Region 7: Crimean Peninsula; also meteostations are grey points, Mmegapolises are red points).
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Gradients G, G, and G, which character-
ize the effect of landscape and physiographic
location, may be a weak signal against a high-
noise background. The altitudinal gradient
G, of the meteorological parameter {T} was
calculated by the following relations (and G,
and G, according to a similar scheme):

<x12> <x1x2> <x1x3>
D, = <x1x2> <x22> <x2x3> '
<x1x3> <x2x3> <x32>

Let us expand D), in terms of the algebraic

complements of the column of its determinant,
namely:

D, =((T=(T))[xD, = x,D, +x,D,]),

B <x§> (xx;) B (nxy) (xx;)
D= (x,%3) <x32> D2 = (x,x;) <X32>
<x1x2> <x1x3>
<x22> <x2x3>

where A, ¢, and A, are elevation, latitude, and

: (2

3:

longitude for the k—th meteostation, k=1.72;

<h>, <(p> and <k> are the average values of
the elevation, latitude, and longitude for all
considered meteostations.

Itis assumed that «microclimatic noise» for
this network of meteostations is statistically
independent. Then, using relations (1), the
variance of gradient G, can be expressed in
terms of the variance {7}, and dsp{T} denotes
the variance of a random variable. Since we
are identifying and evaluating an «extreme-
ly weak signal against a background of very
large noise», then in order to justify the statis-
tical significance of the result obtained based
on therelation (2), the root-mean-square error
(s) is necessary:

s:x,/dsp{Gh} . 3

where n is the number of considered meteosta-
tions; dsp{T} is the dispersion of {T} values.

Results. The effect of elevation and phys-
iographic location on surface air tempera-
ture values. By approximations (1) and (2),
the altitudinal, latitudinal, and longitudinal
gradients of surface air temperature were cal-
culated, namely their average yearly values,
dispersion, androot-mean-square error by ap-
proximations (3).

Annual and seasonal variations of the al-
titudinal, latitudinal, and longitudinal tem-
perature gradients for the two climatic norm
periods 1961—1991 (7)) and 1991—2020 (75)
are as follows.

Altitudinal gradient. By the calculations,
the annual values of the altitudinal gradi-
ents of temperature (a set of Q, stations) are
G,{T}}=-0.63+0.24 and G, {T,}=-0.60+0.22°C
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Fig. 2. Seasonal variation of the values of altitudinal G,{T} (a), latitudinal G(p{T} (b), and longitudinal G, {T} (c)
gradients of the average monthly temperature in Ukraine (! is the values of gradients in 1961—1991, 2 is values

of gradients in 1991—2020).
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per 100 m. The seasonal variation of gradients
has a pronounced non-monotonic character
(Fig. 2, a). The highest values of G, {T} are typ-
ical for July—August (from —0.63 to -0.73 °C
per 100 m) and the lowest for April—May
(from —0.45t0—0.55 °C per 100 m). Thus, every
100 m upwards, the temperature decreases on
average by 0.60—0.63 °C. However, in January
and March—May;, for the period 1991—2020,
it increased by 8—13 %.

Latitudinal gradient. The annual values
of the region's latitudinal gradients of tem-
perature are G(p{Tl +}=-0.551£0.11 and G(p{Tz}I
=-0.5140.10 °C per 1° latitude, respectively.
The G(p{T} values have a pronounced seasonal
variation (Fig. 2, b). For example, the gradients
G(p{T} take on maximum values from —0.60 to
—0.70 °C per 1° N in August—September and
minimum values from —0.20 to —0.35 °C per

1 °N in April—May. Thus, for every degree to
the north, the temperature decreases on aver-
age by 0.51—0.55 °C. In December—February;,
it increased by ~30 %, and in May—August
decreased by ~20 % in 1991—2020 compared
to the 1961—1991 period.

Longitudinal gradient. The annual values of
the longitudinal gradients of average monthly
temperature are G, {7,}=-0.067+0.043 and
G, {T,}=-0.071£0.039 °C per 1° longitude. The
seasonal course of the G, {T} is pronounced
(Fig. 2, ¢). The longitudinal gradient has posi-
tive values in the warm season (June—Au-
gust), in therange of 0.074—0.128 °C per 1°E,
and negative values in the cold season (No-
vember—March), in the range from —0.228 to
—0.154 °C per 1° E. Thus, for every degree to
the East, the surface air temperature decreases
on an average by 0.067—0.071 °C.

Table 1. Average monthly and annual values of altitudinal (G,), latitudinal (G(p) and
longitudinal (G, ) surface temperature gradients (climatic norms) and their root-mean-square
errors (s) in Ukraine in 1961 —1991 and 1991 —2020

Parameters Months Year
1 [ 2 | 3 | 4 | 5 | [ 7z [ 8 | 9 [ 10 | 11 | 12
1961—1990

G, {T}, °C
—0.61 | —0.67 | —0.69 | —0.52 | —0.55 | -0.67 | —0.73 | —0.67 | —0.55 | —0.55 | —0.65 | —0.66 | —0.63

per 100 m

s, °C per
100 0.31 | 0.33 | 0.27 | 0.19 | 0.20 | 0.27 | 0.33 | 0.33 | 0.29 | 0.24 | 0.26 | 0.27 | 0.24

G {T}, °C
1N ~0.73 | -0.74 | —-0.57 | -0.35 | —0.20 | —0.36 | —0.54 | —0.60 | —0.68 | —0.58 | —0.62 | —0.62 | —0.55
Svflgef 0.14 | 0.15 | 0.12 | 0.09 | 0.09 | 0.12 | 0.15 | 0.15 | 0.13 | 0.11 | 0.12 | 0.12 | 0.11

G, (T}, °C
K ~0.219]-0.288|-0.225|-0.025| 0.069 | 0.106 | 0.128 | 0.101 |-0.005|-0.129|-0.165|-0.154 |-0.067
s, °C per 1° E| 0.055 | 0.059 | 0.048 | 0.034 | 0.035 | 0.048 | 0.059 | 0.059 | 0.051 | 0.043 | 0.047 | 0.048 | 0.043

1991—2020

G,{T}, °C
~0.58 | —0.65 | —0.62 | —0.45 | —0.48 | -0.62 | —0.68 | —0.63 | —0.57 | —0.54 | —0.65 | —0.71 | —0.60

per 100 m

s, °C per
100m 022 | 027 | 024 | 0.15 | 0.19 | 0.26 | 0.32 | 0.34 | 0.30 | 0.26 | 0.26 | 0.24 | 0.22

G {T},°C
p@er (o | 045|055 |-0.52 | -0.28 | -0.28 | -0.43 | -0.54 | -0.70 | -0.68 | -0.64 | -0.57 | -0.50 | ~0.51
S'lnger 0.10 | 0.12 | 0.11 | 0.07 | 008 | 0.12 | 0.14 | 0.15 | 0.13 | 0.12 | 0.12 | 0.11 | 0.10

G, {T}, °C
bor 1°E —0.188|-0.265|-0.188|-0.046| 0.044 | 0.083 | 0.105 | 0.074 | 0.015 |-0.091|-0.209|-0.185|-0.071
s, °C per 1° E| 0.039 | 0.049 | 0.042 | 0.028 | 0.033 | 0.047 | 0.056 | 0.060 | 0.053 | 0.046 | 0.046 | 0.043 | 0.039
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Seasonal variations of the root-mean-
square error for altitudinal G, {7}, latitudinal
G(p{T}, and longitudinal G, {7} temperature
gradients for both analyzed periods are pre-
sented in Table 1. As we can see, the greatest
variabilities of temperature gradient values for
both periods are typical for February—March
and July—September, and the least variability,
for April—May.

The altitudinal, latitudinal, and longitudi-
nal gradients of average yearly temperature
from year to year in 1991—2020 areas follows:

Altitudinal gradient. Per the calculations,
the annual values of the altitudinal gradients
of temperature from year to year in 1991—
2020 are G {Tyeq,1=—0.59+0.07 °C per 100 m.
The lowest G,{T, year} values were in 2007,
2015—2018, and 2020 (from —0.40 to —0.49 °C
per 100 m) and the highest in 1996 and 2014
(from —0.68 to —0.76 °C per 100 m) (Fig. 3, a).

Latitudinal gradient. The annual values of
latitudinal gradients of temperature from year
to year are G(p{Tyear}=fO.5OJ_rO.08 °C per 1° N.
The lowest values of G(P{T year} were in 1992,
2007, and 2020 (from —0.25 to —0.39 °C per
1° N) and the highest in 1994 and 2013 (from
—0.65 to —0.62 °C per 1° N) (Fig. 3, b).

Longitudinal gradient. The annual val-
ues of this region's longitudinal gradi-
ents of temperature from yearto year are
Gk{Tyear};O'O7i0‘05 °C per 1° E. The lowest
values of Gx{Tyear}' were in 1995, 2005, 2010,
and 2020 (from —0.02 t0 0.04 °C per 1° E), and
the highest in 1994 and 2007 (from —0.15 to
—0.18 °C per 1° E) (Fig. 3, c¢).

Year-to-year variations of the root-mean-
square errors for altitudinal G, {T}, latitudinal
G(P{T}, and longitudinal G(p{T} gradients in

Ukraine in 1991—2020 were calculated by (3)
and are shown in Fig. 3.

As we can see, the temperature's altitudi-
nal and latitudinal gradients have the most
significant spatiotemporal variability, and the
longitudinal gradient has the smallest one.
Together these gradients generate the «mi-
croclimatic noise» of temperature.

Semi-empirical model of the spatiotem-
poral distribution of the average monthly
surface air temperature for the flat part of
Ukraine in 1991 —2020. An equation for the
relationship between experimental data is
semi-empirical if its form is determined theo-
retically and some of the coefficients involved
are determined experimentally. At the first ap-
proximation, the dependence of a meteoro-
logical parameter (in this case, the surface air
temperature) on the geographical coordinates
and height of the landscape above sea level
for the plain part of Ukraine (excluding the
Ukrainian Carpathians and the Crimea Penin-
sula) can be represented as a linear function:

T {mod(k,m)} (T (m))+G, (m)(h, —(h))+
Gy (m)(0, =(0))-..
...+G>L(m)(7\.k—<7\.>)+8(R) (4)

where <T (m)> is the average monthly surface
air temperature on the territory for a certain
month m=1.12; G,, G(P, and G, are altitudi-
nal, latitudinal, and longitudinal tempe-
rature gradients; €{R} is coefficient (appro-
ximately from —1.5 to 1.5) whose value de-
pends on orography, proximity to the seas, etc.

It is obvious that for flat regions with rela-
tively low altitudes above sea level (to 350 m),
at the first approximation, the dependence of

& z.
8_0'1 /
= -0,3f 2|z
5 5] 2 1
& -0,5; 1, | &
&) 1%
s 0,7+ 2 _ 2
- ——
= -0,9 L)
A s_
= -1,1 A . A3 . . \ ) .
O [— 2N Vo) [—4 w [—] w (=] [—2 T} [(—J w [—] w (=] S W [(—J w [—] w [—]
S O [—4 [—J - - (2 S O [—3 [—J - — (2 S O [—3 [—J - - [
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Fig. 3. Time course of the average annual values of altitudinal G,{T} (a), latitudinal G‘P{T} (b), and longitudinal
G, {T} (c) gradients of surface air temperature in Ukraine in 1991—2020 (I is gradient, 2 is +s).
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meteoparameters on altitude can be taken as
linear.

In plain regions with uniform low terrain,
differences between actual and model values
are negligible. However, there are also effects
imposed by pronounced orographic and other
terrain features, such as:

* the effect of mountainous regions with
a height above sea level above 350 m, taking
into account the exposure of slopes and lo-
cal winds, for example, the Carpathian and
Crimean Mountains;

» windward hydrodynamic effect, when the
region is located in front of a mountain range
(in terms of tropospheric air mass transfer),
such as Transcarpathia;

* leeward hydrodynamic effect (in terms of
air mass transfer) when the region is located
behind a mountain range, for example, the
Foothill area;

+ the effect of breeze circulation, for ex-
ample, the coastal regions of the Black and
Azov Seas;

+ the effect of a practically «closed-off»

Table 2.The coefficient ¢{R} of model (4) of the seasonal temperature variation for climatic
norms 1961 —1990 and 1991 —2020 and annual values over 1991 —2020 for some Ukrainian

regions
Region Station Climatic norm Climatic norm AE‘I:;al
1961—1990 1991-2020 1991—2020
Askaniia-Nova from +0.3 to +0.8 from +0.8 to +0.4 o
(March—June) (April—June)
Sivash and . from +0.6 to +1.0 from +0.3 to +0.8
Azov regions Henichesk (March—June) (March—/June) T
g —0.6 (October—January)
—0.5 (January—March and
Volnovaha —0.4 (February—August) July—October) -0.5
Beregove from —0.6 to —1.4 from -0.4 to—-1.1 05
g (February—September) (March—October) '
Transcarpathia from -0.5 to-1.3 from -0.3 to-1.0
region Uzhhorod (February—October) (March—October) 0.4
o —0.4 (February—March) and - A o
Velikiy Berezny +0.5 (July—January) 0.3 (March—April)
Kremenec —0.6 (September—March) —0.6 (September—March) -0.4
Chernivtsi +0.4 (November—February) +0.4 (November—/January) —
Drohobych —0.4 (November—March) and | -0.4 (Decembgr—February) L
Foothill area +0.5 (May—June) and +0.4 (April—September)
with altitude | lvano- +0.4 (all month +0.5 (all month +0.5
up to 350 m Frankivs'k .4 (all months) .5 (all months) .
Kamianets-
Podilsky +0.4 (July—February) +0.5 (December—February) —
L'viv —0.4 (November—February) —0.4 (November—February) —
Dnipro —0.5 (February—September) —0.5 (March—October) -0.4
Megacities Kharkiv 0.4 (February—October) -0.5 (April—October) -0.4
with «heat -
island» effect Kyiv —0.5 (all months) —0.6 (all months) -0.6
Zaporizhzhia —0.7 (all months) —0.7 (all months) -0.7
—0.7 (October—lJanuary) —0.8 (October—lJanuary)
Regions close Odesa and from +0.4 to +1.1 and from +0.4 to +1.0 —
to the Black (March—lJuly) (March—June)
Sea Izmail +0.4 (all months) +0.5 (July—September) +0.2
Liubashivka +0.4 (November—March) — —
ISSN 0203-3100. Geophysical Journal. 2023. Vol. 45. Ne 2 69
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climatic region, such as the southern coast

of Crimea;

« the effect of specific climatic conditions
(the aridest region), such as the Sivash and

Azov regions;

T{mod}, °C
b
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* the effect of «heat island» in megacities

For these regions, the coefficient ¢{R} is in-
troduced in (4), which depends on the effects

of the proximity of the region to mountains or
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Fig. 4. Comparison of model estimates of climatic norms of average annual and monthly surface temperature
values T{mod}) with their actual values T{fact} in Ukraine for the period 1961—1991 (line is linear regression, R
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seas, as well as on the degree of manifestation
of the «heat island» effect, etc. The value of
e{R} for some specific microclimate Ukrai-
nian regions in 1961—1990 and 1991—2020
are presented in Table 2. Note that the values
of ¢{R} have a certain similarity for the two
periods.

The model estimates of thirty-year month-
ly mean temperature in Ukraine in 1961 —
1990 and 1991 —2020. Based on approxima-
tion (4), for each station and each month, the
climatic norms of the temperature T{mod(k,m)}
were calculated for the set Q-, (taking into
account coefficient ¢{R}; see Table 2). A com-
parison of model estimates of climatic norms
of the annual and monthly temperature values
T{mod} with their actual values T{fact} for the

T{fact} =0,073x — 137,758 T{fact} = 0,071x — 134,531
T{mod} =0,075x — 144,691 T{mod} =0,074x — 141,813

T{fact} =0,081x — 154,352
T{mod} = 0,078x — 145,836

set -, are shown in Fig. 4 (1961—1991) and
Fig. 5 (1991—2020). The reliabilities of the
linear approximations (R”) are 0.91—0.98.
The model estimates of average annual
surface temperature in Ukraine in 1991 —
2020. The model values of the average annual
surface temperature for each station and each
year in 1991—2020 were calculated by (1—4).
For example, interannual dynamics of average
annual temperatures T{fact} recorded for Kyiv,
Chernihiv, Dnipro, Kharkiv, Kherson, Kropyv-
nytskyi, Lviv, Odesa, Mariupol, and Uzhhorod
and their model values T{mod} are presented
in Fig. 6, a, c. Note that for the cities of Kyiv,
Dnipro, Kharkiv, and Zaporizhzhia with the
«heat island» effect, the parameter ¢{R} of the
model ranged from 0.4 to 0.7 (see Table 2). A
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comparison of 7{mod} with their actual values
T'{fact} for these meteostations in 1991—2020
are presented in Fig. 6, b, d (the reliability of
the linear approximation (R?) is 0.89—0.98).

Similarly, the seasonal course of temper-
ature is modeled for the set Q-, yearly for
1991—2020.

However, this semi—empirical model
showed a large scatter of the reconstructed
data for 2/3 of the weather stations of Ukraine
for 2007. This year, anomalous weather con-
ditions have developed in all seasons. This
problem was also discussed in [Busuioc et al.,
2007; Rutishauser et al., 2008; Founda, Gi-
annakopoulos, 2009; UnkasSevi¢, ToSi¢, 2011].
For this year, empirical data were used instead
of model values.

The validation of semi-empirical model av-
erage monthly temperature. The parameter-
ization method was validated by constructing
semi-empirical models of the seasonal course
of the average monthly surface temperature
in Ukraine in 1991—2020 for ten additional
meteostations not included in the general
set for model [Boychenko et al., 2022]. This
work showed that the model approximates the
seasonal course of temperature and fits the
process quite well.

Also, the semi-empirical model of the an-
nual and seasonal course of temperature and
precipitation was validated for the Volyno-
Podolsk Height [Boychenko, Serdyuchenko,
2009].

In the future, we shall attempt the spatial
interpolation of average annual and monthly
temperatures for the territory of Ukraine at
0.1x0.1° latitude and longitude.

Discussion. Spatial interpolation methods
of surface temperature. Interpolation meth-
ods of hydrometeorological parameters are
often used to produce continuous surface data
based on point observations. The common in-
terpolation methods for surface temperature,
precipitation, and sea surface temperature are
Inverse Distance Weighted, Kriging, Natural
Neighbor Interpolation and Spline [Kusuma et
al., 2018; Piazza et al., 2015; Price et al., 2000;
Skrynyk et al., 2020; Zhang, Von Storch, 2022].

A comparison of two methods for elevation-
dependent spatial interpolation of climatic

data from weather stations was presented
by Price et al. [2000]. Thirty-year average
monthly temperature and precipitation data
from regions in western and eastern Canada
were interpolated using thin—plate smooth-
ing splines and a statistical method gradient
plus inverse-distance-squared. It was noted
that accuracy could be improved by introduc-
ing additional independent variables affect-
ing the local climate. Also, Nalder and Wein
[1998] showed that the method is a simple,
robust, and accurate interpolation technique
for estimating 30-year averages of monthly
temperature and precipitation at specific sites
in western Canada.

We used the radial basis function with thin
plate splines early for spatial interpolation of
the observations at the meteorological stations
[Boychenko et al., 2018]. This function pro-
duced good interpolation results for gently
varying values within a large distance [Boer et
al., 2001; Hutchinson, 1995; Smith et al., 2017].

Conclusions. In this study, the regional
semi-empirical model of the spatiotemporal
distribution of the average annual and month-
ly temperature for the plain part of Ukraine
on the basis of the methodology for assessing
the influence of height above sea level and
geographic coordinates is proposed. Based
on themethod for determining the altitudi-
nal, latitudinal, and longitudinal gradients of
meteorological parameters, we calculated the
gradients for annual and monthly air surface
temperature for 1961—1990 and 1991—2020.

Thus, on the plain part of Ukraine, the an-
nual surface air temperature decreases on
average by 0.60—0.63 °C every 100 m above
sea level, by 0.51—0.55 °C per 1 degree of
latitude to the north, by 0.067—0.071 °C per
1 longitude degree to the east. Also, the varia-
tions of these annual mean temperature gra-
dients from year to year in 1991—2020 are
characteristic.

The seasonal variation of gradients has a
pronounced non-monotonic character: the
highest values of the altitudinal gradient are
typical for July—August (-0.63+—0.73 °C per
100 m), and the lowest — for April—May (from
—0.451t0—0.55 °C per 100 m); the highest values
of the latitudinal gradient are typical for Au-
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gust—September (from —0.60 to —0.70 °C per
1° N), and the lowest — for April—May (from
—0.20 to —0.35 °C per 1° N); the longitudinal
gradients have positive values in June—Au-
gust (0.074—0.128 °C per 1° E) and negative
values in November—March (from —0.228 to
—0.154 °C per 1° E).

We found that the altitudinal and latitudi-
nal gradients of temperature have the greatest
spatiotemporal variability, and the longitudi-
nal gradient has the smallest one. The greatest
variabilities of temperature gradient values
are typical for February—March and July—
September and the least — for April—May:.

The analysis of the dynamics of gradient
changes in 1991—2020 compared to 1961—
1991 showed the following: the altitudinal gra-
dient values increased by 8—13 % in January
and March—May; thelatitudinal gradient val-
ues increased by ~30 % in December—Febru-
ary and decreased by ~20 % in May—August.

In plain regions with uniform terrain with
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HamniBeMniipyyHa MOA€EAD
IIPOCTOPOBO-YaCOBOI'0 PO3MOAIAY IPU3EMHOI
TeMIlepaTypy Ha PiBHUHHIN YaCTUHI TepuTopii YKpaiuu

C. Boiiyenko', H. MaﬂAaHOBHqZ, 2023

TacruryT reodisuxu im. C.I. Cy66orina HAH Ykpainu, Kuis, Ykpaiza
2YKpH,A,Il'[BT iM. AeoHipa I'Toropiaoro, cMT. AOCAIAHUITBKE, YKpaiHa

IIpocTopoBUY PO3IIOAIA TEMITEPATYPU AIHIMHO 3aA€KUTD BiA KOHTUHEHTAABHOCTI KAIMa-
Ty, MOP(OAOTii peAbedY, TOAOKEHHS PETiOHy BiAHOCHO MOPIB, Ha AOAQTOK AO 3BUYaMHUX
IIOKA3HUKIB BUCOTH, LIMPOTU Ta AOBIOTU. ICHYIOTS iHII (DaKTOPH, SIKi MOKYTb MATHU AO-
AAQTKOBUU 3HAUYYILINU BIIAUB: HAABHICTb BEAUKUX BOAONM, PeAbed, aTMOC(hepHI YNHHUKNA
(MiceBa ITUPKyAdILis), KOH(irypamis Ta dopMa y30epeskKs i pOCAUHHICTb. OTXKe, IIi
OaraTo(akTOpPHI BIAWBU YTBOPIOIOTH KAIMAaTHUUHE IIOAEe TeMIIEPATyPH.

Y 1bOMy AOCAIAKEHHI 3alpOIOHOBAHO pPeriOHAaAbHY HAIIBEMIIIPUYHY MOAEAD
IIPOCTOPOBO-4AaCOBOT'O PO3IIOAIAY CEPEAHBOPIUHOI Ta MiCAYHOI TeMIIepaTypHu AAS PiB-
HUHHOI YaCTUHU YKPaiH! Ha OCHOBI METOAMKHU OIiHIOBAHHS BIIAMBY BUCOTHU Hap PiBHeM
MOpsi Ta reorpadivHUX KOOPAWHAT. 3a ITi€f0 METOAUKOIO BU3HAUEHO BUCOTHI, IITUPOTHI Ta
MOBTOTHI IT'PaAlEHTH A PIYHOI Ta MiCAYHOI IPU3eMHOI TeMIlepaTypH 3a nepioau 1961—
1990 Ta 1991—2020 pp. Tak, Ha piBHUHHIN YaCTUHI TepUTOPil YKpaiHU piuyHa nTpr3eMHa
TeMIlepaTypa HOBITPS 3HUKYETLCS B cepepHbOMY Ha 0,60—0,63 °C 3i 3cyBOM Ha BUCOTY
100 M Hap piBHeM Mop4, Ha 0,51—0,55 °C 31 3cyBOM Ha OAWH I'pajAycC IIMPOTH Ha MiBHIY, Ha
0,067—0,071 °C 3i 3cyBOM Ha OAMH I'PaAyC AOBTOTH Ha CXiA. XapaKTepHi TaKOJK Bapiariii
IUX CepeAHbOPIYHMX I'PAAIEHTIB TeMIIepaTypH Bip POKY AO POKY Bij POKY AO POKY.

Ce30oHHa 3MiHa I'Papi€HTIB Ma€ BUPakeHUM HEMOHOTOHHUY XapaKTep: HatOiABIII 3Ha-
YeHHsI BUCOTHOTO TPajpi€HTa XapaKTepHi aAs AumnHI—cepnHs (Bia —0,63 po —0,73 °C Ha
100 M), a HatiMeHIIi — AAST KBiTHSI—TpaBHA (Bip —0,45 Ao —0,55 °C Ha 100 M); HaMbiAbII
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3HAQUEeHHS IIMPOTHOTIO TPajAi€HTa XapaKTepHi And cepliHI—BepecHs (Bip —0,60 o0 —0,70 °C
Ha 1° N), a HaliMeHIIIi — AA9 KBiTHA—TpaBH4A (Bip —0,20 po 0,35 °C Ha 1° N); AOBTrOTHI
TPaAieEHTH MatOTh AOAATHI 3HaueHHs B yepBHi—cepIHi (0,074—0,128 °C na 1° E), i Bip'emHi
3HaYeHHS B AUCTOIaAi—Oepe3sHi (Bia —0,228 po —0,154 °C ua 1° E). BcranoBAeHO, 1110 BU-
COTHHMHY 1 HIUPOTHUYN TPAAIEHTH TeMIIepaTypyu MalOTh HaNOiABIIY IPOCTOPOBO—YAaCOBY
MIiHAMBICTB, & AOBTOTHIN — HalMeHIITy. Hali0iAbIIa MiHAMBICTb 3HaUeHb TEMIIEPATyPHOTO
rpapi€eHTa XapaKTepHA AAS AIOTOrO—Oepe3Hs Ta AUITHSI—BepeCcHsd, a HaMeHIIa — AAA
KBITHI—TpPAaBHS.

AHani3z AMHaMiKu 3MiHU rpajieHTa 3a nepiop 1991—2020 pp. TOPiBHIHO 3 MEPioAOM
1961—1991 pp. moKasag, 1110 3HaYEeHHS BUCOTHOTO TPaaieHTa 3pocau Ha 8—13 % y ciuni
Ta 6epe3Hi—TpaBHi; 3HaUYEHHS IITUPOTHOTO IrpapieHTa 3pocAn Ha ~30 % y TpyAHI—AIOTOMY
Ta 3MeHIMUAUCS Ha ~20 % y TpaBHI—cepIiHi.

3alpoNoOHOBAaHA HalliBeMIIipUYHA MOAEAD MiCTUTE KOe(illieHT, SKUM BPaXOBY€E BIIAUB
AOMAQTKOBUX e(eKTiB, IOB'g3aHUX 3 ICKPABO BUPaKeHNMU OporpadivHUMU Ta iHIITUMU
OCOOAVBOCTAMU pPeAbedy. Y HAIIOMY AOCAIA’KEHHI HaBeAE€HO YMCAOBI 3HaUEeHHS IJHOTO
KoedillieHTa AAT OKPEMUX MiKPOKAIMATUYHUX PalOHIB PIBHUHHOI YaCTUHU TEPUTOPIl
YKpaiuu.

PozpaxoBaHo MoaenbHi o1iHKHM 30-pigHOI CepepHbOMICAYHOL TEMIIEPATyPH B YKpaiHi
3a nepiopu 1961—1990 ta 1991—2020 poxkiB. [TopiBHIHHSA MOAEABHUX OITIHOK KAIMaTH4-
HUX HOPM CEPEAHBOI PIiYHOI Ta MiCAYHOI TeMIIEPATyPHU AT 72 MeTeOCTaHIiM YKpaiHu 3
1X PaKTUYHNMU 3HAUYeHHSIMHU [TI0Ka3aA0 CTATUCTUYHO 3HAUYIINUM KOPEAdLiMHUMN 3B 130K
(AocToBipHICTB AiHITIHOT antpokcuMaliii 0,89—0,98). OTke, Au3aliH HalliBEMITi pUYHOT MOAEAL
AQ€E 3MOI'Y AOCUTE AOOPE BiAHOBUTHU PiuHY Ta MiCAYHY TeMIIepaTypy Ha TEPUTOPIl YKpaIHMU.

KA1040Bi cArOBa: BUCOTHUM, HIMPOTHUU Ta AOBTOTHUM I'PAplEHTH, CepepHbOpiuHa Ta
MicsiUHA TeMIlepaTrypa, KAIMaTUYHa HOPMQ, HAlliBEMIIIDUYHA MOAEAD.
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