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CHANGE OF THE HORYN RIVER BASIN WATER BALANCE
UNDER THE WARMER CLIMATE

Warmer climate caused a large complex of effects that appeared in every link of the global hydrological cycle.
In most cases, these changes have a non-linear nature and occur with different intensity in hydrological and
meteorological systems. Therefore, it is important to study such processes together, which will allow simultaneous
detection of their mutual effects. The water balance method, when all components are calculated in the same
dimensions (mm), and then compared with each other, is best suited for solving such a problem.

The increase in air temperature by 1,2°C caused significant changes in the overall structure of the Horyn River
basin water balance: an increase in the expenditure parts uncertainty for the water balance components for the
modern period 1991-2020. The closure error increase occurs mainly due to the cost part and its main component of
total evaporation. According to Mali Vykorovychi hydrological gauge notes a decrease in the annual precipitation by
18 mm, river runoff by 21 mm, and an increase in total evaporation by 35 mm in absolute values. In the 1961-1990
according to the calculation of climatic water balance, the moisture accumulation prevailed over its utilization almost
in 5 times but now, due to the increase in air temperature, their ratio has almost leveled off. Today river water regime
almost moved from the excessively moistened to sufficiently moistened, and there are trends indicating the moisture
consumption processes dominance in the basin over its accumulation.

Keywords: water balance, climate warming, water runoff, the Horyn River.

Introduction. The concept of water balance makes it possible to carry out an integrated
assessment of the totality of physical processes occurring within river catchments. These
processes include all stages of the water passage through individual links of the hydrological
cycle with corresponding changes in its aggregate state. Thus, in this paper we will analyze
both separately the components of the water balance, in particular precipitation, evaporation
and runoff, as well as their mutual influence within a multi-year period. The relevance of this
approach is confirmed by the recommendations [8] which indicate the use of water balances will
provide a comprehensive study and management of water resources in the medium term.

The water balance is an effective tool for studying climate change. According to the latest
report of the Intergovernmental Panel on Climate Change [2], for the time being there are
clearly recorded changes in the atmosphere, hydrosphere and biosphere associated with an
increase in the concentration of carbon dioxide to levels that have not been observed over the
past two million years. This caused a sharp increase in air temperature due to both the general
cyclical fluctuations of dry and wet periods in nature and human activity. In turn, the increase in
air temperature caused changes in regional access to water resources [10]. These changes are
highly uncertain — from an increase in the level of aridity [30,35], in particular, a seasonal
decrease in water availability is predicted in most parts of Europe, with the exception of the
north-eastern regions — to the appearance of extreme hydrological situations with a high level of
flooding of territories and other negative consequences [2, 6, 33]. Overall, modern climate
models indicate potential changes in the intensity of precipitation, an increase in the number of
local floods and high risks of droughts.

All the trends described above are quite relevant for the territory of Ukraine. In our
country, a comprehensive study of the hydrological regime of rivers through the equations of
water balance, including the basin of the Horyn River, limited to the classic paper by Kahanera,
[26] as well as a reference book [28] and therefore needs significant clarifications and
adaptation to the current level of scientific developments.
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For this purpose, using the example of different river basins, we are trying to introduce a
balance approach and identify some general patterns of the development of hydrological
processes. Using the evidence of the Western Bug River basin [11] an increase in the amount
of total evaporation and an increase in the closure errors in the expenditure part of the water
balance to the Kamianka Buzka gauge was recorded, after that, for the Upper Dniester basin
according to the Kozhemiakin and Chornomorets [14], using various approaches, the total water
balances for two periods were calculated separately for the mountainous and plain sections of
the rivers; closure errors increase was again noted in a consumable part. To identify the causes
of the described changes in water balances on the example of the Vorskla River [1] through the
water equivalent of snow, a layer of snow nutrition in the incoming part of the water balance was
calculated, which for the modern period decreased by 25 mm on average in the catchment
area.

The selection of the Horyn River basin as the object of research for this work is conditional
upon the fact that it is located in one of the most humid plain regions of Ukraine. As our
previous experience shows, in order to identify and characterize local manifestations of global
climate change, they can be traced more clearly in those regions that have both a higher
amplitude of fluctuations in water content within the year, and higher absolute values of total
precipitation. In such cases, the planned trends manifest themselves as contrastingly as
possible.

To assess the development of the processes of precipitation and redistribution of moisture
over time, two same duration periods were chosen, which makes it possible to correctly
compare identical samples and representativeness of the conclusions obtained. The first period
1961-1990 corresponds to the climatological standard norm and in this work is called the
standard reference period, while the second period 1991-2020, we will call it the “modern
period” characterizes the modern water balance in the Horyn River basin.

According to World Meteorological Organization [32] recommendations «Climatological
standard normals: Averages of climatological data computed for the following consecutive
periods of 30 years» and the period from 1961 to 1990 has been retained as a standard
reference period for long-term climate change assessments. Similar patterns are noted in the
work [23] which state that: “The highest reductions of flow appear in the wetter northern basins”.
The authors also point to a decrease in runoff and significant changes in its intra-annual
distribution.

The objective of this study is to assess the already existing consequences that have been
caused by climate change. Thus, it is based on the results of instrumental observations on a
network of operating meteorological stations and hydrological gauges within the Horyn River
basin and directly nearby. Precipitation and river runoff were determined from observational
data, whereas evaporation was calculated using temperature and absolute humidity of the air by
the Konstantinov [13] method. This method is based on the theory of turbulent diffusion and its
main advantage is that it is based on the results of standard observations at meteorological
stations, which ensures the availability of a sufficient amount of initial information during the
entire calculation period. Accordingly, we can say that each component of the water balance is
determined by independent methods.

Another important requirement for the correct calculation of the water balance is the
selection of the starting point for the hydrological year. This is usually the base calculation
period, which is a summer interval that contains closed periods of accumulation and
consumption of water in the river basin [9]. The beginning of such a period of each year is
individual. But, nevertheless, to simplify calculations mainly accepted the permanent boundaries
of the hydrological year, which relate to the beginning of one of the months. For optimal
determination of the beginning of the hydrological year in the Horyn River basin, we analyzed
the precipitation distribution, according to which the wet period with a significant predominance
of accumulation processes is conditionally stabilized in September, therefore we believe that the
previous hydrological year ends in September. We also examined the dates of the snow cover
appearance in the Horyn River basin for the period from 1961-2020, according to which the vast
majority of cases occur in November, but in 5% they are recorded in October, which is an
additional argument for electing the month of October for the beginning of the hydrological year,
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since the snow reserves formed at that time can theoretically take part in the formation of high
water of the current hydrological year.

Study area and input data. The Horyn River basin is located mainly within the zone of
mixed forests and this territory was generally characterized by a significant dominance of
moisture intake over its evaporation in the standard reference period. Under such conditions,
the hydrological regime of the river referred to excessively moistened territories and was
characterized by a pronounced spring flood during which about 35% of the river flow took place.
For the modern period, the share of spring flooding decreased by 5-8%.

Study area. The Horyn River is a typical plain river flowing through the territory of two
countries, Ukraine and the Republic of Belarus (fig. 1). It is a second-order tributary of the
Dnieper and the largest tributary of the Pripyat River. The Horyn River flows on three physical
and geographical zones: zone of mixed forests, zone of broad-leaved forests and a small part in
the forest-steppe zone. The river basin is located in two geomorphological areas: the upper part
is located in the south on the Volyn-Podolsk upland, and the middle and lower parts in the north
on the Polissya lowland [26].
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Fig. 1. Physical and geographical location of the Horyn River basin

The basin area is 27700 km2, the length is 659 km. The bed of the Horyn River is
moderately meandering in the upper reaches, and in the middle and lower reaches it is strongly
meandering. The width of the river to the mouth of the Polkva river is mainly 3-10 m, and below
it is much more of 25-60 m. The river depths range from 0,3 to 2,5 m, and in some places
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exceeds 10 meters. The flow velocities on average are 0,3-0,5 m/sec. The bottom of the
riverbed is mostly sandy, muddy on the stretch, and in some areas in the upper reaches the
bottom of the riverbed is rocky. The overall slope is 0,33%. The largest tributary of the Horyn is
the Sluch River, which flows into it north of the village of Velyun. According to our calculations,
for the watershed of the hydrological gauge of Horyn — Mali Vykorovychi, which occupies about
97% of the entire territory of the Horyn River basin for the entire period of 1961-2020 selected
for this work, the average annual air temperature is 7,7 °C, and the average annual precipitation
is 635 mm. It ranges from 400-800 millimeters. During the warm period of the year (from April to
October) more than half (about 70%) of the annual precipitation falls. The rainiest months are
June and July. The daily maximum precipitation falls in the summer months and can reach 65
millimeters. The total flow of rivers is in the range of 105-145 mm/year. Its maximum values are
observed in March and April, due to snow melting. The modern period is characterized by a
decrease in the runoff of March and April by about 5 mm/month.

Datum dates estimation (inputs). Regular meteorological observations are carried out at
separate points and characterize discrete manifestations of general meteorological processes.
On the other hand, observations at hydrological gauges provide a general integral assessment
of the totality of physical and geographical processes occurring within the entire above-placed
river catchment. Thus, the contribution of each individual weather station to the total value of the
meteorological characteristics (P, E) of the closure gates in the basin of the Horyn River is
determined by the percentage of its coverage. In this regard, river reservoirs are divided by the
Thyssen triangle system into separate zones of influence of each weather station. In proportion
to the area of the obtained zones, meteorological characteristics are determined through the
introduction of appropriate weighting coefficients.

Thataway the results of point meteorological observations were brought to the closing
gates of hydrological gauges in this work. The calculation and value of the specified coefficients
for rivers catchments of the Horyn River basin were presented in our previous publications [17,
18].

There are 15 meteorological stations in the basin of the Horyn River and in its close
proximity, according to observations at which we collected data on temperature, absolute
humidity (partial pressure of water vapor) and total precipitation. Also, nine hydrological gauges
for which water balance components were calculated and its equation was compiled.

Using the weight coefficients, the amounts of precipitation, the average annual
temperature and the absolute humidity of the air given to the corresponding hydrological gauges
are calculated. A single observation period of 1961-2020 with a total duration of 60 years has
been adopted for each of the hydrological gauges and meteorological stations. If there were
omissions of observations, each of them was restored through the regression equation using
analog points of the same characteristic.

Thus, the average monthly values of water consumption in 1961 and 1963, for the Sluch-
Hromada hydrological gauge, as well as the average monthly climatic indicators (precipitation,
temperature, water vapor pressure) and for individual months of 1978, 1988, 1991 and 2001, for
the meteorological stations Yampil, Zhytomyr and Khmilnyk were restored. The significance
level is 5%, the correlation coefficient of temperature and humidity is averagely 0,98-0,99;
average lunar precipitation and runoff layers 0,7-0,8. Based on the results of observations and
calculated characteristics, which are given by the values of the corresponding weighting
coefficients in the following sections of this work, maps of the components of the water balance,
as well as the climatic water balance are constructed using the Thornthwaite method [29]. The
maps obtained in this way were used exclusively to visualize changes in the structure of the
water balance. They cannot be used as a basis for discrete evaluation of each individual
characteristic.

Reliability of input data. Assessment of the source data reliability. The reliability of the
Horyn River basin water balance calculating confirmed in the fact that its each one component
determined independently. As well as by the fact that the errors in calculating the number of
characteristics, with the exception of the flow of small rivers, are within acceptable limits at a
significance level of 5%. Before calculating the water balances, the absolute (1) and relative (2)
errors of each of their components were determined:
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where g, — an average error of the arithmetic mean, o — the mean square deviation, n — the
number of terms of the series.

ol = ij—%* 100%, )

where O'C’l-— a relative average error of the arithmetic mean, C,, — a coefficient of variation, n —is
the number of terms of the series. It is worth noting here that evaporation was calculated based
on averaged data for the basin, so the error was determined separately for each of its
components, i.e., for temperature and absolute humidity of the air.

According to calculations of the table 1 all errors of the components of the water balance
fall within the 95% confidence interval, with the exception of water runoff on the small rivers the
Vyrka River, the Tnya River, the Smilka River and the upper reaches of the Sluch River. The
absolute value of deviations is in the range of 6-8 mm, this is due to the fact that the flow of
these rivers is small, sometimes it even stops completely, besides, it has decreased especially
noticeably in recent years, so the errors on small rivers reach 7%.

Thus, the measurements of temperature, precipitation and humidity fully satisfy the
requirements of representativeness required for such characteristics. Flow measurements in the
Horyn River basin require the use of more sensitive methods for small river catchments. This
has become especially relevant in recent years due to a decrease in the total amount of runoff
and more intensive overgrowth of riverbeds

Table 1. Error of the average value (0, ) determination. Level of meaning 5%

Parameter Horyn_— Horyn- Horyn- Horyn-MaIi_ Vyrka-_ Sluch- Sluch- | Tnya- Smilka-
Yampil |Ozhenyn |Derazhne | Vykorovychi | Svaryni | Hromada | Sarny |Bronyky Susly
Precipitation
0., % 2,1 2,0 1,9 1,8 2,3 1,9 1,9 1,9 2,0
Oy, MM 14 13 12 11 14 13 12 12 13
Runoff
c., % 2,7 3,7 3,7 4,4 51 55 5,6 7.3 7.7
Oy, MM 3,9 4,9 5,0 53 6,5 5,8 7,1 8,3 8,2
Temperature
o-‘;, % 1,9 1,9 1,9 1,9 1,8 1,9 1,9 2,0 1,9
Ga,OC 0,1 0,1 0,1 0,1 0,1 0,1 0,1 0,1 0,1
Absolute humidity
0(;, % 0,6 0,7 0,6 0,6 0,7 0,6 0,6 0,6 0.6
G, Mbar 0,1 0,1 0,1 0,1 0,1 0,1 0,1 0,1 0,1

Homogeneity. An important condition for conducting a statistical assessment of the initial
information is its verification for uniformity, followed by the identification of certain deviations of
stationary fluctuations of hydrological and meteorological processes. In this regard, according to
the regulatory document SNiP 2.01.14-83 [22] adopted in Ukraine, standard parametric criteria
for comparing Student arithmetic averages, comparing Fisher variance and nonparametric U-
criterion for comparing inversions are mainly used. The significance level for accepting the null
hypothesis is 5%. There are quite a lot of literary sources describing statistical methods, but the
order of calculations in them is unchanged, in this work we used the textbook recommended in
Ukraine [9] (table 2).

Climate warming in natural systems is primarily fixed through the thermal regime. This can
explain the violation of the uniformity of variances by the parametric criterion U-test and the
same violation by the nonparametric criterion t-test in the long-term series of observations of
temperature and absolute humidity.
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Table 2. Homogeneity of the datum dates for counting water balance, periods 1961-1990 and

1991-2020. Level of meaning 5% (ta=2,0016; Fa=1,85; 317-U-582)

Component Horynl- Horyn- Horyn- Horyn-MaIi. Vyrka-. Sluch — | Sluch- | Tnya- Smilka-
Yampil Ozhenyn | Derazhne |[Vykorovychi | Svaryni | Hromada | Sarny |Bronyky Susly
Precipitation
t 0,6 1,0 0,3 0,8 0,2 1,3 0,3 0,9 1,7
F~ 1,7 1,6 1,9 1,9 1,4 1,6 1,1 1,7 1,4
u— 405 380 417 395 317 364 439 376 323
Runoff
t 1,1 2,1 2,5 2,0 0,2 3,9 1,4 1,5 0,98
F 1,4 1,2 15 1,2 15 15 1,7 1,2 1,1
U 517 552 565 561 451 685 376 557 520
Temperature
t 4,9 4,9 4,9 4,9 4,6 4,7 5,0 54 5,1
F 1,05 1,0 1,0 1,0 1,0 1,0 1,0 1,0 1,0
U 737 740 743 741 724 733 745 782 751
Absolute humidity
t 4,3 51 4,6 4,5 4,9 4,6 4,2 2,9 3,9
F 1,3 1.3 1,2 1,1 1,1 1,3 0,9 1,1 1,1
U 702 741 721 710 743 724 703 656 692

Note. t"- Student’s t-test , F - F-test, U™ - U-test

Since these values determine the total evaporation by the Konstantinov method, we can
also talk about the presence of a regional reaction of the Horyn River basin to global climate
changes due to a violation of uniformity in the long-term dynamics of total evaporation (actual
evapotranspiration AET). This does not allow to use a single calculation period to assess the
main components of the water balance, which is an additional argument in favor of the
approach we have applied with a comparison of two same duration periods.

As will be shown below, these changes manifest themselves in the form of an increase in
the absolute values of total evaporation. Unlike evaporation, the long-term dynamics of
precipitation and runoff in the Horyn River basin over the two selected periods so far
corresponds to a normal distribution, i.e., it has not undergone irreversible changes. The
exception is the distribution of runoff in the Sluch-Hromada basin, where the hydrological
regime is influenced by 86 ponds and 6 reservoirs that are located within this catchment. In
addition, the lack of accuracy of flow measurements within this hydrological gauge is also
indicated by a close subcritical mean square error (table 1).

Methods. For the time being, there is a very wide range of approaches in the world to
determine the elements of the water balance and closing its equation. It is calculated at the
global, regional and local levels and one or another method of determining its components is
selected depending on the scale of the research object. For instance, the research by Zhang et
al. [36] states that authors used data of global water budget data sets from in situ, satellite,
reanalysis, and land surface models. Each of these sources of information has a number of its
own advantages and disadvantages. Indirect methods for determining the components of the
water balance provide a very large array of initial information continuously distributed over the
basin area and this is their main advantage, however, direct measurement on the ground,
despite the fact that it describes processes only at certain points, gives results as close to reality
as possible. Generally speaking, in situ measurements are better suited to the local
instantaneous study of water budget components, it is needed for detailed validation of models,
whereas remote sensing is better suited to providing global averages; in that sense, both
approaches complement each other.

In this work, we use in situ data, but in the future, we plan to involve satellite data and
reanalysis data in such calculations.

General information on water balance. General methodological recommendations
regarding the calculation of water balances based on the results of in situ observations (in situ
data) are presented mainly in [8, 33].
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The water balance of the territory is a manifestation of the law of conservation and
transformation of matter in relation to the process of water exchange of this territory with the
atmosphere. The long-term water balance of the river basin is presented in the form of an
equation (3).

S =P-E-R, 3)

aw , . i : . . : .
where i changes in moisture reserves within the river basin over a certain period of time

T; P is precipitation (rain and snowfall) coming to the surface of the basin; E is total evaporation
from the surface of the basin; R is runoff from the basin of surface and groundwater (river water
runoff).

Water balances are compiled for periods of different duration, for instance, in [36], the
water balance equation has the form (4):

P—E—-R—-TWSC =0, (4)

where TWSC - total water storage change.

The methodology and calculations for closing the balance on the Earth scale and beyond
the basins of the largest rivers through terrestrial water storage (TWS) are given in Lehmann et
al. [16]. The main advantage of calculating multi-year balances is the mutual compensation of
changes in moisture reserves within the catchment area, since during the multi-year period they

tend to zero (Z—V; — 0) and then the water balance equation takes the form (5) in accordance with
Galushhenko [9] as well as Rasmussen et al. [25].

P=E+R+tu, 5)

where p is a water balance closure, due mainly to the imperfection of the measurement
processes of its components.

The ratios estimate within the climatic water balance in this work were carried out in
accordance with the methodology given in the works [25, 29]. Precipitation and runoff, which are
included in the resulting equation, are measured directly on the network of observation points,
and the calculation of total evaporation in this work is carried out using the Konstantinov
method, which belongs to the group of semi-empirical methods. This method is based on the
dependence of the vertical gradients of temperature and humidity of the air on the same
elements, but shifted in time, revealed by the author. Using a significant number of experimental
observations and based on the turbulent diffusion equation for each individual month,
Konstantinov [13] developed separate dependencies used through the introduction of inertia
corrections into the corresponding characteristics. Corrections for inertia are removed from the
corresponding monthly nomograms or, as in our case, from the calculation tables presented by
Galushhenko [9].

Results. The main requirements for the correctness of calculating the water balance and
bringing them to the average long-term value are mainly the determination of all its components
by independent methods, as well as a satisfactory value of the resulting error. In the first case,
as already noted above, the runoff and precipitation layers were calculated based on the results
of instrumental observations at hydrological gauges and meteorological stations, and the total
evaporation is determined separately through temperature and absolute humidity of the air.

Change in air temperature over two periods. Compared with the period of climatic norm,
the air temperature in the basin of the Horyn River increased by 1,2°C. Within the catchment
area, the distribution of the average annual air temperature repeats the general patterns
characteristic of the entire flat territory of Ukraine. The main front of changes is directed mainly
from the northwest to the southeast.

The overall temperature increase turned out to be quite heterogeneous in the intra-annual
division. Thus, the average long-term temperature of January 2,2°C (2,1-2,6°C) and partly of
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July 1,7°C increased the most in the basin of the Horyn River. These two months, together with
the neighboring ones, form two conditional peaks of air temperature growth within its intra-
annual distribution. In contrast to them, two periods were recorded with a relatively small (0,2-
0,8°C) increase in air temperature — this is the interval from September to December inclusive
and separately the month of May.
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Fig. 2. Change in the average annual air temperature over two periods

Total evaporation. It is obvious that synchronously, before the change in air temperature,
there were changes in the amount of total evaporation, which increased by 36 mm on average
in the basin. In the internal annual context, evaporation increased the most in March (8 mm),
also in July and August (6 mm), while a relatively significant increase in temperature and
absolute humidity in January did not greatly increase the total evaporation from the snow
surface (by only 3 mm) due to a small evaporation of the winter period under any conditions in
general.

Similar to the trends in the intra-annual distribution of the water balance components
(table 3) can be noted from the research of Dubois et al. [7]. It is referred about an increase in
the number of days with temperatures above 0°C, which leads to a decrease in the amount of
snow reserves and the depth of soil freezing. The consequences in our case are an increase in
the inter-soil runoff of the winter season and a decrease in the runoff of the spring flood.

Table 3. Water balance components for the Horyn River basin

Hydrological gauge: Horyn-Mali Vykorovychi

1961-1990 | Oct | Nov | Dec | Jan | Feb | Mar | Apr | May | Jun | Jul | Aug [ Sep Total
P, mm 40 | 44 | 44 | 38 34 | 31 | 46 60 | 90 94 70 54 644
E, mm 37 24 10 4 8 19 59 78 86 79 67 47 517
R, mm 7 8 9 9 8 19 27 13 9 9 7 7 130
M, MM -3 12 25 | 25 18 -7 | -39 | -31 | -5 5 -4 0 -3
1991-2020 | Oct | Nov [ Dec | Jan | Feb | Mar | Apr [ May | Jun | Jul | Aug | Sep Total
P, mm 41 | 41 | 41 35 | 35 | 37 38 62 79 95 64 57 626
E, mm 37 24 14 5 12 25 60 79 87 85 73 51 552
R, mm 6 6 7 9 10 17 18 10 8 7 6 5 109
M, MM -1 11 20 | 21 13 -6 | -40 | -27 | -15 3 -15 2 -36
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Precipitation amount. In parallel with the increase in total evaporation, there is a decrease
in the annual amount of precipitation. In particular, an increase in annual evaporation by an
average of 36 mm in the basin is accompanied by an almost commensurate decrease in
precipitation by 24 mm. The reduction in precipitation is characterized by the greatest
heterogeneity of the intra-annual distribution among all components of the water balance, since
it has the highest amplitude of fluctuations. From their growth in February-March and
September-October by 2-6 mm to a reduction in their number from November to January by an
average of 3 mm, and also most of all in June by 11 mm.

River flow. This feature has a very significant effect on the formation of river flow. This is
noticeable during the spring flood; we noted a similar pattern in the case of the Vorskla River
[1]. Here it means that the increase in temperature and precipitation in February and March (1 -
6 mm) is accompanied by their predominant precipitation during this period in liquid form, due
to which the runoff of the spring flood decreases, which can be estimated for April and May (2 -
10 mm) on small rivers the Tnya, the Smilka and the Vyrka, this period is limited mainly to April.
In general, the increase in air temperature in the Horyn River basin caused a decrease in the
total river flow by an average of 16 mm (21mm Horyn-Mali Vykorovychi).

Closure of the water balance equation. With regard to the water balance closure, it is
worth noting that its value is allowed within 20% of the total precipitation, 10% is more
acceptable, which is the case both in the Ukrainian recommendations [9] and in more modern
works by Rodell et al. [27] and Dorigo et al. [5]. And the priority is always on the maximum
reduction in the absolute value of the discrepancy. In this paper, two groups of water balances
are actually calculated, according to the period of the climatic norm and the modern period.
Calculations show that the average discrepancy of the standard reference period was 3%,
whereas in the modern period it has grown to 7% in absolute value, this excess corresponds to
a layer of 43 mm. The increase in the magnitude of the closure was also recorded by us for
other river basins of the territory of Ukraine [1, 11, 14].

Changes in the structure of the water balance. To find out the reasons for the increase in
the residual value, we will further consider the mutual effects of individual components of the
water balance. Thus, on average, for the Horyn River basin, the annual precipitation of the
modern period decreased by 24 mm (4%) compared to the period of the climatic norm, and the
total evaporation increased by about the same 36 mm (7%). At the same time, river flow
decreased by 16 mm (13%) l.e., at all hydrological gauges, without exception, there is an
increase in the expenditure part (output) of the water balance, which cannot be compensated by
a synchronous change in the revenue part (input) and automatically increases the total value of
the balance discrepancy.

Similar changes in the structure of the water balance are described in paper [12], where
the authors record a general trend towards a decrease in runoff in the water balance in the
period from 1981 to 2011.

Climatic water balance. In order to find out how moisture is redistributed within the
catchment area of the Horyn River, which largely determines changes in the structure of the
modern water balance, we use such an approach as the dismemberment of moisture reserves
of a certain territory by mutual redistribution of precipitation and total evaporation within the
climatic water balance. The climatic water balance was introduced by Thornthwaite [29] as well
as Muller and Grymes [20], initially for analyses of energy and moisture in the various regions.

The climatic water balance quite clearly describes the intra-annual redistribution of
moisture within the river basin through the concept of water surplus and utilization/recharge (fig.
3). The general pattern of redistribution of moisture within the catchment area of the river is the
dominance of one of the processes of surplus-utilization, which determines the hydrological
regime of rivers. In the case of the Horyn River basin, precipitation prevails over evaporation for
a long-term observation period. According to figure 3, we see how the humidification regime in
the Horyn River basin has changed. The increase in air temperature caused a quantitative
increase in the moisture layer, which goes to utilization, such a feature can be traced even
visually. The process of increasing the value of utilization (by 22 mm on average in the basin
and by 21 mm given by the Mali Vykorovychi gauge) is accompanied by a decrease in the water
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surplus layer (-65 mm on average in the basin and by -57 mm according to the Mali Vykorovychi
gauge).

For the period 1961-1990, the Horyn River basin was characterized by a significant
predominance of water surplus (134 mm on average in the basin or 131 mm in the Mali
Vykorovychi) by almost 5 times over the utilization/recharge layer (27 mm and 28 mm,
respectively). But in the modern period 1991-2020, almost the alignment of the surplus layers is
observed (69 mm and 74 mm) utilization/recharge (49 mm and 49 mm). So, the increase in the
average annual air temperature by 1,2°C radically, very dramatically changed the humidification
regime of this river basin. It means that a 17% increase in temperature caused a 44% increase
in the utilization/recharge layer and a corresponding decrease in the water surplus layer by
48%.
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Fig. 3. Intra-annual distribution of the ratio of water surplus and utilization of individual
catchments of the Horyn basin

Changes in the humidification/disposal regime in the territory of the Horyn River basin for
two characteristic periods can be traced in figure 4.

The standard reference period was characterized by more intensive changes in the water
surplus and utilization/recharge layers over the territory of the Horyn River basin. These
changes in general outline the course of annual isotherms (figure 4) with a corresponding
increase in absolute values, both air temperature and moisture reserves from the northwest to
the southeast. The spatial distribution of utilization/recharge has the opposite character — a
decrease in the absolute value in the same direction.

In the modern period, there is a tendency to equalize spatial changes in the layers of
water surplus and utilization/recharge over the territory of the Horyn River catchment area. This
is accompanied by a decrease in the total amplitude of oscillations of both characteristics, which
has decreased in the modern period by one and a half to two times.

ISSN:2306-5680 Hydrology, Hydrochemistry and Hydroecology. 2023. Ne 4 (70)

32



¥ Catchment centred point
1. Sluch - Yampil
2. Horyn = Ozhenyn
3. Horyn - Derazhne

Legend

"~ Isolines

¥ Meteorological station

C:S Horyn river basin 4. Horyn — Mali Vykorovychi
5. Virka = Svaryni

6. Sluch — Hromada

7. Sluch - Samy

8. Tnya - Bronyky

9. Smilka - Susly

Lutsk v

Kremensts

'.@}l Surplus 1961-1990 ‘Léﬁ:u'ﬁu"m Surplus 1991-2020 DUSELE P/ 1100, TR0 T Zont 30w

¥ Catchment centred point
1. Sluch — Yampil
2. Horyn — Ozhenyn
3. Horyn — Derazhne

Legend
~N Isolines

¥ Meteorological station
(r) Horyn river basin

4. Horyn — Mali Viykorovychij
5. Virka — Svaryni

6. Sluch — Hromada

7. Sluch — Samy

8. Tnya — Bronyky

9. Smilka — Susly

ot Wetizien 37

-@ Utilisation 1961-1990 ol m o & & Utilisation 1091-2020  Gooess Spiem s rsssum ones3u
L]

Fig. 4. Spatial distribution of the ratio of water surplus and utilization/recharge of individual
catchments of the Horyn basin

Discussion. The water balance as a mechanism for studying local impacts on river
basins of global climate change makes it possible to identify the mutual influences of its
components. But the volume of such impacts cannot be estimated solely because of the water
balance equation. Therefore, it is very important to supplement the calculations by calculating
the surplus/utilization/recharge layers according to the scheme described by Thornthwaite [29]
and Muller and Grymes [20] water budget analysis. This paper does not consider such a
characteristic as Potential Evaporation (PE), since it is not included in the equation itself, and
also for the conditions of the river basins of the Ukrainian Polissya, to which the Horyn River
belongs, the ratio of the amount of heat spent on evaporation of precipitation to the radiation
balance of the underlying surface according to Lipinsky et al. [3] is 0,8-1,0. This indicates that
the value of Potential Evaporation (PE) in this basin is close to the value of Actual Evaporation
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(AE), which we are considering in detail. In accordance with the Thornthwaite-Mather scheme
[20, 29], we used only processes related to precipitation changes — total evaporation. Although,
as the results of our calculations show, after leveling the surplus/utilization layers to 69 mm and
49 mm on average in the basin or 74 mm and 49 mm in the gauge, Mali Vykorovychi
calculations of moisture deficiency (D) can become a rather promising direction for further
research of this river basin.

Usually, when using Thornthwaite-Mather water budget analysis, Actual Evacuation (AE)
is calculated using the same method. Thus, e.g., it was in the work Nugroho et al. [21].
However, in this paper, Actual Evacuation (AE) is calculated not according to the
recommendations of Thornthwaite, but according to the Konstantinov method. Similarly, in
research of Wescoat Jr. [31], Actual Evacuation (AE) is calculated using The Penman-Monteith
equation. In our opinion, the advantage of the Konstantinov method over Thornthwaite is the
absence of precipitation in the calculation scheme for determining AE. So, Thornthwaite [29]
defines AE using the difference (P-RE), whereas Konstantinov through independent
characteristics of temperature and partial pressure. The use of independent characteristics is an
important prerequisite for calculating the water balances of rivers. The inability to use The
Penman-Monteith equation is due to the absence for us today of the entire set of in suit data
since 1961. And the task of this work was precisely the assessment of the components of the
water balance for the same period by the same methods.

The climatic water balance, together with its other advantages, is a very visual method of
assessing the effects of climate change. However, to date we have found only research by
Cowell and Urban [4] in which it is compared over two periods. Although in this research, the
second period is modeled for the entire XXI century. But we have both periods of observation of
real data.

Thus, the use of the climatic water balance is possible with a combination of different
methods of calculation, or even measurement of PE and AE, and in our opinion is an important
promising method for studying climate change at the local and regional levels. For instance, in
the work of Xu et al. an increase in evaporation in the Shule River Basin has been
demonstrated [34]. The authors cite 13,4 mm/10 years for the period 1957-2010. In our case,
this is 12 mm/10 years — the general trends of the influence of climate change on evaporation
are similar, but the intensity of these processes depends on the region of the study. Let us note
that an additional factor in the growth of the total evaporation is the duration of the growing
season: in direct proportion. But an increase in evaporation leads to periods of increased runoff
deficit [7]. In turn, additional effects occur when “Runoff-deficit exacerbation compared to
precipitation deficit during droughts is a common feature of basins across Europe” [19]. A
balance modeling using by SWAT+ [24] demonstrates that a decrease in precipitation and river
runoff and an increase in evaporation in each of the RCP (representative concentration
pathways) scenarios.

Less unambiguous conclusions regarding changes in the components of the water
balance are given in the work of Kurkute et al. [15]. Using the example of the Mackenzie River
and the Saskatchewan River, the authors show that the distribution of precipitation and runoff is
largely adjusted by the influence of local factors (the Saskatchewan River). But at the same
time, as in other cases, there is an increase in evaporation.

To compare the changes in the humidification regime of the Horyn River basin over two
characteristic periods, we calculated the difference (delta) of the surplus and utilization layers
(figure 5).

Changes in the humidification regime are characterized by fairly clear two opposite trends:
a decrease in moisture reserves is accompanied by an increase in moisture utilization. At the
same time, the decrease in moisture reserves in the Horyn-Mali Vykorovyhi closure is 57 mm,
and the growth of the utilization layer is only 21 mm. The patterns we found indicate that an
increase in air temperature in the Horyn River basin is accompanied by a decrease in moisture
intake within 36 mm. The reasons for this phenomenon require further study, however, it can
already be assumed that an increase in air temperature increases the ability of the atmosphere
to retain moisture due to an increase in the value of water holding capacity and for the latitude
of the Horyn River basin, this value should be within 30 mm.
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Fig. 5. Difference between the surplus and utilization layers over two characteristic periods

Conclusions. The increase in air temperature causes the following changes in the overall
structure of the water balance of the Horyn River basin. In general, in the period 1961-1990, the
catchment area belonged to the zone of excessive moisture. It was characterized by the
predominance of precipitation over evaporation. However, in the period 1991-2020, the
proportion of precipitation and evaporation almost leveled off. The humidification regime of the
modern period of the rivers of the Horyn River basin is characterized by a transition from
excessive to sufficient. The changes in the input and output parts of the water balance
described above do not fully compensate for each other. If the average value of moisture
utilization in the Horyn River basin has increased, then the opposite value of moisture
replenishment has decreased. If we take the Horyn-Mali Vykorovychi closure line, the ratio will
be 21 mm by 57 mm, in other words, on average, the proportion across the basin will remain the
same. Such a pattern indicates that in the second period there is a significant decrease in the
amount of moisture entering the river basin and this decrease is on average 43 mm.

The water balance of the Horyn River basin according to the data of the Horyn - Mali
Vykorovychi blocking hydrological gauge in the modern period is characterized by a general
decrease in the annual precipitation by 18 mm, an increase in total evaporation by 35 mm, a
decrease in river runoff by 21 mm and, as a consequence, an increase in the total value of the
equation closure due to a sharp decrease in the water surplus layer.

The results we have obtained were not obvious, especially if we consider each component
separately. Thus, a comprehensive assessment of local manifestations of global climate change
through changes in water balance ratios is a promising direction of research.
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3miHa BogHoro 6anaHcy 6aceiHy piuku FlopMHb B yMoBax NnoTenniHHA KnimaTty

YopHomopeus 10.0., JTo60d3iHckkuli O.B.

lMomenniHHa kniMamy 06yMo8uUIO 8ernuKul KOMIMIIEKC HacslioKie, WO MpOSeUNUCS Yy KOXHIU naHyi
2nobarsnbHo20 2idposioeidyHo20 Yuky. Y binbwocmi sunadkie Ui 3MiHU Maromb HeniHilHULU xapakmep ma rnpoxoo0sime 3
PIi3HOI iHMEHCUBHICMIIO y 2i0poso2idYHUX ma MemeoporiozidyHux cucmemax. ToMy, Ha Hawly OyMKy, Oyxe 8axugo
gus4Yamu maki npouecu pa3om, ujo 003801UMb 0OHOYACHO 8UABISAMU iX 83aEMHI ernusu. s supiweHHs1 nodibHoz20
3ae0aHHs1 Halkpawe nidxodums memod 800HO20 bariaHcy, Konu 8ci ckrnadosi ob4ucombCss 8 00HUX | MUX xe
po3mipHocmsix (MM), a momim ropi8HIHMbCS MiX cob60k0.

3pocmaHHsi memnepamypu nosimps 3 nepiody 1961-1990 do 1991-2020 Ha 1.2°C 0bymosrsioe 3HaqHi 3MiHU 8
3aeanbHil cmpykmypi 800H020 6anaHcy bacelHy piyku [opuHb. B nepwy yepay ue 3pocmaHHs Hegu3Ha4yeHocmi y
8uMpamHux YyacmuHax KOXH020 3 obyucreHux 00HuUx banaHcie 0nsi cyvyacHoeo nepiod 1991-2020. 36inbuweHHs
surnaposysaHHs. Hesu3HayveHicmb nidmeepoxxyembcsi nopyuIeHHsIM 0OHOPIGHOCMI 3a NapamMempuyYyHUM Kpumepiem t-
test (Kpumepili CmbtodeHma) psidie memnepamypu ma abconomHoi gomozocmi nosimps. Y abcomomHux
3HayeHHsIX 3a OaHUMU 3amuKkaribHo2o 2ifpornoziyHo2o nocmy Marni Bukoposuydi MOXHa rpocmexumu 3HUXEeHHAM
piyHOI cymu onadie Ha 18 MM, piukogo2o cmoKy 800u Ha 21 MM ma 3poCmaHHSIM CyMapHO20 8unaposyeaHHsi Ha 35
MMm.

binbw 4imko nokanbHi nposisu  enobanbHUX 3MIH KiMamy MOXHa robayumu, SKWO OuiHreamu
800HObanaHcosi criggiOHOWEHHSI 8 MexXax KriMamu4Hoeo banaHcy. Tym ¢hbikcyembcsi 3miHa nponopuii HaKonuYeHHs
gonoau (S) — sucHaxeHHs/ gidHoeneHHs1 (U/R) gid 131 mm (S) — 28 mm (U/R) dnss 1961-1990 do 74 mm (S) 49 mm
(UR) ona 1991-2020. Tobmo skwio y nepiod KriiMamosoeaiyHoi cmaHO0apmHO HOPMU HaKOMUYEHHs eosiocu
nepesaxasno Had Ii eucHaxxeHHAM Malxe y 5 pasig, mo 3apa3, 4Yepe3 3pocmaHHs memrepamypu rnosimps, ix
Cr1iegiOHOWEHHSI npakmuyHo eupigHsinocsi. Lle npusseno 0o mozo, wo HUHI 800HUU PEXUM Piyku i3 Kameaopii
HaOMIpHO 380M1I0XKEHUX MOXe repelimu y kameaopito 00CmamHbO 380710XeHUX | HamideHi meHOeHuii ceid4amb rpo
MOXKusul no4amok OOMiHy8aHHS MPOUECi8 BUCHaXeHHS 80s102u y baceliHi Had ii HaKOMUYEHHSIM.

Knro4doei cnoea: smiHu knimamy; 600HUl banaHc; cmik 800u; piyka [OpuHb
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Xpucmrk b.9.
YkpaiHcbkul 2idpomemeopornoeiyHut iHcmumym HAH Ykpainu ma [JCHC Ykpairu, m. Kuig

ABTOMATU3OBAHA CUCTEMA «ICE-AUTUMN» AJ14 AOBrOCTPOKOBOIO
NMPOrHO3YBAHHA OAT NOABU NIbOOOBUX ABULL TA BCTAHOBJIEHHA
NbOAOCTABY HA BOOOCXOBULIAX OHINPOBCBKOIO KACKALY

Jloszocmpokose npoeHO3y8aHHS Oam Mosisu /1b000B8UX SAeuUW, | 8cmaHoeneHHs1 bodocmasy Ha
godocxosuujax [Hinposcbkoeo Kackaly Mae saxruee, nepw 3a 6ce, Nnpakmu4yHe 3Ha4YeHHs, OCKIllbKU Ha 020 OCHO8I
nnaHyemscss poboma eidpoeHepeemuku, cyOHoragcmea, pubHO20, KOMyHallbHO20 e2ocrodapcms, mouwo. Y
cydYacHoMy ceimi 3abes3neyeHHs1 CrioxueadYie rnpo2HO3HOK 2i0posoeidHor podyKuicto 8idbysaembcsi 3a JOMOMO20H0
Pi3HOMaHIMHUX asmomMamu308aHUX KOMITIOMEPHUX KOMIEKcie i cucmeM, siKi Maromb 3pydYHUl iHmepgbedc 0nst
Kopucmysaya. Takul nidxi0 Habys WUPOKO2O euKopucmaHHsi | 6 YkpaiHi. Tak, & YKpaiHCbKkoMy
2idpomemeopornoeiyHoMy ueHmpi (YkplML]) eukopucmogyrombcsi asmomamu3o8aHi Mpo2HO3HO-MOOE08asIbHI
Komrnekcu, siki 00380J1510Mb 8UKOHY8amu KOPOMKO- | 00820CMpPOKo8e MpoeHo3ye8aHHs nepebiay cmoky eodu mnio Yyac
roseHi Ha piukax YkpaiHu. Pa3om 3 yum, asmomamusogaHa cucmema rpo2HO3y8aHHs1 CMpOKi8 HacmaHHS OCHOBHUX
a3z 1b0008020 pexumy Ppiyok i eodocxosuw YkpaiHu 6yna cmeopeHa minbKu Ofii KOPOMKOCMPOKO8O20
npoeHo3yeaHHsi. Omxe, y pobomi ernepuie CmMBOPeHO asmomamu3dosaHy cucmeMy «lce-Autumny 05
00820CMPOKOBO20 MPO2HO3Yy8aHHs dam Mosi8U NIb000BUX S8UW, | 8BCMaHOBMNEHHST Nbodocmasy Ha 8000cxosuuax
[Hinposcbkozo kackady, Onsa Ko npogpamHe 3abe3rnieyeHHs HarucaHe Ha Moseax rnpoepamysaHHss CH# ma C++ y
cepedosuuyi Visual Studio 2022 Community Edition y euenadi Windows gpopm ma koHcornsHux 0odamekis. OCHO800
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