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Abstract. Nowadays, during the period of the global climate change, scientists around the world have noticed
an increased incidence of extreme natural disasters. The authors of the study suggested methods of using climate
change as a part of a genetic model of maximal floods runoff. This model makes possible the introducing of
“climate changes” directly through the maximal stocks of snow and precipitation during the spring flood and
runoff coefficients. The object of study is the basin of the Southern Bug — one of the largest rivers in Ukraine,
which flows within two geographical zones — forest-steppe and steppe. Overall results using scenario RCP 4.5
showed a decrease of runoff by the end of 2050 from 20 % in the north part of the basin (the forest-steppe zone)
to 50 % — in the south (the steppe part of basin). On the other hand, the characteristics of minimal river flow
in the Southern Bug basin — winter and summer low waters had been analyzed. One option for low water flow
simulation is to study the connection between the drought index (e.g. SPEI) and the minimal water. Studies show
that such correlation exists, so knowing the forecast of drought index it is possible to project the value of minimal
water discharge, which is the object of the research.

(almost EUR 15 billion), the 1999 Lothar winter storm and
floods in Italy and France in October 2000 (both were about
EUR 13 billion). Thus, the considerable economic losses and
potential danger from climate-related extremes are of great

1 Introduction

Global climate change has been studied in recent decades,

practically all over the world. Thus, according to the leading
experts (CRED, 2019), natural disasters causing the nega-
tive impact on the development of the world economy, have
recently become more common on our planet. For the pe-
riod from 2007 to 2016 the number of natural disasters has
been only 354, whereas in 2017 it rose to 335! In particular,
in Europe, according to the European Environment Agency
(EEA, 2019), in the EEA member states, the total economic
losses from climate-related extremes over the period 1980—
2017 reached approximately EUR 453 billion. The average
annual economic losses in the EEA member states varied
from EUR 7.4 billion in 1980-1989 to EUR 13.0 billion in
2010-2017. The most expensive climate-related extremes in
the EU member states included floods in Central Europe in
2002 (over EUR 21 billion), drought and heat waves in 2003

interest to scientists all over the world and they need to be
studied, systematized and modeled for probabilistic and op-
erational forecasting. Among the results of the last 5 years
the Chinese scientists research on the effects of solar activity
on floods and droughts (Li et al., 2015), an assessment of the
effects of climate change on hydrological extremes — floods
and droughts within the territory of Poland (Romanowicz,
2017); a thorough corporate study by European scientists on
the effects of climate change on the water resources of Eu-
rope’s largest water artery — the Danube Basin (Bisselink et
al., 2018) should be noted. Similar researches are done about
the rivers of Algeria (Kouidri et al., 2019) and the Cana-
dian Prairies (Akhter and Azam, 2019). In Ukraine, the re-
search of the water regime of rivers and its changes nowa-
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days is actively done by the scientists of Taras Shevchenko
National University and their colleagues from the Potsdam
Institute for Climate Impact Study (Lobanova et al., 2018),
representatives of the Ukrainian Hydrometeorological Insti-
tute (Zabolotnia et al., 2019) and Odessa State Environmen-
tal University (Loboda et al., 2019).

2 Methodology and data

Mathematical models are very important in planning water
resources management and, consequently, different types of
models with varying degrees of complexity have since been
developed and still improved by scientists from different
countries (Zhao et al., 1980; Singh, 1988; Bergstorm, 1992;
Kan et al., 2017). Nowadays, scientific literature presents
more advanced conceptual models with distributed param-
eters and even models using artificial neuronal networks
(Sajikumar and Thandaveswara, 1999; Tokar and Markus,
2000), which makes it possible to determine the rivers runoff
at separate catchment’s areas with sufficient accuracy, using a
large amount of source information, but for ungauged catch-
ments, such models are not applicable. The basis of the cal-
culation of the maximal flow of floods in the considering ter-
ritory is the theory of channel isochrones, implemented in
the form of a two-operator model of a river runoff formation,
developed at the Odessa State Environmental University. Its
advantage is that it is universal both in terms of the genetic
type of floods, and the size of catchment’s areas.

The operator model (of Gopchenko and Ovcharuk, 2006)
makes it possible to determine separately the characteristics
of the slope inflow (the depth of flood runoff, the duration
of the slope inflow and the temporal non uniformity of slope
inflow to the channel network) and to take into account the
natural process of precipitation transformation into the river
bed in the structure of “slope inflow — channel runoff”.

Ovcharuk and Gopchenko (2015), modified that operator
model next which allowed to take into account “climatic cor-
relations” directly at maximal snowfalls, precipitation and
runoff coefficients during the period of floods. The block di-
agram of this model is presented in Fig. 1.

The modified version of the operator model is proposed
as a calculation method determining the maximal runoff of
ungauged rivers during the spring floods period, and the cal-
culated equation is:

dp = q1 ¥V (tp/To)earpken, m(skm?)~!, (1)

Where r — is the coefficient which takes into account the in-
fluence on g, circulating water bodies (lakes, water reser-
voirs, ponds); €4 — is the coefficient of channel and flood
plain regulation that depends on catchments’ size; ¥ (t,/To)
— is the transformation function influenced by channel lag;
Ap — is the transition coefficient from the 1 % probability of
excess to any other; ¢| ;, —is the maximal slope modulus that
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Figure 1. Block diagram of maximal runoff formation.

is equal to

n+11
n Ty

414 =0.28 (Sm+ZP)ign, m’(skm®)™, ()
where (n+ 1)/n —is the coefficient of time nonuniformity of
slope inflow; Ty — is the duration of slope influx, hours; n —
is the runoff coefficient; S, — is the maximal stock of snow,
mm; X P — is the precipitation during the spring flood, mm;
ken — is the coefficient of climate change that is equal to

((Sm + X P) - n)forecast.
keh = = . 3)
((Sm+ = P) - n) modern.

In Eq. (3) the average forecast values of the average maximal
stocks of snow, precipitations and spring floods coefficient
over a longtime period, are determined using their dependen-
cies, from the forecasted temperature and precipitation with
using any scenario and model for the selected calculating pe-
riod. The same actual values are obtained from the results of
calculations for available time series of meteorological ob-
servations.

Standard methods of statistical processing and their gen-
eralization in space in the form of isoline maps have been
used to determine the calculating characteristics of the dry
weather flow. In order to study the relation between the min-
imum river runoff and hydrological droughts, the standard-
ized precipitation-evapotranspiration index (SPEI), proposed
in the works of Vicente-Serrano has been used (Vicente-
Serrano et al., 2010). The winter and summer—autumn dry
weather flow has been considered, and the statistical rela-
tion between the SPEI index and the runoff parameters has
been estimated using the linear Pearson correlation coeffi-
cient (Semenova et al., 2014).
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Southern Bug

Figure 2. Location of the Southern Bug basin.

The object of the study is the territory of the Southern Bug
river basin, which lies within two natural zones (the upper
part of the basin is the forest-steppe zone, and the lower
part is the steppe) and includes the main watercourse — the
Southern Bug river, its main tributaries — the rivers Riv, Sob,
Savranka, Kodima, Sinukha, Ingul, and others (Fig. 2).

Output data on the characteristics of maximal runoff have
been used as long-term data series for 39 water gauging sta-
tion (WGS), and for the minimal runoff characteristics the
data of 35 WGS have been used, which have long time se-
ries of runoff observations from their beginning to 2010.
The range of catchment’s areas covers basins in the size
from 36.5km? (river Southern Bug — Chorniava village) to
46200 km? (river Southern Bug — Oleksandrivka village).

3 Results

3.1 The maximal runoff

During the spatial-temporal generalizations of the maximal
runoff characteristics, the cycle of the fluctuations of the
maximal runoff of spring flood has been analyzed and ho-
mogeneity of the initial information has been estimated. Sta-
tistical processing of the initial time-series of maximal snow
supplies, maximal discharges and runoff depths has been car-
ried out. For the determination of precipitation in the spring
period, the regional calculation formula is proposed, and the
maximal stocks of snow (Fig. 3) and the coefficients of their
variation are generalized in a form of the map.

The runoff coefficients are determined through the coeffi-
cients of runoff formation, which are generalized in a form
of the map and taking into account the coefficients of the
influence of the size of the catchments on the losses of the
runoff in the spring flood period. The characteristics of the
slope influx, which are an important component of the cal-
culation scheme, are represented by the maximal slope mod-
ulus, which in turn is determined by the coefficient of un-
evenness of the sloping influx, the duration of the flow into
the channel network and the total water supplies to the catch-
ments. All listed parameters are valid for the studied territory,
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Figure 3. Distribution of average long-term maximal stocks of
snow in the basin of the Southern Bug River, mm.
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Figure 4. Distribution of the duration of sloping influx during the
spring flood in the basin of the Southern Bug, hours.

in particular, the duration of the sloping influx represented on
Fig. 4.

The transformation of the maximal slope modulus is rep-
resented by functions that take into account the channel time,
flood-plain regulation and the impact of lakes and reservoirs.
For the determination of the transformation function and the
coefficients of flood-plain regulation, the equations of expo-
nential form are derived, with separate parameters in natural
zone Eqgs. (4)—(5)

U(tp/Tp) = eV AT, @)

where y — is the exponent, the value of which for the forest-
steppe zone is 0.43, and for the steppe is 0.48.

pq = e 02BlgA+D (5)

where A — the catchments areas, km?.
The calculation of the climate change coefficients for the
rivers of the Southern Bug basin by the model RACMO2,
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Figure 5. Expected average annual values kp, for taking into ac-
count the influence of climate change on the maximal runoff of
spring flood of the rivers of the Southern Bug basin using the model
RACMO2, scenario RCP4.5
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Figure 6. Expected average annual values k¢, for taking into ac-
count the influence of climate change on the maximal runoff of
spring flood of the rivers of the Southern Bug basin using the model
RACMO?2, scenario RCP8.5

RCP 4.5 and RCP 8.5 scenarios is presented in the form of
diagrams (Figs. 5 and 6).

Consequently, analyzing the obtained results, we can con-
clude that in the basin of the river Southern Bug the value
of runoff during spring floods can significantly change in
the future. The analysis of the results obtained in the sce-
nario RCP 4.5 shows that there is a certain cycle in the cli-
mate change dynamics. The kc, = 0.93 indicates a spring
runoff decrease for the period 2011-2016 in the upper part of
the basin (the Southern Bug river — Pirogovtsy village), and
kcn = 0.58 in the lower part of the basin (the river Gromok-
liya — Mikhailivka village), that means that spring runoff is
expected to decrease almost twice.

For the period (2017-2020), the runoff decrease is fore-
casted, compared with the previous period, so kcp = 1.14
and kcph = 0.79, respectively. For the period 2021-2035 the
climate change coefficients equal k¢, = 0.75 (river South-
ern Bug — village Pirogovtsy) and k., = 0.38 (river Hromok-
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Figure 7. The time series of maximal water discharges of
spring floods on the river Southern Bug — village Oleksandrivka,
A =46200km?>.

liya — Mikhailivka village), which suggests a spring runoff
decrease. For the period 2036-2039 k. is 1.09 and 0.70,
respectively, that indicates a runoff increase compared to
the previous period. For the period 2040-2050 the climate
change coefficients are k., = 0.85 (the river Southern Bug
— Pirogovtsy village) and k¢, = 0.46 (the river Hromokliya
— Mikhailivka village). In general, according the scenario
RCP 4.5, there is a runoff decrease by the end of 2050 from
20 % in the north and up to 50 % in the south of the stud-
ied area. Similar results are obtained using calculations of
climate change in the scenario RCP 8.5 (Fig. 6): the climate
change coefficients indicate a runoff decrease for the periods
2011-2014 and 2015-2020, with average k¢ = 0.84 in the
basin, i.e. the 16 % spring runoff decrease is forecasted.

For the next period (2021-2036), the climate change co-
efficients indicate the runoff increase compared to the pre-
vious periods. It equals kcp, = 0.92 in the upper part of the
basin (the river Southern Bug — Pirogovtsy village) and k¢, =
0.59 in the lower part of the basin (the river Hromokliya —
Mikhailivka village).

For the period 2037-2050 the coefficients of cli-
mate change equal k., =0.75 (the river Southern Bug —
Pirogovtsy village) and k., = 0.38 (the river Hromokliya —
Mikhailivka village), that suggests a runoff decrease. In gen-
eral, there is a spring runoff decrease of 60 % in the scenario
RCP 8.5.

For the purpose of preliminary estimation of the performed
forecasts, the time series of the maximal spring flood dis-
charges for the station with the longest number of obser-
vations of the river Southern Bug — village Oleksandrivka
(Fig. 7) have been investigated.

The chronological diagram of the maximal water dis-
charges (in modulus coefficients) according to the long-term
observations (until 2016), indicating the continuation of the
trend towards a runoff decrease shows the likeliness of ten-
dency so the forecast about decrease, approximately 20 %,
of the maximal water discharges during the period of spring
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floods for the period 2011-2016, in both scenarios is con-
firmed.

These results are also in good agreement with recent stud-
ies of European scientists. In the last decades of the retro-
spective period, a gradual warming of climate has been in
progress as a main factor in changes in water resources in
European river basins (Best, 2019; Stagl and Hattermann,
2015; Bisselink et al., 2018). Those changes include an in-
crease in the frequency of occurrence of extreme rainfalls (in
short periods of time), the formation of catastrophic floods
from them, and a decrease in the water resources of large ter-
ritories with an increasing evaporation (Best, 2019; Loboda
et al., 2019).

As the average annual air temperature rises, especially in
the winter months, there is a decrease in the amount of snow
in the annual rainfall. It leads to general trends in river runoff
in the spring (from snowmelting) and its increase in autumn
and winter (from rainfalls) (Bormann, 2010; Bloschl et al.,
2017, 2019).

However, as it was noted by the authors (Bolbot and Gre-
bin, 2019), in the present period of the water regime (after
2008), the characteristics of the minimal runoff (both sum-
mer and winter) also tend to decrease and continuation of
monitoring is needed.

3.2 The minimal runoff

The analysis of minimal runoff long-term fluctuations and
the most dry water periods, which are characterized by the
lowest water losses per year, has been performed according
to the average monthly summer and winter minimal water
discharges data, as the most stable characteristics, as well as
the minimal daily water discharges data during these water
periods. In general, the lowest dry weather flow is typical for
the summer—autumn period in the basin of the Southern Bug,
when there is a depletion of groundwater forming the runoff.
Sometimes the summer low flow is broken with sudden wa-
ter level rise caused by rainfalls and the formation of floods
on the rivers. The winter low flow is higher, as a result of the
underground water flow increase, the reserves of which are
formed from the autumn period, as well as due to the sup-
ply of groundwater with melt water and rainwater during the
winter thaw.

In general, as it is known, the minimal river runoff is
caused by the geographical zonality, but the fact that the hy-
drogeological conditions of the catchment can have a sig-
nificant impact on its values must be considered. The influ-
ence of karst can be manifested by the values of the small
rivers runoff (on the areas less than 1000 km?). For such wa-
ter catchments, the dry weather runoff can be different from
the average one, typical for that climate zone, as a result
of mismatches between surface and underground catchments
areas.

As it was illustrated in the Fig. 8, during the winter low
water period, the 30 d minimal modulus of 80 % probability
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Figure 8. Distribution of 30 d minimal runoff modulus with 80 %
probability during the winter period with stable freezing in the
basins of the Southern Bug River L (s km2)7] .
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Figure 9. Distribution of 30 d minimal runoff modules of 80 % sup-
ply for the period of open channel with stable freezing in the basin
of the Southern Bug, L (s km2)_1.

(in conditions of a stable freezing) reduces in the direction
from the northwest (from 0.5-1.0 L (s km?)~1) to almost zero
values — in the south-east.

The increased values (up to 1.71 L (s km?)~! belong to the
basin of the river Riv — Demidovka village, with karst rock
formation. For this area, we propose the adjustment coeffi-
cient (kars). The adjustment coefficient for the rivers of the
studied territory is 3.5. The spatial distribution of (g30)80 %
for the period of the open channel (in the presence of stable
freezing on the rivers) is characterized by the same regular-
ity, but the modules decreases in the direction from the north-
west to the northeast and the south — from 0.8 L (s km?)~! to
almost zero values (Fig. 9).

As it has been mentioned before, the largest modulus
(930)80 % are observed in the basin of the river Riv — Demidi-
vka village, but the adjustment coefficient kyqrs reaches 5.85,
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Figure 10. Correlation between the minimal river runoff and SPEI

on scales of 1-48 months for the river Southern Bug — village Olek-
sandrivka.

which is almost 2 times higher than the same coefficient for
the winter low water.

As it was noted above, one of the objectives of this study
was to find the relation between runoff characteristics dur-
ing the mean water period and the SPEI drought index. Fig-
ure 10 shows the correlation dependencies between the SPEI
index, for different time scales and the value of the minimal
runoff using the example of the river Southern Bug — village
Oleksandrivka (catchment’s area A =46200 kmz). Analyz-
ing the results of the minimal runoff (Fig. 10a, b), you can
note that for the summer—autumn low water runoff for SPEI
on the scale of 1-2 months, the values of the correlation co-
efficient are in most cases insignificant, but from 3 and up to
48 months R is significant and changes slightly in the range
from 0.55 to 0.65.

These relations are evidently explained by the fact that the
summer—autumn mean water runoff is mainly determined by
the water content of the year, but it can be broken by separate
summer rain floods, therefore SPEI_3 for August character-
izes the minimal runoff during 3 summer months and has
R =0.57. The index values for September and October be-
come significant on scales beginning from 4-5 months and
characterize the whole autumn-summer period.

Concerning the winter low water runoff, the distribu-
tion is characterized with a shift towards an increase in the
scale at which the interrelation becomes significant up to 9—
12 months. It is worth noting that during the winter mean
water period, the runoff regime is determined mainly by sea-
sonal underground supply, the reserves of which have been
formed since autumn, but during the warm years which have
been prevalent over the few last decades, the melt and rain
waters of winter thaws also became a part of it. Apparently,
this combination of factors leads to lower interrelation co-
efficients (Rmax = 0.44-0.45); they are significant for scales
from 9 to 46 months.

4 Conclusions
The review of the normative framework in the field of calcu-

lations of maximal runoff showed that despite the vast expe-
rience gained by scientists in this issue, the problem is still
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far from its solution due to the multifactority of the inves-
tigated phenomenon and regional features of the forming of
maximal runoff on the rivers.

The authors have proposed a new modified version of the
operator model for determining the maximal runoff of spring
flood, which allows taking into consideration the possible
impact of climate change on the estimated values of the max-
imal modules 1 % probability of exceeding.

Climate change is taken into account by introducing a sep-
arate coefficient, based on a comparison of the main parame-
ters of the method obtained on the basis of current data (max-
imal snow supply at the beginning of the spring flood, precip-
itation during the spring flood and runoff coefficients), and
similar values obtained from climatic modeling data.

For the territory of forest-steppe and steppe zone of
Ukraine on the example of the Southern Bug basin the au-
thor’s modified version of the calculating method for deter-
mining the characteristics of spring flood in climate change
conditions has implement. The implementation of the pro-
posed calculation option using different models and scenar-
ios has shown that the results differ significantly, but in prac-
tically all cases up to 2050 a significant decrease in the runoff
of spring flood (from 10 %-20 % in the forest-steppe and
40 %—-50 % in the steppe zone) is forecasted.

The estimation of the statistical connection between SPEI
in different time scales and minimal river runoff of the South-
ern Bug River during the period 1950-2010 showed that the
obtained dependencies are significant, that gives an opportu-
nity to use the drought index in the hydrological processes
modeling in the forest-steppe and steppe zones of Ukraine.
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