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Abstract

The work is devoted to assessing changes in the water regime of the Lan River in modern conditions and the near future with the aim of developing
a strategy for the rational use of the water potential of small rivers in the Belarusian Polesie region. There was a tendency towards an increase in
annual runoff at the Loktyshi and Mokrovo gauging stations during the study period from 1948 to 2015, which was caused by anthropogenic factors in
the form of amelioration measures; and in the upper reaches of the river at the Lognovichi gauging station there was a slight decrease in runoff caused
by climatic influences. Testing the hypothesis about the homogeneity of the runoff series under consideration for periods with different averaging
intervals has showed heterogeneity for some types of runoff. This was caused by intensive economic activity, which significantly disrupts the natural
hydrological regime. A runoff forecast was made for the Lan River at the Mokrovo gauging station for the period up to 2035 based on archive of
meteorological data using a multi-model ensemble of four CMIP5 scenarios. A slight decrease in runoff was predicted, caused by additional evaporation
from the water surface of the reservoir due to increased air temperature, as well as a slight shift in the peak of the spring flood to March.

Keywords: runoff, anthropogenic factors, climate changes, forecast, Lan River, Belarusian Polesie.

AHTPOMNOrEHHOE BO3AENCTBUE HA PEKU BEJTOPYCCKOIO NMOJNIECHSA (HA MPUMEPE PEKMU NAHb)

A. A. Bonuek, C. U. Mapdomyk, C. B. Cupak

Pechepar

Pabota nocesieHa OLgHKe M3MEHEHWA BOAHOrO pexuMa peku JlaHb B COBPEMEHHbIX YCMOBWSX M Ha Gnwkaniy nepcnekTBy C LieMbio
pa3paboTku CTpaTerun paLmoHanbHOro MCMob30BaHUS BOAHOTO NOTeHLMana mManbix pek benopycckoro Monecks. 3a uccneayembiii nepuog ¢ 1948 no
2015 r. Ha rugponoctax JlokTbiwm u MokpoBo Habntopanach TEHAEHUMS K YBEMUYEHWIO TOJOBOrO CTOKa, YTO 6biNo 06YCNOBNEHO aHTPONOreHHbLIMM
(bakTopamn B BuAE NPOBEAEHUS MENWUOPATMBHbIX MEPONPUATMA, @ B BEpXOBbSAX Peku Ha rugponocte [lorHoBuum Habnioganoch HekoTopoe
YMEHbLUEHWe CTOKa, BbI3BAHHOE KNMMMATMYECKUMM BO3aeicTBuAMM. [poBepka rMnoTesbl 06 OJHOPOAHOCTM paccMaTpuBaeMbiX psgoB CTOKa AnS
NepuoaoB C PasfUYHbIMA MHTEpBanamu OCPEeAHEeHWs nokasana HeOAHOPOAHOCTb MO HEKOTOPbIM Tumam CToka. 310 0ByCMOBMEHO MHTEHCWBHON
XO3ANCTBEHHON AEATENBHOCTbIO, KOTOPas CYLLECTBEHHO HapyLLAEeT eCTECTBEHHBIN MMAPOMOTMYECKU PEXMM. Ha OCHOBE apxvBa METEOPONOTMYECKMX
[JaHHbIX C UCMONb30BaHNEM MHOTOMOAENBHOMO aHcambns 13 yeTbipex cleHapueB CMIPS BbinonHeH NporHo3 ctoka peky JlaHb B cTBope MokpoBo Ha
nepuog o 2035 r. [porHo3vpyeTcs He3HauuTenbHOE YMEHbLUEHWE CTOKA, BbI3BAHHOE AOMOMHUTENbHbIM WCMApEHNEM C BOAHOW MOBEPXHOCTM

BOAOXPaHMNNLLA 13-3a NOBbILLEHNA TemnepaTypbl BO3AyXa, a Takxe HebonbLUMM CMeLLieHNeM NnKa BeCeHHero nonosoaba Ha MapT.

KniouyeBbie cnoBa: CTOK, aHTPONOreHHbIe (hakTopbl, U3MEHEHWS KnumaTa, NporHo3, peka JlaHb, benopycckoe Monecke.

Introduction

The nature of fluctuations in water resources is determined by climatic
factors, but starting from the second half of the 20th century, the role of the
anthropogenic component in a number of cases becomes comparable to
natural influences. Thus, it can be stated that the end of the 20th — begin-
ning of the 21st century is characterized by pronounced climate variability
and an increase in anthropogenic impact on water resources [1-4]. Natural
causes determine the spatiotemporal fluctuations of water resources de-
pending on differences in its physical and geographical conditions, as well
as under the influence of the annual and secular course of climatic condi-
tions affecting the formation of water resources. Intra-annual fluctuations
occur constantly and consistently. The main feature of natural causes is that
the changes that occur do not have a one-sided tendency [5-7].

Anthropogenic causes are the result of various types of human activi-
ties. They affect water resources and water quality relatively quickly and
unilaterally, which is their main difference from natural causes [8, 9].
The types of economic activities that cause changes in the quantitative
and qualitative characteristics of water resources are very diverse and
depend on the physical and geographical conditions of the territory, the
characteristics of its water regime and the nature of its use [10, 11].

The increased unevenness of precipitation and rising air tempera-
tures in the territory of the Belarusian Polesie in recent decades have led
to an increase in the frequency of drought events. In recent years, there

have been numerous cases of shallowing, pollution and disappearance of
small rivers under the influence of anthropogenic factors, which have
recently been aggravated by modern climate change [12].

The listed climatic and anthropogenic factors have a huge impact on
the formation of the river runoff of the Belarusian Polesie, therefore the main
goal of this work was to assess changes in the flow regime of the Lan River
in modem conditions and in the near future. Such an assessment will allow
us to gain an understanding of the processes on the small rivers of the Bela-
rusian Polesie and develop a scientifically based strategy for the conservation
and rational use of the water potential of the small rivers in the region.

Materials and methods

The Belarusian Polesie is a unique natural site, with numerous small
rivers and lakes, located in the south of Belarus and covers an area of
about 61 thousand km?, which is approximately a third of the country's
territory. The length of the region’s territory from west to east is about
500 km, from north to south — about 200 km. Small rivers of the Belarus-
ian Polesie are very sensitive to changes in natural factors and anthropo-
genic impacts and are most vulnerable, unlike medium and large rivers.

The climate of the Belarusian Polesie is determined by its geographical
location in the temperate latitudes of the Northern Hemisphere. The amount
and nature of the distribution of atmospheric precipitation over the territory
of are determined by a number of factors, the main of which are the charac-
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teristics of atmospheric circulation and the terrain. On average, 600—
650 mm of precipitation falls annually in Polesie. Deviations from long-term
average values are often observed. In wet years, up to 800 mm of precipita-
tion falls, in dry years it is about 500 mm. The study area is characterized by
high air humidity throughout the year, which is due to the predominance of
temperate sea air from the Atlantic Ocean, relatively low temperatures in the
warm season, and vast areas occupied by wetland complexes and forests.
Average annual air temperature within the territory of the Belarusian Polesie
for the period 1988-2015 increased by 1.3 °C compared to the period
1945-1987 and amounted to 7.8 °C.

The Lan River is a typical river of Belarusian Polesie and the left trib-
utary of the Pripyat River (Figure 1). The length of the Lan River is
147 km, the catchment area is 2190 km? the average annual water flow
at the mouth is about 11.3 m?s [13]. The floodplain is 0.6—1 km wide and
is crossed by irrigation canals. The riverbed is canalized. The depth
range in the river is 1.5-2.5 m. The width of the channel is 4-8 m, in the
lower reaches 15-20 m. Small slopes of the channel and wide floodplains
create favorable conditions for the accumulation of river water during high

water and summer flash floods, which leads to swamping in the surround-
ing areas, a dense network of irrigation canals and ditches [14]. The Lok-
tyshi reservoir of the riverbed type was created on the river in 1977 for
water supply of the Loktyshi fish farm. The bottom of the reservoir is flat,
mostly muddy. Water level fluctuations throughout the year are up to 2 m.
The area of the reservoir is 15.9 km? length is 6 km, maximum depth is
4.9 m, maximum width is 4.2 km, water volume is 50.2 million m3, catch-
ment area is 940 km? [13]. The highest flood level is observed in April, the
average height above the low-water level before river regulation is 1.5 m,
and the highest is 1.9 m (1947) near the village of Loktyshi.

Time series of runoff (annual, maximum, minimum summer-autumn
and minimum winter) of the Lan River were used as initial data from 3 gaug-
ing stations: Lognovichi with a catchment area A = 480 km? and observation
period from 1979 to 1988; Loktyshi (A = 909 km? 1948-1977) and Mokrovo
(A = 2550 km? 1975-2015). For comparability of the results obtained, a
single calculation period from 1948 to 2015 lasting 68 years was adopted.
The restoration of gaps in data series was carried out using the “Hydrolog”
computer software package [15] with the involvement of analogue rivers.
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Figure 1 — The map of the study area

The “Hydrolog” computer program was developed in 2009 on the basis
of regulatory documents and methods used in hydrology, and software is
constantly being improved to take into account modem requirements in the
field of hydrological calculations. The program implements many functions,
one of which is the extension of time series in the absence of observational
data. For this purpose, up to 9 analogue rivers from the region under study
are used in automatic or manual mode. The runoff correlation coefficient
between the time series of the river under study and the analogue river is
used as an indicator. The program displays an assessment of the calcula-
tion period and statistical information about analogue rivers, and imple-
ments a graphical representation of the hydrographs and the difference
integral curve of the studied catchment. Next, to extend the time series of
the river under study, one-, two-, or three-factor models are formed depend-
ing on the required values of the correlation coefficients and the ratio of
the regression coefficients to their standard deviation. For extension
models, it is possible to view the given statistical parameters of the origi-
nal series (norm, dispersion, coefficients of variation, asymmetries and
autocorrelation). Direct extension of the hydrological series under study is
carried out using several regression equations in descending order of pair
or multiple correlation coefficients. When extending, the main statistical
parameters of the original and extended series are compared with the

corresponding graphical representation. The “Hydrolog” software has
been used in many organizations in Belarus and, during experimental
testing, has shown very good results, including for solving the problem of
extending hydrological series [15, 21].

The method of hydrological-climatic calculations was adapted for
forecast in runoff changes of the Lan River. The method is based on the
joint solution of the equations of water and heat-energy balances [16].
An algorithm and a computer model that includes a standard equation for
the water balance of a land area with an independent assessment of the
main elements of the balance (precipitation, evapotranspiration and cli-
matic runoff) on an annual basis have been developed. The adapted
model was used to assess possible changes in river water resources
depending on certain hypotheses of climate fluctuations and anthropo-
genic impacts on the characteristics of the catchment area.

The equation of the water balance of the river basin for a certain pe-
riod of time is as follows:

Yo () =H()-E()£AW(/) (1)
where Yc(l) — the total climatic runoff [mm]; H(l) — the total humidification

resources [mm]; Z(l) - the total evaporation [mm]; AW/(l) — changes in
moisture reserves of the active soil layer; | — averaging interval.
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Total evaporation is calculated as follows:

Zm (/) + V(I)1—r(l)
WHB

X0+90) @
WHB

Z(h=2, (| 1+

where Zm(/) — the maximum evaporation [mm]; W, - the smallest
moisture content of the soil [mm]; V/(/) _ W)
HB

soil at the beginning of the calculated period; X{(I) — the amount of precipi-
tation [mm]; g(I) — the groundwater component of the water balance [mm];
r(l) — the parameter that depends on the water-physical properties and
mechanical composition of soil; n(l) — the parameter that takes into ac-
count physical and geographical conditions of runoff.

Relative soil moisture at the end of the calculation period is deter-
mined from the ratios

— the relative humidity of

AN
V(I+1)=V(l)- Tk (3)
KX(D-+9(1) , ) )
v, (1) =| — s @
* Em (I)+V(I)1—r(l) .
WHB

The obtained values V, (/) are compared with the relative value of
the total moisture capacity Vo, . If V(1) <Vp5, then the calculated value

of the relative average humidity is taken, otherwise, ch(l) =VP is taken

into account for the calculation, the difference ( V(1) = Vo )- W5 refers to

surface runoff.

The amount of atmospheric precipitation in the months of the cold
period, minus the amount of total evaporation, is transferred to the flood
period, i.e. for the month of March.

The total moisture resources are determined as follows:

H(l) = KX(1) +Wg (V(I) = V(I +1)). ©)
The solution of the system of equations (1)—(5) is carried out using
the iteration method until the value of the relative humidity of the soil at
the beginning of the calculation interval is equal to the value of the rela-

tive humidity at the end of the last interval. When calculating, the initial
value of humidity is taken equal to the value of the lowest moisture ca-

pacity, i.e. W(1) =W, , where V(1) =1

Climate runoff is adjusted using coefficients that take into account the

influence of various factors on the formation of riverbed runoff, i. e.

Ya(l)=k(l)-Ye (1), ©)
where Yr(l) - total riverbed runoff [mm]; k(I) — coefficient taking into ac-
count the hydrographic parameters of the catchment.

Modeling of the river water balance is implemented in the form of a
computer program and is carried out in two stages. At the first stage, the
model is calibrated taking into account the known components of the water-
heat balance of the river under study. The goal of model tuning is to achieve
the best possible conformity between measured and calculated runoff. The
model parameters are varied for all possible values until a match is found
between the two runoff types. The first stage ends with the construction of
runoff graphs and the output of the modeling error (Figure 2). Good con-
formity between measured and calculated runoff indicates the validity of the
model. The obtained model parameters then used to conduct a numerical
experiment [20].

The second stage is a direct calculation of the water balance of the
river under study, using the parameters obtained during model calibra-
tion. The calculation of the elements of the water balance of the river is

carried out taking into account the specific features of the watershed
under consideration and described in [17].

The simulation modeling technique have been tested on almost all the
main climatic characteristics, which made it possible to attract an additional
large amount of hydrometeorological information about possible variants of
values and changes included in the balance equations of random variables.

The modeling results indicate a high accuracy of water balance
calculations for both practical application and theoretical research,
which has been tested on a large number of rivers in Belarus with a
catchment area of about 1000 km?, where hydrometric observations are
carried out [17]. Thus, the created computer program in the presence
of data on precipitation, air temperature, air humidity deficits for the
calculation period and modern values of river runoff, as well as hydro-
graphic characteristics of the watershed, allows one to obtain predictive
estimates of the water balance of small rivers of the Belarusian Polesie
for the estimated future [20].

To obtain forecast estimates of meteorological values, time series of
observations were used for the period from 1986 (the beginning of the
increase in average annual air temperatures) to 2015 with monthly incre-
ments. For this period, linear trends were constructed for monthly and
annual values of atmospheric precipitation, air temperature and air hu-
midity deficits, and the resulting parameters were used to obtain average
monthly and annual values for the period until 2035. The procedure for
assessing climatic parameters for the estimated future is presented in
more detail in the work [18].
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Figure 2 — Measured (------) and calculated (- - =) runoff during model

calibration

Results and discussion

At the first stage of research, a procedure was carried out to bring
hydrological series to a single calculation period from 1948 to 2015. Ta-
ble 1 shows the main hydrological parameters of annual runoff, as well as
the annual runoff of the different probabilities, determined using a three-
parameter gamma probability distribution for two periods: directly from
measured data and from representative period (68 years) for 3 gauging
stations of the Lan River.

Figure 3 shows the long-term course of annual runoff for 3 gauging
stations of the Lan River.

There was a tendency towards an increase in annual runoff along
the Loktyshi and Mokrovo gauging stations by about 0.2 m3/s for 10
years. That was largely due to amelioration of the second half of the
last century [19]. At the same time, there was a decrease in runoff
(0.09 m3/s for 10 years) in the upper reaches of the river (the Logno-
vichi gauging station), that mostly were caused by climatic influences.
For the maximum runoff throughout the river, there was a significant
decrease in the maximum runoff due to natural factors (everywhere in
Belarus there was a decrease in the maximum spring flood runoff [20])
and the accumulation of part of the spring flood runoff by the Loktyshi
reservoir. The general trend of changes in the minimum runoff on the
territory of Belarus was a widespread increase in winter runoff caused
by modern climatic warming in the cold period, as a result of frequent
thaws and an increase in runoff; summer runoff has not changed with
the exception of the Belarusian Polesie, where there has been a slight
increase in runoff caused by large-scale amelioration [18]. Fluctuations
in the minimum runoff at the Loktyshi and Mokrovo gauging stations,
both in summer-autumn and in winter, are determined by the operating
regime of the reservoir and are predictable.
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Table 1 - Statistical parameters and annual runoff of the Lan River for 2 periods

Parameter Gauging station
Lognovichi (A=480 km?) Loktyshi (A=909 km?) Mokrovo (A=2550 km?)
Number of years 10/ 68 29/68 40/ 68
Period 1979-1988/1948-2015 1948-1977/1948-2015 1975-2015/1948-2015
Average runoff, m¥/s 1.90+0.17 / 2.04+0.07 3.6840.19/4.09+0.13 8.8440.53 / 8.59+0.46
Autocorrelation coefficient 0.37/0.16 -0.17/0.19 0.28/0.12
Flow rate, m%s 1.94/2.04 3.71/4.12 8.84/8.59
Coefficient of variation (Cv) 0.22/0.27 0.29/028 0.29/0.36
Ratio (Cs/Cv) 3.5/3.0 55/4.0 25/2.0
1% 3.06/3.41 6.35/6.79 13.9/15.8
5% 2.64/2.91 5.26 /5.76 12.1/13.3
. 25% 2.1712.32 4.15/4.65 9.96/10.2
R‘;’;gga%fifi{‘igsd'mi;gm 50% 1.89/1.98 358 /4.00 8.68/8.32
’ 75% 1.66/1.70 3.22/3.48 7.51/6.69
95 % 1.38/1.35 2.64/2.88 6.09/4.76
99 % 1.21/1.16 2.3712.53 5.22/3.67

Note — The numerator (or the left value) shows data determined from observation period; the denominator (or the right value) shows data deter-

mined from representative period.
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Figure 3 — The long-term courses of annual runoff of the Lan River and trends showed by straight lines for each gauging station

To assess the influence of anthropogenic impacts and natural factors
on runoff, the original time series of runoff were analyzed for various
averaging intervals: from 1948 to 2015 (the entire observation period,
68 years); from 1948 to 1977 (period before the commissioning of the
Loktyshi reservoir, 30 years); from 1978 to 2015 (period of operation of
the Loktyshi reservoir and the Loktyshi fish farm, 38 years). Table 2 pre-
sents sample estimates of the main statistical parameters of the consid-
ered runoff time series for various averaging periods.

Empirical supply curves for all averaging periods correspond to a
three-parameter gamma distribution, and the ratio of the asymmetry coef-
ficient (Cs) to the coefficient of variation (Cv), as a rule, does not exceed
Cs = 3Cv. Since the runoff probability distribution function for such pa-
rameter estimates differs slightly from the normal distribution function, the
use of parametric criteria for testing statistical hypotheses can be consid-
ered acceptable. Histograms constructed for the water flow rates under
consideration indicate that the distribution is close to normal. Then the
stability of sample statistics (averages and coefficients of variation) for the
averaging periods 1948-1977 and 1978-2015 (assessment of the influ-
ence of the reservoir) in relation was analyzed. Table 3 shows the matrix
of the Student and Fisher statistical tests for the considered types of the
Lan River runoff.

Joint analysis of the Tables 2 and 3 allowed considering runoff
changes of the Lan River caused by the construction of the Loktyshi res-
ervoir by comparing the changes that occurred with runoff for the periods
1948-1977 and 1978-2015. Over the periods under review, the runoff at
the Lognovichi gauging station decreased by 0.23 m?s, at the Loktyshi
gauging station it increased by 0.74 m3/s, and at the Mokrovo gauging
station there occurred no statistically significant changes. The analysis of
variances has shown changes in the structure of fluctuations in the aver-

age annual runoff of the river as the F-criteria values did not exceed criti-
cal values. The maximum runoff decreased significantly by 10.0, 30.6,
and 32.7 md/s respectively, while the nature of the oscillations also
changed, and the amplitude of the oscillations significantly decreased.
That was mostly caused by the filling of the reservoir during this period
and frequent winter thaws [19]. The minimum summer-autumn river runoff
increased only at the Loktyshi station (0.81 m3/s), which is statistically
significant and caused by the influence of the reservoir; at the other sta-
tions some statistically insignificant increase in runoff was observed.

The nature of fluctuations in the minimum summer-autumn runoff
judging by the F-criteria has not undergone significant changes, except at
the Logvinovichi gauging station. The minimum winter runoff increased
everywhere, respectively by 0.47, 0.61 and 1.26 m3/s; and in all cases
statistically significant. That was as a result of winter thaws above the
reservoir and below an anthropogenic factor was added in the form of
water releases from the reservoir. In addition, the nature of fluctuations in
the minimum winter runoff has also changed, except at the Loktyshi
gauging station. Thus, testing the hypothesis about the homogeneity of
the considered parameters of annual, maximum, minimum summer-
autumn and minimum winter runoff for periods with different averaging
intervals was based on the use of the Student and Fisher criteria; and as
the analysis showed the differences in the parameters are significant for
some segments and can be recognized statistically reliable.

Runoff changes of the Lan River for 3 gauging stations under con-
sideration were assessed using linear gradients numerically equal to the
product of the regression coefficient of linear trends (a) by 10 years.
The gradient characterizes the change in water flow in m¥s by 10 years.
The values of runoff gradients and their significance using correlation
coefficients are given in Table 4.
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Table 2 — Statistical parameters of the Lan River runoff for different averaging periods

Runoff type Annual Maximum sum“:lr:glratTumn Minimum winter
Gauging H 2 é S 2 é 5 2 é 3 g é
stafion gl 2|l s | &8|=2|=s|&8|3|2=2]|8&]|3|S:2
1948-2015
Qav, m3/s 2.04 4.12 8.59 2.90 60.8 45.7 0.534 1.52 2.50 0.741 1.47 3.96
Cv 0.27 028 0.36 0.67 0.83 0.95 0.22 0.38 0.64 0.693 0.457 0.597
Cs 0.60 0.80 0.40 0.67 0.83 0.95 0.22 0.39 0.65 3.25 1.07 0.981
Qp=1%, m¥/s 3.41 6.79 15.8 139 225 231
Qp=5%, m/s 2.91 5.76 13.3 90.9 159 137
Qp=25%, M/s 2.32 4.65 10.2 455 85.4 56.1
Qp=50%, M/s 1.98 4.00 8.32 33.2 48.6 35.3 0.513 1.50 2.20 0.628 1.36 3.45
Qp=75%, M/s 1.70 3.48 6.69 0.446 1.13 1.37 0.432 1.03 2.32
Qp=95%, M3/s 1.35 2.88 4.76 0.373 0.658 0.612 0.268 0.693 1.29
Qp=99%, M/s 1.16 2.53 3.67 0.334 0.403 0.305 0.197 0.529 0.838
1948-1977
Qav, m3/s 2.22 3.71 8.36 45.3 81.3 67.0 0.523 1.05 2.74 0.518 1.17 3.21
Cv 0.27 0.29 0.46 0.76 0.71 0.94 0.29 0.43 0.66 0.37 0.63 0.78
Cs 1.06 1.58 1.38 3.42 1.76 3.29 1.71 1.06 1.66 1.10 3.76 4.31
Qp=5%, m/s 3.15 5.26 14.8 103 191 178
Qp=10%, M%/s 2.88 4.79 12.8 81.2 155 135
Qp=90%, M/s 1.64 2.81 4.66 0.340 0.554 0.998 0.277 0.558 1.31
Qp=95%, M/s 1.52 2.64 4.02 0.310 0.467 0.760 0.237 0.488 1.10
1978-2015
Qav, m3/s 1.99 4.45 8.88 35.3 49.7 34.3 0.553 1.86 2.39 0.984 1.78 4.47
Cv 0.27 0.26 0.30 0.57 0.95 0.72 0.16 0.21 0.68 0.74 0.34 0.46
Cs 0.68 1.29 0.75 2.28 2.85 4.00 0.96 0.43 1.69 4.05 1.34 0.91
Qp=5%, M3/s 2.83 6.16 12.2 68.7 134 76.9
Qp=10%, M3/s 2.61 5.67 11.3 57.3 102 60.4
Qp=90%, M3/s 1.43 3.37 6.61 0.427 1.39 0.858 0.396 1.17 2.33
Qp=95%, M3/s 1.31 3.19 6.11 0.404 1.28 0.651 0.331 1.06 1.94
Table 3 — Statistical criteria for various averaging intervals and types of the Lan River runoff
Gauging station Lognovichi Loktyshi Mokrovo
Runoff type t F t F t F
Annual 2.19 1.29 2.68 1.22 1.20 1.94
Maximum 2.07 2.55 247 1.63 2.85 5.69
Minimum summer-autumn 1.25 2.62 .77 1.24 1.42 1.23
Minimum winter 3.93 1.7 4.50 1.14 1.94 244
Note — Bold values are statistically significant
Table 4 — Statistical parameters of linear trends in the Lan River runoff changes for different averaging periods
Runoff type Annual Maximum sum,\:lr:gr aliJTumn Minimum winter
cagrg | S| B | 2| 2| B || 2| E|E| 2| & ¢
stafion gl 2| 2|8|3|2|8&8|2|=2|8]| 3]s
1948-2015
a-10, m¥/s -0.09 0.19 0.18 -2.76 -8.13 -1.76 0.003 0.218 | -0.117 | 0.113 0.182 0.513
r -0.34 0.34 0.12 -0.23 -0.34 -0.39 0.00 0.76 -0.15 0.44 0.53 0.40
1948-1977
a-10, m¥/s -0.27 0.34 1.62 0.11 -8.59 -2.61 -0.006 | 0.413 0.388 0.026 0.395 0.749
r -0.42 0.30 0.42 0.00 -0.15 -0.04 -0.00 0.84 0.21 0.13 0.57 0.26
1978-2015
a-10, m¥/s -0.05 0.06 -0.50 -6.10 -6.80 -7.96 | -0.028 | 0.065 | -0.501 | 0.123 0.015 0.416
r 0.1 0.06 -0.22 -0.37 -0.19 -0.41 -0.36 0.18 -0.37 0.22 0.03 0.23
Note — Bold values are statistically significant
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For the entire period under consideration (1948-2015), a statistically
significant linear gradients occurred for average annual runoff at the Logno-
vichi gauging station — negative (-0.09 m¥s by 10 years), and at the Lok-
tyshi gauging station — positive (0.19 m3s by 10 years). At all gauging sta-
tions the gradients of maximum runoff are negative and statistically signifi-
cant and amount to -2.76, -8.13, and -7.76 m%s by 10 years, respectively.
It caused by the effect of anthropogenic factor (the filling of the reservoir)
and natural factor (modern climate warming). For the minimum runoff a
statistically significant positive gradient was observed in the summer-
autumn period at the Loktyshi gauging station and amounted to 0.218 m?s
by 10 years; in the winter a runoff increase was observed at all gauging
stations and amounted to 0.113, 0.182; 0.0513 m?s by 10 years, respec-
tively, and it is typical for the entire territory of Belarus [18]. For the period
1948-1977 a decrease in runoff was observed at the Lognovichi gauging
station and at the Mokrovo gauging station; there was some increase in the
average annual runoff (-0.27 and 1.62 m%s by 10 years, respectively).
No significant changes have been established in the maximum runoff at all
gauging stations, although there was some tendency towards a decrease in
runoff. The minimum runoff, both summer-autumn and winter, increased
statistically significantly only at the Loktyshi gauging station and amounted
to 0.413 and 0.395 m3s by 10 years, respectively. Between 1978 and 2015
(the operating time of the reservair) the prevailing trend was a decrease in
runoff. The maximum and minimum summer-autumn runoff at the Logno-

vichi and Mokrovo gauging stations decreased statistically significantly
-6.10; -7.96; -0.028; -0.501 m3/s by 10 years, respectively. Thus, statistical
heterogeneity was established, i. e. in the Lan River basin there was inten-
sive economic activity that significantly disrupts the natural hydrological
regime.

Trends in climate fluctuations at the global and regional levels are
confirmed by: an increase in global air temperature at the earth's surface,
a decrease in the area of sea ice in the Arctic basin and snow cover on
land, and an increase in the average sea level. According to research by
leading climatologists, the change in global temperature in the 20th —
early 21st centuries is characterized by general warming, which on aver-
age on Earth amounted to 0.75 °C. During this time, the intra-annual
structure of atmospheric precipitation has changed significantly. Monthly
precipitation values in April-May and, especially, in August decreased by
approximately 20 %. Trends in long-term fluctuations in air temperature
extremeness indices are consistent with the fact of global warming, when
annual minimums and maximums increase, and the range between them
decreases (the minimums increase faster than the maximums), and the
number of days with frost decreases. Table 5 presents modeling of
changes in meteorological characteristics in the territory of Belarusian
Polesie until 2035, which was carried out on the basis of an archive of
meteorological data using the CMIP5 multi-model ensemble of four sce-
narios (RCP8.5, RCP6.0, RCP4.5, RCP2.6) [21, 22].

Table 5 — Forecast estimates of changes in meteorological parameters in the territory of Belarusian Polesie until 2035

Time interval

Jan | Feb | Mar | Apr | May | Jun | Jul | Aug | Sep | Oct | Nov | Dec | VYear
Air temperature (°C)

24 | 22 | 19 | 16 | 14 [ 16 | 20 | 19 | 17 | 16 | 17 | 20 | 18
Precipitation (%)

90 | 50 | 20 | 60 | 70 [ 80 [ 120 | 100 | 60 | 40 | 30 [ 40 | -25

Deficiency of air humidity (%)
01 | o1 [ 02 | o3 [ o5 [ 03 | -04 | -03 [ 014 [ 00 [ 00 | 00 | 00

Using the considered methodology, we made forecast estimates for
the Lan River at the Mokrovo gauging station for the future until 2035.
Due to the significant anthropogenic impact on the Lan River runoff,
model adjustment was carried out along the river analogue of the Tsna
river at the Detlovichi gauging station. The rivers are located in close
proximity to each other and have very similar geomorphological charac-

teristics and climatic conditions. Figure 4 presents current and forecast
values of river runoff for ensemble of four climate scenarios (RCP8.5,
RCP6.0, RCP4.5, RCP2.6).

Table 6 shows the results of modeling forecast estimates of changes
in the average long-term runoff of the Lan River for 2035 year.

20 -
Q, m¥/s
16 -
12 -
8 -
4 4
0 | | | | | | | ;
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Modern = = Forecast Month
Figure 4 — Modern and forecast hydrographs of the Lan River runoff at the Mokrovo gauging station
Table 6 — Forecast estimates of changes in average long-term runoff of the Lan River for 2035
Time interval
Jan | Feb | Mar | Apr | May | Jun | Ju | Aug | Sep | Oct | Nov | Dec | VYear
Modern runoff rates, m3/s
946 | 960 | 142 | 162 | 878 | 599 | 532 [ 569 | 774 [ 838 | 810 | 801 | 8.89
Forecast runoff rates, %
973 | 954 | 1099 | 83 | 748 | 98 | 517 [ 689 | 596 [ 871 | 935 | 9.1 | 90.0
Forecast runoff rates, m3/s
920 | 915 | 156 | 143 | 657 | 592 | 275 [ 392 | 461 [ 730 | 757 | 770 | 8.00
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As can be seen from Table 6, significant changes in runoff will not
occur, since the forecast climate parameters have not changed signifi-
cantly. A slight decrease in runoff is predicted, caused by additional
evaporation from the water surface of the reservoir, due to an increase in
air temperatures, and there will be a slight shift in the peak of the spring
flood to the month of March [21].

Conclusion

A comprehensive analysis of hydrometric information on the of the
Lan River runoff at the Lognovichi, Loktyshi and Mokrovo gauging sta-
tions for the period from 1948 to 2015 was carried out. A decrease in the
average annual runoff at the Lognovichi station was established, at the
same time there was runoff increase at the Loktyshi station. In terms of
maximum runoff, a decrease was observed at all considered gauging
stations. An increase in the minimum summer-autumn runoff was ob-
served at the Loktyshi gauging station; a minimal winter runoff increase
was observed in all areas.

Based on the runoff time series analysis, a hydrological-climatic hy-
pothesis, and the CMIP5 multi-model ensemble of four scenarios (RCP8.5,
RCP6.0, RCP4.5, RCP2.6) the modeling of changes in the Lan River runoff
until 2035 was carried out. The obtained results contain a slight decrease in
runoff and shift in the maximum spring runoff to earlier dates.

It is established that the Loktyshi Reservoir has the great influence
on the volume and regime of the Lan River runoff, which requires strict
adherence to scientifically based regimes for managing the water regime
of the reservair.
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