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Abstract

Changes in the catchment scale water balance have important social implications for usable water now and in the future. Stream
discharge is also directly related to radionuclides flux in the river water system. The aim of this study was to clarify the water
balance in the Chernobyl Exclusion Zone (CEZ) under current and future climate conditions. A catchment scale hydrological
model was used with long-term discharge data to project the future trend of radionuclides wash-off from the contaminated
catchment at the CEZ in Ukraine. The Sakhan river catchment at the CEZ (51.41°N, 30.00°E) in Ukraine is one of the Pripyat
river systems, and has a total surface area of 186.9 km?2. We found that under the current climate, 84% of annual input (sum
of rainfall and snowmelt) was consumed as evapotranspiration, and discharge was estimated to be 16%. In future climates,
annual precipitation is expected to increase. However, a projected increase in the vapor pressure deficit led the consumption
of precipitation as evapotranspiration and no significant increase in discharge. The study found that warmer winter and spring
temperatures will decrease the snowfall, and increase the rainfall, but it was not enough to increase evapotranspiration. As a
result, the peak of discharge shifted from April to March. The increase of future average discharge during the winter and spring
came from a combination of (1) increasing rainfall in the winter and spring, and (2) relatively small levels of evapotranspiration,
which enhanced the catchment scale water recharge in soil moisture and gave rise to greater discharge during winter and spring.
The reduction of extreme river discharge from the hydrological projections could reduce the probability of high radionuclides
concentration in the river water system in the future, owing to the reduction of surface runoff water from the contaminated

surface soil and/or top layer of floodplain soils in the CEZ.

Introduction

After the Chernobyl nuclear power plant (CNPP) accident in April 1986, the Chernobyl Exclusion Zone
(CEZ) has become known as one of the most radionuclide-contaminated terrestrial ecosystems on Earth
(UNSCEAR, 2000; TAEA, 2006; Nepyivoda, 2005). Even now, the redistribution of long-lived radionuclides,
such as ¥7Cs and“’Sr, from the contaminated area has been of great concern in terms of the radiological
risks for residents in the downstream area (e.g., Smith et al., 2005; TAEA, 2006). River water discharge
is directly related to radionuclides flux in the river water system because dissolved and particulate radio-
nuclide transportation mechanisms, which are associated with water movement and sediment transport, are
important processes of radionuclides redistribution (e.g., Garcia-Sanchez and Konoplev, 2009; Yoshimura et
al., 2015; Wakiyama et al., 2019). Understanding the characteristics of the catchment scale water balance,
including discharge (@ ), precipitation (P ,), and evapotranspiration, in the CEZ and showing how these



could change in future climates is critical for the radionuclide redistribution from CEZ as well as water
resources downstream.

Over annual and longer time scales, an approximate balance exists between groundwater inflow and outflow,
and the difference betweenP . and @ must be balanced by F(e.g., Brutsaert, 1982; Palmroth et al., 2010).
Changes in the catchment scale water balance, due to the changes in P ,and/or E trend, have important social
implications for the amount of usable water now and in the future (e.g., Foley et al., 2005). The catchment
scale water balance is also closely connected with the transport of dissolved ions and the radionuclides flux
(e.g., Garcia-Sanchez et al., 2005; Tsuji et al., 2016; Egusa et al., 2019). The water balance in northern
Ukraine had been studied from a climatological aspect because of its importance for agriculture. AnnualF&
, which can be estimated from P , and solar radiation, used most of the P , (Budyko, 1961). Even on a
global scale, it is widely known that mostP , is consumed as E, whenP , is low (Zhang et al., 2001). For
instance, Zhang’s equation indicates that 80%—90% of P ,could make up E when precipitation was assumed
to be 600 mm /year. Thus, F is an important component of the regional water balance, especially for low
P | regions, such as northern Ukraine. It is considered that the future water balance in this region will
be a critical issue. Many recent studies have been dedicated to future changes of climate in Europe. The
climate projections under different emission scenarios show a temperature increase over Europe in the range
of 1-4.5 °C under RCP4.5 and 2.5-5.5 °C under RCP8.5 by the end of the century (EEA, 2017). Annual
precipitation totals show a less clear signal of change in the 21st century compared with temperature,
although there is agreement from most projections on an overall annual increase in northern and eastern
Europe (Jacob et al., 2014; Kjellstrom et al., 2011), with a rise in flood frequencies (Lehner et al., 2006). The
future river discharge rate will increase due to the greater annualP , in the Polish river network (Piniewski
et al., 2018). Increasing river discharge is also projected with higher precipitation and air temperature at
the Teteriv catchment in northern Ukraine (Didovets et al., 2017). However, changes in discharge rate are
affected not only by changes in precipitation, but also by evapotranspiration, which is largely controlled by
the vapor pressure deficit (combination of temperature and humidity). Climate change is projected to result
in significant changes in the seasonality of river flows across Europe. Summer flows are projected to decrease
over most of Europe, including in regions where annual flows are projected to increase. Where precipitation
shifts from snow to rain, spring and summer peak flow will shift to earlier in the season (EEA, 2017).

At the catchment scale, over different time periods, the difference between P ., and () must be balanced
by E (Brutsaert, 1982). The water balance at long time scales can be simplified based on this steady state
assumption of vegetation impact (e.g., Laio et al., 2001: Palmroth et al., 2010). As many previous studies
have shown, catchment scale E is strongly controlled by the soil water content (W ) and vapor pressure
deficit (D ) (e.g., Gollan et al., 1985; Kumagai et al., 2004; Igarashi et al., 2015b, 2015¢). According to a
simplified catchment scale water budget (Palmroth et al., 2010), P , should be perfectly distributed into E
, @ and W . This simplification could help to understand the hydrological characteristics and radionuclides
dynamics at the CEZ, and to provide the first order approximation for a catchment scale water balance
under current climate conditions, In addition, hydrological model simulation and projected climate allow us
further discussion of hydrology situation and following radionuclides discharge in this region.

The purpose of this study was to clarify the water balance in a catchment in the CEZ climate. River discharge
data covering over 25 years were used for the F modeling, which was controlled byD and W . Interestingly,
these long-term data were collected for the monitoring of radionuclides wash-off in the CEZ. Bias-corrected
future climate predictions from general circulation model (GCM) outputs were used for evaluating the
hydrological water balance in the CEZ. We aimed to predict the future hydrological dynamics and to provide
baseline information for future wildlife and ecosystem dynamics.

Material and Methods
Field measurements of river discharge

Experiments were conducted at the Sakhan River in the CEZ (51.41°N, 30.00°E) (Fig. 1). The Sakhan River
lies within one of the sub-catchments of the Pripyat River system and has a total area of 186.9 km?. The



catchment is largely covered by grass meadows and forest. There is a limited area of wetland. The forest
contains both coniferous and mixed forests. Geological strata are composed of sandy quaternary deposits
(Igarashi et al., submitted). The long-term stream discharge data used in this study were monitored for
countermeasure of radionuclides concentrations and river water discharge from the small catchment to the
larger river system. The data were measured approximately every 2 weeks by two research institutes, the
Ukrainian Hydrometeorological Institute (data period: 1994-1998) and State Agency of Ukraine on Exclusion
Zone Management and Chernobyl Ecocentre (data period: 1999-2018). The discharge rate was estimated
by the existing height-discharge (H -Q ) relationship equation at the outlet of the catchment. The H and
@ were obtained by integrating the cross-sectional observation of the flow velocity and water depth, where
the bed was contained by a concrete revetment under the bridge. To verify our estimates, flow rates were
also measured directly using an electromagnetic current meter (VE20, KENEK, Japan) from March to May
2018, but differences in the results were insignificant. Therefore, the flow rate data used in this study were all
derived from the Manning equation without correction. Observed @ are shown in Fig. 3e and f (e: logarithmic-
scale and f: normal scale). Clear seasonality of @ was observed; @ began to increase from February, was high
during the spring because of snow melt, and gradually decreased into summer. After the summer, ) started
to increase again gradually. The maximum () was observed in April 2013 (Fig. 2e and f).

Field measurement of climate variables

The long-term measurements of meteorological variables were obtained at the monitoring point of the Central
Geo-survey Organization in Chernobyl (51°15’58.3"N, 30°13’32.9”E), in an open site 20 km away from the
discharge monitoring point. Daily precipitation (P ,; mm), daily mean temperature (7 ,: degC), relative
humidity (RH: %), and snow depth (S 4: cm) were calculated every 3 hours by a human observer with a
self-made storage-type rain gauge, and dry-wet thermometer. Vapor pressure deficit (D ) was calculated
from the observed T , and RH. During the 25-year observation period, annual precipitation was 604 +- 93
mm yr! (mean +- S.D.) (Fig. 3a). The snow cover period is from November to March of the following year,
but depending on the year, occasionally snow cover is observed in October or April/May (Fig. 3b). The
average annual temperature was 8.3 +- 0.6 degC (Mean +- S.D.). The maximum and minimum daily T ,
were 29.1 degC and -25.0 degC, respectively (Fig. 3c). The annual average D was 0.40 +- 0.04 kPa (Fig.
3d). D also had a distinct seasonality, with an average value of 0.79 kPa in July, peaking in winter and also
high in summer (Fig. 3d). @ was highest during March during the snowmelt season. It decreased toward
the summer (Fig. 3e and f). Precipitation increased in summer, but the decrease in summer flow was lower
than in other seasons because evapotranspiration was higher, as a result of greater evaporation demand from
the atmosphere from high summer D(Igarashi et al., submitted).

Models for current and future hydrological simulation
Hydrological model

The catchment water balance, over a given time period, is described as a simple dynamic system defined by
a zero-dimensional model. The change in the watershed water storage W can be expressed as:

The water storage (W : mm) in the entire watershed governs the runoff-storage relationship. At long time
scales, the water balance reflects changes in W, stream discharge (@ : mm), evapotranspiration (£ : mm),
and inputs, which are rainfall (R ¢z mm) and snowmelt (S ;,: mm). We describe the details of R ¢ andS ,
in section 3.2. Here,Q iy and @ o4 are groundwater outflow and inflow, respectively, across the watershed
boundaries. In this study, we used the following assumptions (Palmroth et al., 2010): (1) the net groundwater
flow across the reservoir boundaries is zero (Q in -Q out = 0) and, hence, the only inflow of water isR ¢ + S
m and the only outflows are E and @ ; (2) the saturated and unsaturated and/or shallow and deep storages
are lumped in a single term (W ); and (3) the entire water storage is accessible by the roots of the vegetation
cover in the watershed.

The @ was assumed to be at its maximum for saturated soil moisture conditions. ) can be expressed using



the hydraulic conductivity model proposed by Brutsaert (1968):
Q=0Q (9)m (2)
where @Q ,, is the maximum run-off flux parameter (mm d') and m is the fitted parameter. (=W /W ayx )

is the soil moisture and degree of saturation varying between 0 and 1. W ., is the maximum water depth.

As previous studies have shown, F is strongly controlled by the soil water content and D (e.g., Ewers et
al., 2001; Pataki and Oren, 2003; Igarashi et al., 2015a, 2015b). In this model, the main limiting factors
controlling evapotranspiration were considered to be s and D . Here a modified Laio’s model (c.f., Laio et
al. 2001; Manzoni et al., 2011) was used to compute evapotranspiration, given by:

E0,t)={
0, &amp;0<0(t) <0,
« [Ew%} D, &amp;0, < 0(t) <6
o {Ew + (Bmax — Euw) 99(5),7_9?:“} D, &amp;0, < 0(t) < 06*
aFnaxD, &amp;0* < 0(t) <1

(3)

where F , and F .« are the soil evaporation and the maximum evapotranspiration, respectively, anddy,, 0
w and® ™ are s at ‘hygroscopic point’, ‘plant wilting point’ and ‘plant stress point’, respectively. When @ falls
below a given O ", plant transpiration is reduced by stomatal closure to prevent internal water losses. Then,
soil water availability becomes a key factor in determining the actual evapotranspiration rate. Transpiration
and root uptake continue at a reduced rate until 9 reaches 9 . Below$ y, soil water is further depleted only
by evaporation at a low rate to ©},. a is unit conversion factor (kPa!).

Snow model

Snow is the critical component of a snow-covered catchment during the winter. We calculated the snowfall
and snowmelt by the water equivalent of snow.

% = Sf — Sm (4)
Ry = P.(1-F) (5)
Sy = P.F (6)

Here, S (mm) is the snow depth of water equivalent.S ¢ (mm) and Sy, (mm) are water equivalent of snow fall
and snowmelt, respectively. The rate ofS ¢ and R ¢ (Eq. 1) are calculated by using the simple temperature-
dependence model (Dai, 2008). F is the conditional snow frequency. As shown in Dai (2008), theF (%) - T
a (°C) relationship has been well fitted with a hyperbolic tangent function as follows:

F(T,) = a{tanh [b(T, — ¢)] d}(7)

Here, Ta is the air temperature, a , b , ¢ , andd are the fitted parameters. In this study, we used the typical
parameter set for terrestrial surfaces (Dai, 2008). Snowmelt is also calculated by using a simple model, called
the “Degree-day method” (Hock, 2003) as follows:

Sm = {
0, &amp;T, <0 (8)
fmTa, &amp;T, >0
Here, fm (mm °Ct day) is the melting factor. We assumed that the air temperature equal to zero (T ,

= 0) a threshold temperature beyond which melt is assumed to occur. f p, is estimated as 3.0 mm degC-!
day™! from the snow depth record in Chernobyl. The list of parameters is shown in Table 1.

Model validation



The estimation of water and solute fluxes in the system requires the determination of the model parameters.
The remaining parameters were estimated through a Markov Chain Monte Carlo (MCMC) calibration proce-
dure using the DiffeRential Evolution Adaptive Metropolis (DREAM) script in R (Vrugt et al., 2009; Joseph
and Guillaume, 2013). These comprise five hydrologic parameters (@ o, m, and W ,.x for the storage-
discharge relationships,FE , and E ,.x for evapotranspiration). All parameters were calibrated against
daily discharge data over the 25-year period from 1994 to 2018. The model was run in daily time steps.
The bi-weekly measurements may not capture all the high and low-frequency dynamics. However, the mea-
surements (n= 649) were collected during very different hydrologic conditions and they covered all seasons
from high water levels during the snowmelt to low water levels during summer. After the model validation,
the best fit parameters are obtained as Table 2. Nash-Sutcliffe coefficients (NSC: Nash and Sutcliffe, 1970)
and R 2 were 0.62 and 0.79, respectively. In terms of evaluation, the classification suggested by Motovilov
et al. (1999) was adopted, described as: NSC > 0.75 (model is appropriate and good); 0.36 < NSC < 0.75
(model is satisfactory); and NSC < 0.36 (model is unsatisfactory). Thus, it is considered that the agreement
of this model is appropriate as a first order approximation of the long-term water balance simulation. The
model was able to simulate high @ during the snowmelt season in 2013 and 2018 (Fig. 3b), and the low
@period in 2002, 2003 and 2017 (Fig. 3c). It should be noted that the forested area has partly increased
after the accident due to natural plant succession with no agricultural management (human pressure) in the
CEZ (Yoschenko et al., 2019), and our model does not address the impact of long-term vegetation changes
on evapotranspiration. However, we did not find clear differences in model agreement in the first and last
10-year periods. Thus, we used constant parameters for the model simulation.

Future hydrological simulation

To simulate catchment scale future water balance, the GCM output was used as the forcing data for our
hydrological model (Eq. 1). In this study, MRI-CGCM3 (Yukimoto et al., 2012) was selected for our hydro-
logical model because of the 1.125degx1.125deg high resolution with 4-types of Representative Concentration
Pathways (RCP) scenarios (RCP8.5) as the forcing future climate. In this study, simple bias-correction was
applied by adding (or multiplying) (e.g., the “delta method” (e.g., Graham et al., 2007; Sperna Weiland et
al., 2010);

Lcor, i = Lo, 1 + Hp — Kb (9)

— ©
Lcor, i = Lo, 1 X ﬁ (10)

where T ¢ori, T o; denotes the bias-corrected data and observed data for each single day during the baseline
period (13 years; from 2006 to 2018), respectively. Thep , and p , indicate the averaged simulated data in
the baseline period and projection period, respectively. Based on a previous study (Watanabe et al., 2012),
equation (1) was used for T , and D , and equation (2) was used for P ,.

Results and discussions

In this study, we created a model to estimate evapotranspiration from 25-year runoff and forcing meteoro-
logical factors. The model reproduced the observed values well. In the results, we will first show the water
balance and the trend of each hydrological element over 25 years. Then, the water balance in a future climate
will be illustrated.

Catchment scale long-term water balance and trends

Fig. 4 shows the relationship between the annual water input (I o= R ¢ +S5 ;) and evapotranspiration
and discharge. It should be noted that when evapotranspiration exceeds the annual input here the previous
year’s storage water is carried over to the next year due to the snow and soil water content. The 25-year
(from 1994 to 2018) averaged I o at this study catchment was estimated as 604 £ 93 (mm), while the F
was 507 £ 50 (mm) and @ was 102 £ 50 (mm) (Table 3). We found that the 84% of rainfall was consumed
as evapotranspiration, and river flow was 16%. As shown in Zhang et al. (2001), if annual precipitation
is approximately 600 mm, the proportion of evapotranspiration against annual input is very high. We also
found a clear response of E and @ to I a(Fig. 4). Zhang et al. (2001) estimated the evapotranspiration range



from observations under various climates. The range, which is shown as a dashed line in Fig. 4, indicated the
evapotranspiration range from grassland to forest. The range of annual evapotranspiration in this study was
almost within the range indicated by Zhang et al. (2001). In terms of the climatological aspect, the differences
in the annual evapotranspiration in both forests and grasslands diminished with decreases in annual rainfall
due to the strong suppression of the hydrological environment. This is because both forests and grasslands
need to use water for evapotranspiration to maximize their photosynthesis production with limited water
supplied as precipitation. Thus, it could be considered that the effect of the atmospheric situation (changes
in T , and/or D ) on catchment water balance throughout the evapotranspiration processes is critical for
low precipitation catchments, such as in northern Ukraine.

We constructed a time series of annual P ,,T ,, D , E and @ (Fig. 5). All annual variables showed an
increasing trend with large fluctuation for each year. There was a significant increasing trend in annual T ,
over the 25-year period (slope = 0.05 °C year™!, p < 0.01), but there were non-significant trends for other
variables. Even D did not have significant long-term trend. Interestingly, the slight increase of P , (2.7 mm
year'!) was not evenly divided into E and @ . The increasing slope of E (1.5 mm year ') was slightly larger
than that of @ (1.3 mm year!). One reason may be that there was an uneven distribution of vegetation
succession with no agricultural management (human pressure) in the CEZ (Yoschenko et al., 2019). However,
it is also well known that the physical and biological drivers, such as vapor pressure deficit, soil moisture
content and stomatal conductance, strongly control catchment scale evapotranspiration (e.g., Wilson and
Baldocchi, 2000; Stoy et al., 2006; Igarashi et al., 2015a, 2015b). Thus, further analyses are needed to resolve
the reasons for the long-term trend of water balance, especially allocation of P , to F and @ with vegetation
changes from field observations and vegetation dynamics models (see Sato et al., 2007).

Current and future climate water balance

We used a simple water balance model and have discussed the current water balance and its characteristics.
In this section, the annual water balance of the study site in a future climate is shown. Fig. 6 illustrates
the 20-year average for each hydrological component from current to most extreme future situation (RCP8.5
scenario). Bias-corrected future forcing data, such as P ,and D , increased with time, and changed signifi-
cantly (p< 0.05, Tukey’s test) from the current climate after 2040-2059 (Fig. 6 a and b). As the forcing data
changed, the annualF also showed significant changes (p < 0.05, Tukey’s test) (Fig. 6c¢), but the changes
in annual @ were not clear (Fig. 7d). Based on the bias-corrected GCM results, it was predicted that the
future annual P , would be up to 1.24 times higher and future annual D also increased to 1.36 times higher
compared with current levels. Our results showed that the water supply in the future will increase, but at
the same time, the atmospheric situation will become drier, so the water supplied to the catchment will be
consumed as evapotranspiration and will not lead to increasing river discharge.

The current and future seasonality of each variable is shown in Fig. 7. The ensemble monthly average
over 20-year time series data showed a small increase in precipitation in winter and early summer (Fig.
7a). The ensemble monthly averaged air temperature also increased throughout the year, and the monthly
air temperature was positive (> 0 degC) in all months in the far future climate (2080-2099) (Fig. 7b).
Increasing amounts of rainfall from November to March in future climates were remarkable (Fig. 7c). The
relatively high air temperature and the chance of rainfall during the winter also led deceasing snowfall (Fig.
7d) and snow water equivalent (Fig. 7e). Monthly evapotranspiration also increased during the summer and
beginning of autumn (June—September) (Fig. 7f). Interestingly, the increase in future air temperature was
not enough to significantly increase winter and spring evapotranspiration via the vapor pressure deficit. It
is important to note that an increase in future Q during the winter and spring (from January to April) is
simulated, despite the decrease in snowfall and snow depth (Fig. 78g). Similar trends in seasonal dynamics
were found in a study from a Polish-Russian river, and south Ukrainian river (Hesse et al., 2015) and
Lithuanian river (Cerkasova et al., 2016) with increases to the river discharge in winter and decreases in
spring as a result of temperature rises. Additionally, in some cases the maximum spring discharges will
take place earlier. Didovets et al. (2017) indicated shifts in the seasonal distribution of runoff in Ukraine
catchments. The spring high flow occurred earlier as a result of temperature increases and earlier snowmelt.



Consequently, the trend is an increase in river discharge in the winter season and a potential decrease in river
discharge in the spring. They also showed that a potential reduction in discharge in spring was accompanied
by a shift of the spring peak to earlier months under the projected future climate scenarios. In this study,
it was considered that the warmer winter and spring temperature would decrease the snowfall, and increase
the rainfall and, as a result, the peak of discharge shifted from April to March (Fig. 7g). The maximum
daily discharge, which was formed by the spring snowmelt under the current climate, diminished under the
future climate (Fig. 7h). In addition, a non-significant change in evapotranspiration from winter to spring
was tightly coupled with winter discharge. From a climatology aspect, our study site could be classified as a
relatively high atmospheric demand region (e.g., Budyko, 1961; Zhang et al., 2001). Approximately 84% of
precipitation is consumed as evapotranspiration (Fig. 4). High evapotranspiration could directly influence
the discharge rate throughout the soil water content. Thus, it could be considered that the combination
of (1) increasing winter and spring rainfall, and (2) relatively little evapotranspiration, which enhanced the
catchment scale water recharge in the soil moisture, gave rise to increased discharge during winter and spring.
However, increasing precipitation during the summer months could not directly lead to increasing discharge
because of the compensation effect of the relatively large evapotranspiration during the summer.

Implications for the future hydrological environment and radionuclide concentrations in Chernobyl rivers

At present, high levels of dissolved phase strontium-90 (°°Sr) are still being detected from the small catchment
streams inside the CEZ. The main long-term source of exchangeable and available ?°Sr in the soils of CEZ is
the gradually dissolving micron-size “fuel particles” accidentally released from the Chernobyl nuclear power
plant Unit 4 (26/04/1986), formed by the mechanical destruction of nuclear fuel. It is well known that %°Sr
is one of the major high mobility radionuclides (Konoplev et al., 1992; Kashparov et al., 1999). During
high flow events (e.g., snowmelt or heavy rainfall) 90Sr is directly leached by surface runoff water from the
contaminated surface soil and/or top layer of floodplain soils in the CEZ (e.g., Voitsekhovitch et al., 1993).
This highly contaminated surface runoff enters streams and rivers leading to the increase of both the flow rate
and?Sr concentration in river water system. Further studies conducted in the small watershed in the CEZ
indicated that near-channel wetland areas can act as a source of *°Sr for surface water. During the spring
snowmelt and large rainfall events, the groundwater table in wetland areas rises, and these wetland areas
then produce direct, more highly contaminated surface runoff to the river water system by the ‘saturation
excess’ overland flow mechanism (Freed et al., 2003; 2004). Thus, increasing river discharge could play
an important role in leaching radionuclides from the surface soil and transport to the river water system.
Based on the simulated discharge time series, extreme value analysis of flood level was performed. Flood
frequency curves of simulated discharge rates based on the Generalized Extreme Value (GEV) distribution
(see more details in Intergovernmental Panel on Climate Change, 2001) were fitted to the annual maxima
in the current (1999-2018) and far future (MRI-CGCM3 with RCP 8.5; 2080-2099) periods for the Sakhan
catchment. The extreme river discharge was projected to decrease from 2.7 to 1.4 mm day™' in the 50-year
extreme river discharge levels for the far future period compared to the current period (Fig. 8). Interestingly,
it was shown that the future extreme river discharge will decrease compared to the current, although the
decrease was not significant. The concentration of major radionuclides, such as “OSr (half-life = 28.8 years)
and 137Cs (half-life = 30.17 years), in the soil of Chernobyl catchments will continue to decrease into the
future under the radioactive and environmental decay processes (e.g., Smith et al., 2000; Sasina et al., 2007).
The diminishing of extreme river discharge from the hydrological projections could reduce the probability of
high radionuclides concentrations in the river water system in the future. Thus, the trend of radionuclides
concentration in the river water system will continue to decrease as predicted by the simple extrapolation
of tendencies based on radioactive decay. Many other factors, such as chemical balance and resolution rate,
contribute to the radionuclides concentrations in the river water system (Konoplev et al., 1992; Kashparov et
al., 1999). Further hydro-chemical modeling will be needed for process-based understanding of radionuclides
dynamics at the post-accident contaminated catchment.

Conclusion

This study focused on the catchment scale water balance at the Chernobyl Exclusion Zone in northern



Ukraine using a simple hydrological model. The model was validated with long-term discharge measurements
from the radionuclides monitoring database and showed good agreement with observed data. Our results
showed that 84% of annual input (sum of rainfall and snowmelt) was consumed as evapotranspiration, and
discharge was estimated to be 16% under the current climate. We used bias-corrected future climate data
for future water balance estimation at the study site in Chernobyl. In future climates, annual precipitation
is expected to increase. However, the projected increase in the vapor pressure deficit led the consumption
of precipitation as evapotranspiration and no significant increase in discharge. In this study, it was found
that that the warmer winter and spring temperature will decrease the snowfall and increase the rainfall.
As a result, the peak discharge shifted from April to March. The increase in future@) during the winter
and spring was formed by the combination of (1) increasing winter and spring rainfall, and (2) relatively
low evapotranspiration, which enhanced the catchment scale water recharge in the soil moisture and gave
rise to increased discharge during winter and spring. Stream discharge directly related to redistribution
of radionuclides in the environment, thus it is considered that the implementation of this model could
help with future water use and resources strategy and countermeasures for radionuclides in this region.
Furthermore, the diminishing of extreme river discharge from the hydrological projections could reduce the
probability of high radionuclides concentrations in the river water system in the future due to the reduction
of surface runoff water from the contaminated surface soil and/or top layer of floodplain soils in the CEZ.
The concentration of °°Sr and '37Cs in the soil of Chernobyl watersheds will continue to decrease in the
future under the radioactive and environmental decay processes. As previous studies have shown, many
factors, such as chemical balance and resolution rate, contribute to radionuclides concentrations in the river
water system. Thus, further hydro-chemical modeling will be needed for process-based understanding of
radionuclides dynamics at the post-accident contaminated catchment.
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1 —— Current (1999-2018)
4 — —— Far future (2080-2099)

Return level (mm day 1)

2 5 10 20 50
Return period (years)

Model Abbreviation  Units Definition
Hydrologic Model P, mm Precipitation
R; mm Rainfall
w mm Soil water content
E mm Catchment scale evapotranspiration
] mm Discharge
T, e Surface air temperature
D kPa Vapor pressure dificit
Woax mm Maximum water depth
0, mm day™! Maximum run-off flux parameter
m unitless Model parameter (equasion 2)
E, mm day™! Soil evaporation
Epux mm day! Maximum transpiration
a kPa™! Unit conversion factor
4 unitless soil moisture content
6, unitless soil moisture content at the hygroscopic point
6, unitless soil moisture content at the plant wilting point
g unitless psoil moisture content at the plant stress point
Ohnax. mm day™! Daily maximum discharge
Snow model N mm Snow water equivalent
SF mm day™! Snowfall in water equivalent
SM mm day™! Snowmelt in water equivalent
a - Model parameter (equation 7; = —48.2292; Dai et al., 2008)
b - Perameter of dep of snow freq model (= 0.7205; Dai et al., 2008)
c - Perameter of temp dep of snow model (= 1.1662; Dai et al., 2008)
d - Perameter of d. d of snow model (= 1.0223; Dai et al., 2008)
S mm ° C'day” melt factor in degree-day approach in Hock (2003)
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Symbol Value
W nax (m) 675
0O, (mm day™) 14.3
Model parameters  m (unitless) 3.8
E,, (mm day™) 2.20
E_ . (mmday™) 4.84
Nash-Sutcliffe 0.62
Agreement
R? 0.79
Precipitation Evapotranspiration Discharge
(mm year™!) (mm year™!) (mm year™!)
Average 604 507 102
SD 93 50 50
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