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Abstract

This study provides an assessment of the current and future changes (in terms of both direction and value) in air
temperature, precipitation, snow, wind and their extremes over the territory of Belarus using information from 42
meteorological stations and 92 regional circulation model (RCM) simulations with the highest available horizontal
resolution (EUR-11). Three representative concentration pathway scenarios, namely, RCP2.6, RCP4.5 and RCP8.5,
are considered.

Results demonstrate that in recent decades, temperature has increased over the tertitory of Belarus by 1.3°C, with the
largest increase occurring during the cold season (2.1-2.3°C). Ensemble scenarios project further increases in air
temperature in the current century by +0.5-1.5°C, +2.8°C, and +5.2°C under the RCP2.6, RCP4.5 and RCP8.5 sce-
narios, with the largest increase during the cold season under the RCP8.5 scenario. The annual means were observed
to increase (insignificantly) by 5-7% and the summer precipitation extremes exhibited a 20-25% growth in recent
decades. Moreover, dry conditions have intensified in Belarus, particularly during the growing season. Further in-
creases in precipitation of 10-15% across Belarus are projected to occur in all seasons under the RCP4.5 and RCP8.5
scenarios. Simulation models predict greater increases in single day rainfall events compared to their multiday precip-
itation counterparts. The greatest increases in maximal dry period length (by 1-2) are expected to occur in summer
and autumn. The models project the general decrease in snowfall across Belarus to continue into the current century,
with a reduction in snow precipitation days of 10-30 days. Despite the reduced wind strength (by 0.9-1.0 m-s!) since
the 1970s over the territory of Belarus, the ensemble model reveals slight nonsignificant changes in seasonal and
annual wind strengths until the end of the century. Significant changes of 1-3 days under varying directions of the

wind regime were observed for days with a strong breeze and storms.
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1. Introduction

Climate change influences almost all components of the environment and human activity at the global
scale. In particular, the hydrological cycle, agriculture, culture, human health and activity, and human-made
infrastructure are sensitive to climate change, specifically to changes in the spatial and temporal distribu-
tions of temperature, total precipitation (rain and snow) and near-surface wind. Furthermore, contempo-
rary climate change is characterized by the intensification of vatrious extreme phenomena at the regional

scale (Siegmund et al. 2019). Belarusian territory is highly impacted by ongoing and projected changes, and



the collaboration of geoscientists from this part of Europe is required in order to mitigate climate change

in a coherent mannet.

Numerous recent climate studies have assessed possible future climate changes based on numerical simu-
lations. The model results are typically presented as deviations of different variables from historical cli-
mate conditions within the target regions. This method takes into account the bias between climate simu-
lations and data from meteorological stations. Climate models are corrected based on in situ observations.
However, in order to understand the variability of the projected climatic characteristics, the current cli-

mate changes must be assessed.

The Belarusian hydro-meteorological service collects long-term time series of observed climatic character-
istics, permitting estimations of ongoing changes in climate that can subsequently be employed to under-
stand potential future climate change trends. Podgornaya et al. (2015) established fluctuations in annual
temperature within 1900-2014 to vary close to the temperature climatological norm (1881-1990). Signifi-
cant variations in the Belarusian temperature regime have been observed since 1989. In particular, the
current warming is unprecedented in its duration, and the higher temperatures occurring during the past
30 years (1989-2018) have exceeded the average climatic norm (1961-1990) by 1.3°C. In addition, the
three warmest years in Belarus (1989, 2008 and 2015) since 1880 occurred from 1989-2015 (Melnik et al.
2018).

No significant changes have been observed in the mean annual precipitation at the end of the 20t century
in Belarus, while the increased irregularity of precipitation and rise in air temperature caused twice as
many periods of drought as before (climate warming period of 1989-2018). Moreover, the wind speed in
Belarus has declined since the 1970s (Loginov 2008). During this period (1989-2018), extreme weather
phenomena were observed more frequently in Belarus, and the World Meteorological Organization warns

that climate extremities will increase in the future (Siegmund et al. 2019).

Several studies have investigated future climate change in Belarus based on climate model outputs. Due to
the small size, compact configuration and location between Europe and the Russian Federation, Belarus
has often been part of climatic assessments in large multi-country projects such as CMIP3, CMIP5, PRU-
DENCE and ENSEMBLE (Frich et al. 2002; Metzger et al. 2005; van der Linden, Mitchell 2009; Taylor
et al. 2011).

Current model data with high temporal and spatial resolution are represented by the consortium EURO-
CORDEX. Jacob et al. (2014) employed this data to conduct a detailed analysis of future climate changes
revealing increases in air temperature of 2.0-4.2 and 4.1-6.2°C (depending on the scenatio) by the end of
the current century over the central European territory, including Belarus. More specifically, the rise in

precipitation amount was determined as 7-18% and 19-32% under the RCP2.6 and RCP8.5 scenarios.

Research on climate change in Russia (Shkolnik et al. 2006; Govorkova et al. 2008; Meleshko et al. 2008;
Mokhov, Eliseev 2012; Kokorev, Anisimov 2013) often include the territory of Belarus. The regional
model outputs of the Institute of Physics of the Russian Academy of Sciences (Mokhov, Eliseev 2012)



suggest that air temperature will rise in the European part of Russia and Belarussian territory and, depend-
ing on the scenario, may increase through the end of the 215t century from 3.0-3.5°C to 4.0-4.5°C under

the RCP2.6 scenario and to 4.0-8.0°C under the RCP4.5 and RCP8.5 scenarios.

Analysis of climate projections based on the 31 CMIP5 climate models under the RCP4.5 scenario re-
vealed a significant change in key climatic characteristics through the middle of the current century within

the tetritory of Belarus (Pavlova 2013; Snezhko et al. 2017).

Loginov et al. (2000) investigated future climate changes specifically for the territory of Belarus in the early
years of the 21% century. Results confirmed the probable rises in key meteorological parameters by the end
of 2100. For example, the mean, maximum and minimum air temperatures are expected to increase by up
to 3.0°C, 2.7-2.9°C, and 3.2-3.3°C, respectively, depending on the concentration of greenhouse gases and
the presence of sulphate substances in the air. The rise in the amount of precipitation is calculated a 0.12-
0.20 kgm2-day! (10% every year), the increase in partial pressure of water vapour is given as 1.7-1.9 hPa,
and the wind speed rise is 0.07-0.17 m-s-!'. The greatest changes in the meteorological parameters coincide
with a rise in greenhouse gas concentrations, while in the presence of sulphate substances, the variations

are lowet.

Further research on climate change in Belarus based on CMIP5 climate projections demonstrates an in-
crease in the warm petiod duration (T, = 0°C) of up to 35 days from 2041-2060 and projects that the
warm period will vary from 280 to 310 days. The agricultural zoning of the territory of Belarus was updat-

ed according to the projected temperature (Melnik et al. 2017).

A detailed assessment of future climatic changes in Belarus using model simulations by the EURO-
CORDEX (EUR-44) consortium reveals significant changes in air temperature and precipitation by the
end of the current century. The mean air temperature and precipitation are expected to rise by up to 2.4-
4.7°C and 15-30 kg m per year, respectively, through the end of the current century. The seasonal and
annual values of temperature and precipitation vary depending on the chosen combination of global and
regional models. The smallest changes were noted for the RCP2.6 scenario, while the most significant
variations were observed for RCP8.5. The greatest changes within each scenario occurred during winter

and spring (colder times of the year) (Partasenok et al. 2015; Danilovich, Geyer 2018).

Danilovich et al. (2020) analyzed the observed and projected climate changes in the Polesje region
(southern area of Belarus), concluding that current climate change trends will be maintained in the
near future. In particular, the air temperature will continue to rise and the variation in the minimal
temperature will exceed that of the maximal and mean temperatures. A rise in precipitation events of
moderate intensity will increase the precipitation amount, while the duration of the drought periods

will enhanced in the summer.

In the present study, we aim to estimate the current and future changes (both the direction and value) in

air temperature, precipitation (rain and snow), wind and their extremes over the territory of Belarus using



information from meteorological stations and 92 regional climate model (RCM) simulations with the high-

est available hotizontal resolution (EURO-CORDEX, 0.11°).

The rest of the manuscript is structured as follows. Section 2 provides a description of the data and meth-
ods employed for the analysis. Section 3 details the study area, while Section 4 presents the observational
data. Section 5 describes the projections of air temperature, precipitation, snow and wind, including cur-
rent climate changes in Belatus, the assessment of multimodel median climate change signals under differ-
ent emission scenarios, and estimates of the projected extremes. The results are discussed in Section 6 and

Section 7 concludes the study.

2. Data and methods

A set of 92 RCM simulations from the EURO-CORDEX initiative (Jacob et al. 2014; Kotlarski et al.
2014) are analyzed. A horizontal resolution of 0.11° (~12 km, EUR-11) is used and three representative
concentration pathways (i.e., acrosol and greenhouse gas emissions) (Moss et al. 2010) scenarios, namely,
RCP2.6 (10 simulations), RCP4.5 (43 simulations), and RCP8.5 (39 simulations), are considered. The da-
taset is derived from 5 RCMs and 7 CMIP5 general circulation models (GCMs) (Taylor et al. 2011) that
provide boundary and initial conditions. Table 1 provides an overview of the models. We selected all
models that were publicly available via the Earth System Grid Federation archive in January 2017 and

provided at least one scenario, a historical simulation, and an evaluation simulation.

Figure 1 illustrates the model orography of Belarus for the 0.11°-resolution grid used for the simulations

contributed by the CLM community (~12 km, EUR-11) as an example.
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Fig. 1. Orography and grid structure of the regional model used by the CLM community in EURO-CORDEX with a

0.11°-resolution and locations of the observational meteorological stations for Belarus.



Table 1. Dataset of the EURO-CORDEX climate models used in the study.
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3. Meteorological variables

We employed the simulated daily mean datasets of temperature, total precipitation, snow and wind speed.

Temperature is evaluated using the following variables: the mean, maximal and minimal temperatures; the
number of hot (daily maximum temperature >30°C), summer (daily maximum temperature of day
>25°C), frost (daily minimum temperature <0°C) and ice (daily maximum temperature <0°C) days; the

number of tropical nights (daily minimum temperature >20°C); and the frost and hot period lengths.

Precipitation and snow are described by the mean precipitation; the frequencies of precipitation days (daily
precipitation amount >0.1 kg'm?), wet days (daily precipitation amount >1.0 kg-m2), intense precipitation
days (daily precipitation amount >10 kg'm2), and heavy precipitation days (daily precipitation amount
>20 kg m2); maximum dry and hot period lengths; the highest precipitation amount in a 5-day precipita-

tion period; and the 95% percentile of all of the precipitation days.

! for N, N is the number of the ensemble member; for iN, N is the number of the used initialization state; for pN, N is the
number of the used physical parameterization.



The wind speed characteristics are the mean and maximal wind speeds and the numbers of light-breeze
days (daily averaged wind strength <2 m-s!), strong-breeze days (daily averaged wind strength =11 m-s"),

and storm days (daily averaged wind strength 218 m-s).

4. Observational data and reference period
The station meteorological dataset is based on daily observations from a set of 42 stations covering the
territory of Belarus. The dataset is stored at the State Climate Cadastre of the Republic of Belarus (Belhy-

dromet 2019). Figure 1 presents the meteorological station locations.

In order to validate the simulations, seasonal and mean values of air temperature and precipitation are

calculated for every station from the meteorological observation dataset during 1971-2000.

The spatial pattern of climate change over the study area is described by a gridded meteorological dataset.
The meteorological network dataset is interpolated via the kriging method (Gaussian process regression)

(Lysenko et al. 2019). The spatial distribution of the gridded dataset is 0.05° (5.5 km X 3.5 km).

We compute the statistics of the meteorological variables under the following periods: (1) 1971-2000, the
historical period used in the EURO-CORDEX calculations (Jacob et al. 2014); (2) 1981-2010, the period
suggested by the WMO Guidelines for the calculation of climate normals (WMO 2017); and (3) 1989-
2018, the period of climate change in Belarus (Loginov 2008).

The differences in the means for the aforementioned petiods are as follows: 0.9°C for the mean annual
temperature; 0.7-1.0°C for the mean seasonal temperature (Fig. 2, Tab. 2); and 25 kg'm=2 or 4% for annual
precipitation for 1971-2018 (Fig. 3) or 1-11 kg'm2 for seasons with the largest differences in winter and
spring and without significant changes in summer and autumn (Tab. 3). The standard deviations of
monthly mean temperature has decreased in recent decades (Tab. 2), while the standard deviations of

precipitation generally has increased (Tab. 3).

The analyses of the daily data are performed for the four meteorological seasons of winter (DJF: Decem-
ber-February), spring (March-May), summer (JJA: June-August), and autumn (September-November).
Parts of this manuscript are divided by cold (November-March) and warm (April-October) petiods.

The observational data are used to analyze the current climate change trends in Belarus. Future changes in
air temperature, precipitation and wind are calculated as the difference between the modelled historical
data and projected data. The bias introduced by the coatse resolution of the GCMs is corrected by the
application of the RCMs. We apply the common assumption that systematic model errors are equal for
historical and future conditions. Thus, by analyzing the differences, the systematic errors of the models are

excluded from consideration.

Present-day and future conditions are defined as those during 1971-2000 and 2021-2099, respectively. The
results are determined as seasonal, annual 20-year smoothed means for the air temperature, precipitation,

wind and climatological indices during the periods 2021-2040, 2041-2060, 2061-2080, and 2081-2099.
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Fig. 2. Climatological means of air temperature in Belarus for different periods (°C).
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Fig. 3. Mean annual precipitation in Belarus for different periods (kg'm-2).

5. Location and climatology of the study area

Belarus is located in Eastern Europe or in the southwest of the East European Plain. Poland borders Bel-
arus to the west, with Lithuania to the northwest, Latvia to the north, Russia to the northeast and the east,
and Ukraine to the south (Fig. 1). The national borders occur across flat terrain, as Belarus has no signifi-

cant natural boundaries.

The general landscape of Belarus is a plain dotted with hills to the north and west (Fig. 1). Only one-fifth
of the country exceeds an elevation of 200 m. Central Belarus, known as the Belarusian ridge, divides the
Baltic Sea (47%) and Black Sea (53%) catchment areas. The highest point is the Dzerzhinskaya mountain,
reaching an elevation of 345 m. The lowest point in the territory of Belarus is located in the valley of Ne-

man, close to the Lithuanian border, with an elevation of approximately 80-85 m.

The climate of Belarus is influenced by its midlatitude location, flat relief and relative proximity to the
Atlantic Ocean. It is classified as moderately continental according to Alisov’s classification system (Alisov
1936) and warm-summer humid continental climate (Dfb) according to the K&ppen-Geiger classification
(Beck 2018). The mean temperature (1971-2000/1989-2018) fluctuates from 5.3/6.4°C in the northeast to
6.7/7.7°C in the southwest; the mean January temperature vaties from —7.1/-4°C in the northeast to
—5.6/-3.6°C in the southwest, while the mean July temperature varies from 17.4/18.5°C in the northwest

to 18.2/19.5°C in the southeast (Fig. 2). Table 2 reports the seasonal temperature means.

The mean annual precipitation ranges within 600-650 kg'm2in the lowland plains to 700-750 kg m-2, and
increases with elevations. Approximately 70% of the precipitation falls as rain during the warm part of the
year. The mean precipitation (1971-2000/1989-2018) during the winter is recorded to be within 114/124

kg m2per season, with the mean January precipitation varying from 38/45 kg m=2in the northeast to



35/37 kg'm2in the southwest, and that in July averaging 87/85 kgm2 per month in the northwest to

83/94 kg'm-2 per monthin the southeast (Fig. 3). Table 3 presents the mean seasonal precipitation totals.

Table 2. Air temperature climatological means (°C, numerator) and their standard deviations based on daily observa-

tions (°C, denominator) for Belatus.

Period Winter Spring Summer Autumn Year
712000 | 5 a4 162 ol 8
1981-2010 ﬁ % % % %
19892018 | et 4 122 s 2

Table 3. Precipitation climatological means (kg'm-2, numerator) and their standard deviations based on daily observa-

tions (kg'm2, denominator) for Belarus.

Period Winter Spring Summer Autumn Year
114 129 231 156 630
1971-2000 19.2 275 56.5 41.6 64.8
120 136 234 157 647
1981-2010 25 313 53.6 38.9 66.0
124 140 234 158 0655
1989-2018 229 28.9 56.7 442 76.3

6. Evaluation of simulation data

The evaluation of the EURO-CORDEX RCM ensemble (Kotlarski et al. 2014) confirms the ability of the
models to capture the basic features of the European climate, including their variability in space and time.

Moreover, no negligible deficiencies are identified for the simulations in terms of selected metrics, regions,

and seasons.

The ability of the EURO-CORDEX simulations to represent air temperature, precipitation and wind for
the Belarus territory is investigated relative to the meteorological station observations. The evaluation
strategy is based on the mean annual and seasonal values for each GCM-RCM simulation dataset and their
medians compared against the mean annual and seasonal values of every meteorological station and their
mean over the territory of Belarus. The evaluation is performed across the period of 1971-2000 for both

the meteorological station dataset (i.e., observations) and simulations.

Figures 4 and 5 compare the observational records of the 1971-2000 changes in surface air temperature
and precipitation to the simulated data from each EURO-CORDEX model and the respective multimodel
median.

The interannual variability in the majority of the EURO-CORDEX simulations is qualitatively similar to
that of the observed data, although there are several exceptions. For example, the magnitude of interannu-
al variations in the observations is larger than the multimodel median. This is because the averaging of the

multiple model results acts as a filter to the simulated variability (Flato 2013).
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Fig. 4. Evaluation of EURO-CORDEX regional climate model (RCM) simulations over Belarus for seasonal and
yearly air temperatures. The analysis is conducted for 14 historical GCM-driven RCMs (colored lines), and their

median (dark blue line) and mean seasonal and yearly air temperatures aggregated across 42 stations (red line).
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Fig. 5. Evaluation of EURO-CORDEX regional climate model (RCM) simulations over Belarus for seasonal and
annual precipitation. The analysis is conducted for 14 historical GCM-driven RCMs (colored lines), and their median

(dark blue line) and mean seasonal and annual precipitation aggregated across 42 stations (green line).

The quantitative performance of the models is evaluated by examining the mean error (ME), relative error
(RE) and root mean square error (RMSE). Figures in Appendix A present the EURO-CORDEX model
mean seasonal ME and RMSE of the surface air temperature, precipitation and wind (determined via the

difference between the individual model simulations and observed station data).

According to Kotlarski et al. (2014) the EURO-CORDEX ensemble seasonally and regionally averaged

temperature biases (the difference model-reference of spatially averaged climatological means) for the



European domain generally do not exceed 1.5°C. The temperature bias spread across different configura-
tions of an individual model can be of a similar magnitude as the spread across different models, demon-
strating the strong influence of the specific choices in physical parameterizations and the expetimental

setup on the model performance.

The mean ME of all air temperature simulations is negative in winter and spring, and positive in summer
and autumn. The largest MEs ate obtained for spring (—1.5°C) and winter (—0.8°C). This may be associat-
ed with the model underestimations; the smallest errors were detected in summer and autumn with 0.4-
0.5°C. The yearly ME does not exceed 0.4°C and the relative error of air temperature is approximately

24% in spring and 2% in summer.

The RMSE is largest in winter, reaching 3.7°C, and gradually decreases by season to 2°C in autumn. This
is explained by the higher variability in air temperature in winter due to frequent changes in atmospheric

circulation and flowing air masses from the Atlantic Ocean, Siberia and Arctic.

The precipitation ME is largest in winter and spring and equals approximately 40 kg'm-2 per season; how-
ever, the relative error is approximately 20% for winter and 30% for spring. The summer-autumn mean
errors in precipitation are approximately 13-14 kg'm=2and do not exceed 5-10%, while precipitation biases
for the entire European domain are typically in the £40% range (Kotlarski et al. 2014). However, the
RMSE indicates the largest values of more than 100 kg'm2 to occur in summer due to the high variability
of precipitation and the complicated regime of frontal and convective precipitation during this season,

which is difficult to parameterize. The smallest RMSE of 60 kg'm2 is obtained in winter.

The simulated seasonal and yearly wind means are in modest agreement with the observations. The wind
MEs are stable within seasons and vary from 1.0 to 1.2 m-s!, with the largest values in autumn. However,
at the relative scale, the MEs are quite large and reach 30% and 50% in winter and summer, respectively.

The wind RMSE is largest in winter and autumn and corresponds to the wind speed seasonal increase.

The EURO-CORDEX simulations generally perform well in the qualitative (i.e., seasonal and geograph-
ical variations) and quantitative (i.e., errors) characterizations of the climate in Belarus. This demonstrates
the ability of the EURO-CORDEX models to reproduce the general features of the annual and seasonal
mean surface temperature, precipitation and wind, although the agreement between simulations and ob-

servations is limited in certain seasons.

7. Results

This section is structured into four subsections according to air temperature, precipitation, snow and
wind. Each subsection consists of (a) the peculiarities of current climate changes in Belarus; (b) an assess-
ment of multimodel median climate change signals for different emission scenarios; and (c) estimates of

the projected extremes.



The spatial patterns associated with multimodel median projected climate changes across the territory of
Belarus are not presented here due to the lack of clear spatial patterns of the meteorological characteristics

per season.

7.1. Temperature

PECULIARITIES OF CURRENT CLIMATE CHANGES. The annual mean temperature in Belarus has
exceeded the climatological norm (1961-1990) by 0.1-2.1°C almost every year since 1989. The linear trend
of annual temperature for the post-WWII petiod vaties from 0.25°C per decade in the north to 0.35°C in
the south. The largest degree of warming occurs during the cold season. The trend of winter temperature
change varies from 0.35°C per decade in the west and some southern regions to 0.45°C in the north and
east. The trend in summer temperature changes is approximately 0.1°C per decade in the west and 0.25°C
in the southern and central regions. The mean maximum temperature for the cold period has increased by
1.5-1.7°C, while that for the warm period has increased by 0.7-0.8°C. Moreover, the mean minimum tem-

perature has increased by 1.8-2.0°C for the cold petiod and by 0.6-0.7°C for the warm petiod.

ASSESSMENT OF MULTIMODEL MEDIAN CLIMATE CHANGE. Figure 6 presents the air tem-
perature ensemble projections as 20-year moving averages for the 2021-2099 period with respect to pre-
sent conditions (1971-2000) for Belarus. The individual models project a general increase in air tempera-
ture from 1 to 7°C. Under the RCP2.6 scenatio, the projected ensemble median exhibits an increase in the
annual mean air temperature of up to 1.5°C by the middle of the century, followed by a subsequent de-

crease of 0.5°C by the end of the century.

The largest growth under RCP2.6 is detected in the winter and spring (from 0.5 to 2.0°C) in different
decades of the current century, while the smallest growth is observed in the summer. For winter, spring,
and autumn, the temperature is expected to rise until the middle of the century, followed by a projected
decrease until the end of the century. A gradual increase in air temperature of up to 1.0°C is projected for

the summer.

The RCP4.5 ensemble scenario estimates an increase in the annual mean temperature ranging from 1.0°C
to 2.8°C (from the beginning to the end of the century). The RCP8.5 scenario projections show an in-
crease in the annual mean temperature ranging from 1.2°C at the beginning of the study period to 5.2°C at
the end of the century. A gradual increase in winter and spring temperatures is expected to equal 4.5-

5.5°C, and that of the summer-autumn period equal to 3.5-4.2°C.

ESTIMATES OF THE PROJECTED EXTREMES. Significant changes in winter extremes were detect-
ed for frost and ice days and the maximal frost period length, and in summer extremes for hot and sum-

mer days and for tropical nights.

The number of frost days is expected to decrease from 3-9 days during the current century under the
RCP2.6 scenatio to 4-33 days under the RCP4.5 and RCP8.5 scenarios. The number of ice days is also
projected to decrease by 3-16 days under the RCP2.6 scenario, 4-18 days under the RCP4.5 scenario and



7-31 days under the RCP8.5 scenario. The maximum frost period length decreases from 7-17 days under

the RCP2.6 scenario to 9-30 days under the RCP8.5 scenario. The winter indices generally exhibit maximal

values for the 2041-2050 period under the RCP2.6 scenario and at the end of the century under the
RCP4.5 and RCP8.5 scenarios.
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Fig. 6. Projected changes in air temperature in Belarus for the 2021-2099 period with respect to 1971-2000 as the 20-

year running means.

During the summer, the number of hot days is expected to rise by a range from 1 day per season during

the current century under the RCP2.6 scenario to up to 12 days under the RCP8.5 scenario. The number

of summer days will increase by 3-21 days according to the RCP4.5 and RCP8.5 scenarios, while the num-



ber of tropical nights may rise by 2-8 days per season (more than twice the number under current condi-

tions) after 2051-2060 under the RCP8.5 scenatio.

The ice and frost days are projected to decrease during autumn and spring for every RCP scenario. More-
over, in autumn, an increase in summer days of up to 5 days per season is observed in the second half of

the century under the RCP8.5 scenario.

7.2. Total precipitation

PECULIARITIES OF CURRENT CLIMATE CHANGES. The moisture regime in Belarus has changed
in the recent decades. The mean precipitation exhibits a nonsignificant increase in the north (up to 5%)
and southeast (up to 7%), while no changes are observed in the other regions of Belarus. The largest
changes in precipitation are detected in the winter and may be explained by the atmospheric circulation
peculiarities in the Atlantic-European sector (Partasenok et al. 2014). In the summer, an increase in precip-
itation occurred in July. Additionally, enhanced precipitation extremes are marked: the rainfall duration
decreased while the absolute maximum precipitation amounts increased, particularly in the southern and
central regions of the country. Despite the rise in precipitation, dry conditions are currently intensifying in

Belarus, particularly during the growing season (Danilovich 2021).

ASSESSMENT OF MULTIMODEL MEDIAN CLIMATE CHANGE. The different ensemble scenari-
0s project an increase in precipitation across Belarus in all seasons. As shown in Figure 7, individual mod-
els projected increases in the winter and spring of the 2021-2099 period with respect to present conditions
(1971-2000) for Belarus. The estimated growth of the multimodel median precipitation in the winter and
spring exceeds 10 kg'm2 (8%) under the RCP2.6 scenario, and reaches 20 kg'm2 (15%) and 40 kg'm2
(30%) under the RCP4.5 and RCP8.5 scenarios, respectively. In summer and autumn, changes in precipita-
tion are more complex: the majority of simulations exhibit an increase in the seasonal precipitation totals
of up to 10 kg'm2 (4-6%); and mid-century decreases are projected under the RCP2.6 scenario. The high-
er-resolution EUR-11 projections tend to estimate stronger increases in mean annual precipitation com-
pared to the coarser EUR-44 counterparts in previous studies (Partasenok et al. 2015; Danilovich, Geyer

2018).

ESTIMATES OF THE PROJECTED EXTREMES. The number of precipitation days is projected to
increase in the winter and spring by 1-3 days. In the summer and autumn, the deviations in the precipita-
tion days are larger (up to 4 days) than in the cold season but have no clear increasing or decreasing trends
during the current century. The largest deviations in the precipitation days during the century are projected

under the RCP2.6 scenatrio.

An increase of 1-2 wet days is expected in the winter and spring under the RCP2.6 scenario and 2-4 days
under the RCP4.5 and RCP8.5 scenarios. Negative deviations of up to 1-3 wet days are projected during

summer and autumn.
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Fig. 7. Projected changes in precipitation for Belarus during the 2021-2099 period with respect to 1971-2000 as 20-

year running means.

A substantial increase is particularly apparent for the intense precipitation days, particularly in cold sea-

sons. Signal strengths depend on the forcing and are most distinct for RCP8.5-driven ensemble scenatios.

A projected intensification of extreme precipitation is expected over Belarus. For example, the 95 per-

centile of precipitation increases in all seasons but is stronger in spring; with a rise of 3-6 kg'm2 under the
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RCP4.5 scenario and 3-8 kg'm2 under the RCP8.5 scenario (Fig. 8).
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Fig. 8. The ensemble changes in the 95™ percentile of precipitation for 2041-2099 with respect to present conditions

(1971-2000) for Belarus. The year on the x-axis represents the start of each 20-year subperiod.

Figure 9 reveals the maximal dry period length changes to be the most complex. No significant trends are
observed for the winter season, while the spring exhibits substantial decreases. The largest increase in the
maximal dry period length is expected in the summer and autumn (with the exception of several decades)

under the RCP2.6 scenario. The largest increase and decrease are projected under the RCP2.6 scenatio.

The models project stronger relative increases in single-day rainfall events compared to multiday precipita-

tion spells.
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Fig. 9. Ensemble changes in the maximal dry period length for 2041-2099 with respect to present conditions (1971-

2000) for Belarus. The year on the x-axis represents the start of each 20-year subperiod.



7.3. Snow

PECULIARITIES OF CURRENT CLIMATE CHANGES. The changes in the snow regime strongly
depend on cold-period temperature fluctuations. Following the positive tendency of air temperature in
Belarus in recent decades, particularly in winter, the duration of solid precipitation has declined in recent
decades by 11-26 hours per month or up to 5 days per cold season in the north and by 11-47 hours or up
to 3-24 days in central and southern Belarus (Melnik 2019). The largest negative trend in falling snow du-
ration occurs in January, at 20 hours per decade. In contrast, the liquid precipitation duration has in-
creased for the entire country. The snow water equivalent (SWE) tends to decrease by more than 20 mm

(25%) per cold season in the north and center, with slight changes in southern Belarus.

ASSESSMENT OF MULTIMODEL MEDIAN CLIMATE CHANGE. The general decrease is distinct
for all models and scenarios in Belarus. However, several decades in the second half of the century exhibit
increases under the RCP2.6 scenario. In the near-term period (2031-2050), the snow precipitation means
is reduced by approximately 20 kg-m-2 per season. However, later snowfall is expected to decrease by up
to 7-10 kg'm2 per season. A significant reduction of 11-27 kg-m2 per seasonis detected under the

RCP4.5 scenario, and 9-47 kg'm™2 per season under the RCP8.5 scenario.

ESTIMATES OF THE PROJECTED EXTREMES. Among the snow precipitation climate indices, sig-

nificant changes were detected for the numbers of precipitation days and wet days.

The snow precipitation days are expected to change by 1-10 days under the RCP2.6 scenario, with the
largest negative deviation in the near-term period of 2031-2050 and at the end of the century, from 2091-
2099. The decrease in snow precipitation days is projected to be 8-18 days under the RCP4.5 scenario and

4-32 days under the RCP8.5 scenario.

The number of snow wet days is projected to decrease by 2-5, 4-8 and 3-14 days under the RCP2.6,
RCP4.5 and RCP8.5 scenarios, respectively.

7.4. Wind

PECULIARITIES OF CURRENT CLIMATE CHANGES. The wind regime in Belarus, which is influ-
enced by atmospheric circulation over Europe and the Atlantic Ocean, is determined by baric center activ-
ity. During the cold season, winds from the west and southwest prevail (repeatability 45-50%0), whereas
those from the east (15%), northwest (9-12%), and north (5-8%) are less dominant. In the summer, west-
erly NW+W+SW) winds prevail (50%), with wind repeatability from the east up to 30% and from the

south at 12%.

The wind strength has decreased by 0.9-1.0 m-s! since the 1970s over the territory of Belarus, and the

mean annual wind speed varies from 2.5 to 2.8 m-s'!. The absolute maximum wind gust has also declined
by 1.2 m"s!in the central and southern regions of the country, while no changes are observed in northern
Belarus. The negative trend of the maximum wind gust is approximately equal to 0.1-0.2 m-s-! per decade

since the 1970s.



ASSESSMENT OF MULTIMODEL MEDIAN CLIMATE CHANGE. The ensemble reveals slight
nonsignificant changes in seasonal and annual wind speeds. The overall change in wind speed varies from

0.2 to =0.4 m*s™! in all seasons (Fig. 10).
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Fig. 10. Projected changes in wind over Belarus for the 2021-2099 period with respect to 1971-2000 as 20-year run-

ning means.

The ensemble median is reduced by 0.05 m*s-! in the winter during the current century, with a more
marked decrease of up to 0.1 m-s! projected up until the end of the century in spring and summer. The
wind speed change in autumn is expected to stay close to the norm (1971-2000) under the RCP4.5 and

RCP8.5 scenarios and deviate under the RCP2.6 scenario, growing by 0.05 m-*s-'in the recent decades to



0.15 m-s in the middle of the century. The maximal wind speed is expected to increase in the second half
of the century by 0.1-0.2 m-s! and decrease in summer by 0.1-0.25 m-s!. In autumn, the maximal wind
speed will vary strongly under RCP2.6, with an increase of 0.25 m*s!in the first half of the current century
and subsequent reduction of 0.15-0.5 m-s-'. RCP4.5 and RCP8.5 exhibited nonsignificant vatiations in the

maximal wind speed in autumn.

ESTIMATES OF THE PROJECTED EXTREMES. A significant climate change signal is detected for

strong-breeze days and storm days.

Under the RCP2.6 scenario, the number of strong breeze days increases by 2 days in winter and autumn,
and decreases by 1-3 days in spring and summer. Mid-century strong breeze days are expected to increase
in the winter for a short period under the RCP4.5 scenario. Other seasons are projected to experience
changes ranging between 1.0 and 1.5 days, with the largest negative values in the summer. The RCP8.5
scenario predicts a gradual increase of up to 2 strong-breeze days in winter and spring, while in the sum-

mer, a decrease of 3 days is detected in the second half of the current century.

The climate change signal is stronger for storm days during the current century (2021-2099) under the
RCP2.6 scenario. A general decrease in the number of storm days of 0.5-1 days is observed in the winter,
spring and autumn, with the largest magnitude in the winter. In autumn, an increase in the number of
storm days of 0.5-1 days is expected in the first half of the century. The changes in storm days are nonsig-

nificant under the other scenarios.

8. Discussion
This study estimates the current and future changes in mean and extreme values of air temperature, liquid
and solid precipitation, and wind over the territory of Belarus. Table 4 summarizes the study results for

the territory of Belarus and the comparative climate characteristics for neighboring countries.

Regional climate assessments typically consider the macro-region in order to comprehensively demon-
strate the climate change trends in the study domain. However, this may result in the loss of some climate

change features in smaller regions (counttries).

The air temperature estimates in Europe are robust in their conclusions and indicate a gradual increase
over the region. The mean annual air temperature in Europe was observed to rise by 1.3°C in 2002-2011
and 1.6°C in 2009-2019 (C3S 2020). The ait temperature increased by 1.3°C during 1989-2018 in Belarus,
slightly differing from that in neighboring countries. Similar increasing trends in air temperature are de-
tected (from 1.2 to 1.5°C) in the European part of Russia (Kryshnakova 2008; Roshydromet 2008),
Ukraine (Shevchenko 2019) and Poland in spring (Czernecki 2017); while in Latvia (Klavins 2002; Sum-
mary Report 2017), Lithuania (Lithuania's 5th National Communication 2010) and Poland (Fortuniak et al.
2001; Kozuchowski, Zmudzka 2001), lower mean yearly air temperature changes of 0.7-0.9°C are ob-

served, yet they were analyzed for a longer period (1961-2010).



The mean annual precipitation changes exhibited nonsignificant and generally positive deviations within 5-
10% from climatological norms in all neighboring countries (Latvia's 4th National Communication 2006;

Roshydromet 2008; Summary Report 2017; Tripolskaja 2013; Jaagus 2018; Shevchenko 2019; Szwed 2019)
and Belarus, while positive changes in intense precipitation were more marked (Roshydromet 2008; Reck-

ermann 2011; Summary Report 2017; Balabukh 2018a; Pifiskwar et al. 2018a).

With regards to precipitation, the territory of Belarus is located in the neutral zone between northern Eu-
rope (with a general increase in mean annual precipitation) and southern Europe (where drying conditions
have increased since the second part of the 20th century). Despite the nonsignificant changes in the mean
annual precipitation across recent decades over Belarus, the maximal precipitation totals have increased
significantly in the summer by 15-25%. Moreover, drought frequency has also increased by up to 3-19%
across the country (Danilovich 2021). Analysis of drying conditions over Eastern Europe based on the
SPI (standardized precipitation index) and SPEI (standardized precipitation evapotranspiration index)
revealed nonsignificant changes for the territory of Belarus (Jaagus et al. 2018), while SPI repeatability
demonstrated a significant increase in drying conditions on the majority of Belarussian meteorological
stations.

Snow precipitation and snow cover have declined in neighboring countries in recent decades due to tem-
perature increases (Latvia's 4th National Communication 2006; Roshydromet 2008; Rimkus 2014; Szwed
2017; Balabukh 2018).

In terms of wind regime, the mean and maximal speeds decreased in neighboring countries (Roshydromet
2014; Summary Report 2017; Balabukh 2018b), while whirlwinds and tornados in Poland (Project
Klimada, Kozuchowski 2011) and extreme squalls in Ukraine (Balabukh 2018b) have become more fre-
quent.

The regional assessments of climate projections for Poland, Lithuania, Latvia, Ukraine, the European part
of Russia and Belarus generally confirm that future climate changes will follow current climate changes,
which have been recorded since the second part of the previous century (e.g., increases in air temperature
by 1 to 6°C over neighboring territories). The projected increase in Belarus territory is expected to be
similar to that in Latvia (Summary Report 2017), Lithuania (Kriaucianiene 2008, 2018) and Ukraine
(Christensen 2007; Met Office 2010; Balabukh 2018b), with variations from 2.5 to 5.5°C by the end of the
current century. The expected air temperature increases in Poland (Mezghani et al. 2016a) and the Euro-
pean part of Russia (Shkolnik et al. 2006; Kokorev 2013) are smaller than those in other countries by 1.0-

3.8°C, with a projected total of 1-4°C.

The mean annual precipitation is projected to exhibit a nonsignificant growth in Lithuania (Kriau¢ianiene
2008), while significant increases are expected of up to 10-15% in Poland, Latvia, Ukraine and Belarus,
(Christensen 2007; Met Office 2010; Mezghani et al. 2016; Boychenko 2017; Summary Report 2017), and
up to 20% in the European part of Russia (Shkolnik et al. 2006). A noticeable increase in intense precipita-
tion is expected for all neighboring countries (Bukantis 2010; Kattsov 2017; Summary Report 2017,
Piniskwar, Dobler 2018).



Snow projections demonstrated a substantial reduction in snow cover over the European part of Russia
(Mokhov 2008) and in Belarus. Moreover, a complete lack of snow cover is expected in the western and

southern neighbors of Belarus (Helcome 20006).

Wind speed projections are diverse among countries, with increases of 5-10% in the Baltic Sea basin
(Nikulin 2011), while a rise of 4-13% and 0-6% is estimated in Latvia under the RCP4.5 and RCP8.5 sce-
narios (Summary Report 2017). At the same time, wind speed will continue to decrease in the future over
Belarus and the European part of Russia (Kattsov 2017). This may be explained by northerly cyclone track

shifts (Partasenok et al. 2014) and their continuation in the future.



Table 4. Assessments of current and projected climate changes in neighboring countries of Belarus

Current climate changes

Projected climate changes to the end of the century

(1976-2006)

percentile
threshold

g
§ Annual A.nr'lua! In.tens.e precipita- Wind Snow Annual temperature A.nr'lual Inter'lse'precip- Snow Wind
temperature precipitation tion in summer precipitation itation
+1.3°C Nonsignificant | Max precipitation Mean wind Snow depth Increase: Increase by 10- Increase in Decrease in Nonsignificant
» | (1988-2018) | increase by 5- | increased speed decreased | decreased by +0.5-1.5°C (RCP2.6) | 15% (RCP4.5 95t percentile | snow precipita- | decrease in summer
?{, 7% (1988-2018) since 1970s by +2.8°C (RCP4.5) and RCP8.5) by 4-7 mm tion days by 10- | and yearly wind,
o) (1988-2018) SWE decreased by +5.2°C (RCP8.5) 30 days increase in strong-
s .
by 25% wind days
(1989-2018)
+0.8°C No significant | Max precipitation Increase in Mean and max +1-2°C (RCP4.5) Increase by 95th and 99th Dectease Inctease by 5-10%
(second part | changes increased whirlwinds and snow depth up to +4°C (RCP8.5) 6-10% (RCP4.5) | percentile up to a com- in BS; strengthening
T | 21 century) | (1951-2013) tornados decreased 8-16% (RCP8.5) | precipitation plete lack of north of 45°N
< (1991-2013) increases Snow cover
A~ | +1.4°C (in
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+0.8-1.4°C Increase since | Heavy prec. days Decreased by Decrease +3.5°C (RCP4.5) +13-16% Heavy prec. Mean wind speed
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9. Summary

This study presents the results of current and future climate changes over the territory of Belarus. We at-
tempted to connect the regional peculiarities of ongoing climate changes and projected means of air tempera-
ture, precipitation and wind. While Belarus is an agrarian country, adaptation to climate change is part of the
country’s sustainable development strategy. The climate information based on in situ data and numerical
modelling in the present study is in high demand. The main tendencies of current and projected climate

changes are summarized below.

TEMPERATURE: In recent decades, a temperature increase of 1.3°C has occurred over the territory of Bela-
rus. The largest increase in air temperature (2.1-2.4°C) is detected in the cold season. Increases in minimum
temperatures exceed those of maximum temperatures in the winter, while no equivalent difference is ob-

served for summetr.

The different ensemble scenarios project an increase of 1-5°C in the mean annual air temperature until the
end of the current century. The largest growth (1-6°C) is projected in the cold season, while the growth in the
warm season is projected to be 1-4°C. The RCP8.5 scenario demonstrates the largest changes. For winter,
spring, and autumn, the temperature is expected to rise until the middle of the century, followed by a subse-

quent decrease.

TOTAL PRECIPITATION: Mean annual totals were observed to increase by up to 57%, with summer ex-
tremes in precipitation of up to 20-25%. However, drying conditions also intensified in Belarus, particularly

during the growing season.

An increase in precipitation across Belarus was projected in all seasons. The mean annual precipitation is

expected to rise by 30-120 kg'm2 or by 5-15% at the end of the century. Models simulate increases in single
rainfall events compared to multiday precipitation events. The 95% percentile of precipitation is observed to
rise in all seasons by 4-7 kg'm=2. In summer and autumn, the largest increase in maximal dry period length is

estimated as 0.5-1.5 days, with the exception of some decades under the RCP2.6 scenatio.

The largest deviations in the precipitation days and dry periods during the century are projected for the

RCP2.6 scenatio.

SNOW: In recent decades, the winter precipitation amount increased in northern Belarus, while no significant
changes were observed in the center and south of the country. The duration of solid precipitation decreased
by 5-23 days, particularly in the south, and the duration of liquid precipitation in winter increased over the

entire territory of Belarus.

The models projected a general decrease in snowfall of 10-45 kg'm2 in Belarus for the current century. How-

ever, increases were detected during the second half of the century under the RCP2.6 scenario.

Among the climate indices used for snow precipitation, the most significant negative deviations (by 10-35

days) were detected for the numbers of precipitation days and wet days.

WIND: The wind strength has declined by 0.9-1.0 m*s! since the 1970s over the territory of Belarus.



The ensemble models reveal slight nonsignificant changes from 0.2 to —0.4 m-s™! in seasonal and annual wind
strength. In addition, a significant climate change signal in the wind regime is detected for strong-breeze days
and storm days. In general, all models determined the number of strong-breeze days to increase in winter and
summer by 2-2.5 and 3 days, respectively. Furthermore a 1 day decrease in the number storm days was ob-

served in the winter, and a 1 day increase for autumn.

Acknowledgements

We acknowledge the World Climate Research Programme's Working Group on Regional Climate and the
Working Group on Coupled Modelling, the former coordinating body of CORDEX and the panel responsi-
ble for CMIP5. We also thank the climate modelling groups (listed in Table 1) for producing and making
available their model outputs. We also acknowledge the Earth System Grid Federation infrastructure and an
international effort led by the U.S. Department of Energy's Program for Climate Model Diagnosis and Inter-
comparison, the European Network for Earth System Modelling and other partners in the Global Organiza-
tion for Harth System Science Portals (GO-ESSP). We thank the three anonymous reviewers for their valua-

ble comments, which helped improve the manuscript.

References

Alisov B.P., 1936, Geographical types of climates, Meteorology and Hydrology, (in Russian), 1, 16-25.

Balabukh V., Lavrynenko O., Bilaniuk V., Mykhnovych A., Pylypovych O., 2018a, Extreme weather events in Ukraine: Occurrence
and changes, [in:] Extreme Weather, IntechOpen, 85-106, DOI: 10.5772/intechopen.77306.

Balabukh V., Malytska L., Yagodinets S., Lavrynenko O., 2018b, Projections of changes climatic mean and extreme parameters of
thermal regime by the middle of the 21st century in Ukraine, Nature Management, (in Russian), 1, 97-113.

Beck H.E., Zimmermann N.E., McVicar T.R., Vergopolan N., Berg A., Wood E.F., 2018, Present and future Képpen-Geiger climate
classification maps at 1-km resolution, Scientific Data, 5 (1), DOI: 10.1038/sdata.2018.214.

Belhydromet, 2019, State climate cadastre of the Republic of Belarus, technical report.

Boychenko S., Voloshchuk V., Movchan Y., Serdjuchenko N., Tkachenko V., Tyshchenko O., Savchenko S., 2016, Features of cli-
mate change on Ukraine: scenarios, consequences for nature and agroecosystems, Proceedings of the National Aviation Universi-
ty, 69 (4), 96-113, DOI: 10.18372/2306-1472.69.11061.

Bukantis A., Rimkus E., Kazys J., 2010, Heavy precipitation events in Lithuania, [in:] 10th EMS Annual Meeting, 10th European
Conference on Applications of Meteorology (ECAM), Abstracts.

C38, 2020, European state of the climate 2019, Climate Bulletin, Copernicus Climate Change Service, available online at
https://climate.copernicus.cu/ ESOTC/2019 (data access 07.07.2021).

Christensen J., Hewitson B., Busuioc A., 2007, Regional climate projections, [in:] Climate Change 2007: The Physical Science Basis,
IPCC, available online at https:/ /www.ipcc.ch/report/ar4/wgl/regional-climate-projections/ (data access 07.07.2021).

Czernecki B., Mictus M., 2017, The thermal seasons variability in Poland, 1951-2010, Theoretical and Applied Climatology, 127 (1),
481-493, DOI: 10.1007/s00704-015-1647-z.

Danilovich I., Kvach A., Zhuravovich L., Piskunovich N., 2021, Current changes of precipitation in warm season and streamflow
formation during low-flow period over territory of Belarus, Nature Management, (in Russian), 1, 22-33.

Danilovich LS., Geyer B., 2018, Assessment of possible future changes of air temperature and rainfall by decades of the current cen-
tury for the territory of Belarus on the basis of numerical modelling, Natural Resources, (in Russian), 1, 102-114.

Danilovich LS., Melnik V.I., Geyer B., 2020, The current climate changes in Belarusian Polesje region: factors, consequences, projec-
tions, Journal of the Belarusian State University, (in Russian), DOI: 10.33581/2521-6740-2020-1-3-13.

Flato G., Marotzke J., Abiodun B., Braconnot P., Chou S.C., Collins W., Cox P., Driouech F., Emori S., Eyring V., Forest C., Gleckler
P., Guilyardi E., Jakob C., Kattsov V., Reason C., Rummukainen M., 2013, Evaluation of climate models, [in:] Climate Change
2013 — The Physical Science Basis, IPCC, DOI: 10.1017/CB0O9781107415324.020.



Fotruniak K., Kozuchowski K., Zmudzka E., 2001, Trendy i okresowos¢ zmian temperatury powietrza w Polsce w drugiej polowie
XX wiceku, Przeglad Geofizyczny, 46 (4), 283-303.

Frich P., Alexander L., Della-Marta P., Gleason B., Haylock M., Klein T., Peterson T., 2002, Observed coherent changes in climatic
extremes during second half of the twentieth century, Climate Research, 19, 193-212, DOT: 10.3354/¢r019193.

Govorkova V., Kattsov V., Melesko V., Pavlova T, Shkolnik I., 2008, Climate of Russia in 21st century. Part 2. Evaluation of validity
of CMIP3 atmosphere-ocean general circulation models for projecting climate changes over Russia, Russian Meteorology and
Hydrology, 32 (8), 5-19.

HELCOM, 2007, Climate change in the Baltic Sea area HELCOM thematic assessment in 2007, Baltic Sea Environment Proceedings,
111, 54 pp.

Jaagus J., Briede A., Rimkus E., Sepp M., 2018, Changes in precipitation regime in the Baltic countries in 1966-2015, Theoretical and
Applied Climatology, 131, 433-443, DOI: 10.1007/s00704-016-1990-8.

Jacob D., Petersen J., Eggert B., Alias A., Christensen O.B., Bouwer L.M., Braun A., Colette A., Déqué M., Georgievski G., Georgop-
oulou E., Gobiet A., Menut L., Nikulin G., Haensler A., Hempelmann N, Jones C., Keuler K., Kovats S., Kréner N., Kotlarski
S., Kriegsmann A., Mattin E., van Meijgaard E., Moseley C., Pfeifer S., Preuschmann S., Radermacher C., Radtke K., Rechid D.,
Rounsevell M., Samuelsson P., Somot S., Soussana J.-F., Teichmann C., Valentini R., Vautard R., Weber B., Yiou P., 2014, EU-
RO-CORDEX: new high-resolution climate change projections for European impact research, Regional Environmental Change,
14 (2), 563-578, DOI: 10.1007/s10113-013-0499-2.

Kattsov V.M., Shkolnik I.M., Efimov S.V., 2017, Climate change projections in Russian regions: The detailing in physical and proba-
bility spaces, Russian Meteorology and Hydrology, 42 (7), 452-460, DOI: 10.3103/S1068373917070044.

Klavins M., Briede A., Rodinov V., Kokorite I., Frisk T., 2002, Long-term changes of the tiver runoff in Latvia, Boreal Environment
Research, 7, 447-456.

Kokotev V., Anisimov O., 2013, Construction of an optimized ensemble of climate projections to assess the impact of climate change
in Russia, [in:] Problems in environmental modelling and monitoring of ecosystems, (in Russian), 131-153.

Kotlarski S., Keuler K., Christensen O.B., Colette A., Déqué M., Gobiet A., Goergen K., Jacob D., Liithi D., van Meijgaard E., Niku-
lin G., Schir C., Teichmann C., Vautard R., Warrach-Sagi K., Wulfmeyer V., 2014, Regional climate modeling on European scales:
A joint standard evaluation of the EURO-CORDEX RCM ensemble, Geoscientific Model Development, 7, 1297-1333, DOI:
10.5194/gmd-7-1297-2014.

Kozuchowski K., 2011, Klimat Polski. Nowe spojrzenie, Wydawnictwo Naukowe PWN, Warszawa, 296 pp.

Kozuchowski K., Zmudzka E., 2001, Ocieplenie w Polsce: skala i rozklad sezonowy zmian temperatury powietrza w drugiej polowie
XX wiceku, Przeglad Geofizyczny, 46 (1-2), 81-90.

Kriauciuniene J., Meilutyte-Barauskiene D., Kazys E.R.]., Vincevicius A., 2008, Climate change impact on hydrological processes in
Lithuanian Nemunas river basin, Baltica, 21 (1-2), 51-61.

Kryshnyakova O.S., Malinin V.N., 2008, Peculiarities of climate warming of the European territory of Russia in modern conditions,
Society. Environment. Development, 7 (2), 115-124.

Loginov V., 2008, Global and regional climate changes: drivers and consequences, Minsk, Terra-System, (in Russian), 494 pp.

Loginov V., Mikutskiy V., Kajdan E., 2000, A selection of atmospheric circulation model for regional forecast of climate change, (in
Russian), Nature Management, 6, 30-31.

Lysenko S.A., Chernyshev V.D., Kalyada V.V., 2019, A grid archive of meteorological data of the Republic of Belarus and the oppor-
tunity of its use in research of spatial-temporal peculiarities of climate changes, Nature Management, (in Russian), 1, 17-28.

Meleshko V., Kattsov V., Govorkova V., Sporyshev P., Shkol’nik I., Shneerov B., 2008, Climate of Russia in the 21st century. Part 3.
Future climate changes calculated with an ensemble of coupled atmosphere-ocean general circulation cmip3 models, Russian Me-
teorology and Hydrology, 33 (9), 541-552.

Melnik V., Buyakov 1., Chernyshev V., 2019, Changes in the amount and type of atmospheric precipitation during the cold petiod on
the territory of Belarus in the conditions of modern climate warming, (in Russian), Nature Management, 2, 44-51.

Melnik V., Danilovich 1., Kuleshova I., Komarovskaya E., Melchakova N., 2018, Assessment of agroclimatic resources of the territory
of Belarus during 1989-2015, (in Russian), Natural Resources, 2, 88-101.

Melnik V., Sokolovskaya Y.A., Komarovskaya E., 2017, Possible changes of climatic and agroclimatic characteristics in the 21st centu-

ry over territory of Belarus and their influence on agriculture, Natural Resources, (in Russian), 2, 118-125.



Met Office, 2010, Climate: Observations, projections and impacts. Russia, Report of Met Office Hadley Centre, 138 pp.

Metzger M.J., Bunce R.G.H., Jongman R.H.G., Miicher C.A., Watkins J.W., 2005, A climatic stratification of the environment of
Europe, Global Ecology and Biogeogtraphy, 14 (6), 549-563, DOI: 10.1111/§.1466-822X.2005.00190.x.

Mezghani A., Dobler A.A., Haugen J.J.E., 2016, CHASE-PL climate projections: 5-km gridded daily precipitation and temperature
dataset (CPLCP-GDPTS5).

Ministry Latvia, 2006, Fourth National Communication of the Republic of Latvia to the United Nations Framework Convention on
Climate Change, Ministry of the Environment of the Republic of Latvia, 160 pp.

Mokhov L., Eliseev A., 2012, Modeling of the global climatic changes in XX-XXIII centuries under new scenarios of anthropogenic
forcing (rcp), Proceeding of Russian Academy of Sciences, 443 (6), 732-736.

Mokhov LI, 2008, Possible regional consequences of global climate changes, Russian Journal of Earth Sciences, 10 (ES6005), DOI:
10.2205/2007ES000228.

Moss R.H., Edmonds J.A., Hibbard K.A., Manning M.R., Rose S.K., van Vuuren D.P., Carter T.R., Emori S., Kainuma M., Kram T,
Meehl G.A., Mitchell J.F.B., Nakicenovic N., Riahi K., Smith S.J., Stouffer R.J., Thomson A.M., Weyant J.P., Wilbanks T.J., 2010,
The next generation of scenarios for climate change research and assessment, Nature, 463 (7282), 747-756, DOL:
10.1038/nature08823.

Nikulin G., Kjellsttom E., Hansson U., Strandberg G., Ullerstig A., 2011, Evaluation and future projections of temperature, precipita-
tion and wind extremes over Europe in an ensemble of regional climate simulations, Tellus A: Dynamic Meteorology and Ocean-
ography, 63 (1), 41-55, DOI: 10.1111/j.1600-0870.2010.00466.x.

Partasenok I., Geyer B., Melnik V., 2015, Assessment of climatic changes in Belarus according to the EURO-CORDEX climate
models, (in Russian), Collection of articles of the Hydrometeorological Research Center of the Russian Federation, 358, 99-111.

Partasenok LS., Groisman P.Y., Chekan G.S., Melnik V. 1., 2014, Winter cyclone frequency and following freshet streamflow for-
mation on the rivers in Belarus, Environmental Research Letters, 9 (9), 095005, DOI: 10.1088/1748-9326/9/9/095005.

Pavlova V.N., 2013, Agroclimatic resources and agricultural productivity in Russia according to the new climate scenarios in the xxi
century, (in Russian), Proceedings of the Main Geophysical Observatory named after A.L. Voyekov, 569, 20-37.

Pinskwar I., Chorynski A., Graczyk D., Kundzewicz Z.W., 2019, Observed changes in extreme precipitation in Poland: 1991-2015
versus 1961-1990m Theoretical and Applied Climatology, 135 (1), 773-787, DOI: 10.1007/s00704-018-2372-1.

Podgornaya E., Melnik V., Komarovskaya E., 2015, The peculiarities of climate change over territory of Belarus during last decades,
(in Russian), The Proceedings of the Hydrometeorological Research Center of the Russian Federation, 358, 112-120.

Reckermann M., Langner J., Omstedt A., von Storch H., Keevallik S., Schneider B., Arheimer B., Meier H.E.M., Hiinicke B., 2011,
BALTEX — an interdisciplinary research network for the Baltic Sea region, Environmental Research Letters, 6 (4), 045205, DOI:
10.1088/1748-9326/6/4/045205.

Republic of Lithuania, 2010, Lithuania's Fifth National Communication under the United Nations Framework Convention on Cli-
mate Change, 134 pp.

Rimkus E., Kazys J., Butkute S., Gecaite 1., 2014, Snow cover variability in Lithuania over the last 50 years and its relationship with
large-scale atmospheric circulation, Boreal Environment Research, 19, 337-351.

Roshydromet, 2008, Assessment report on climate change and its consequences in Russian Federation. General Summary, Moscow.

Roshydromet, 2014, Second Roshydromet assessment report on the climate change and its consequences in Russian Federation, (in
Russian), Moscow.

Shevchenko O., Snizhko S., 2019, Climate change and Ukrainian cities: Manifestations and projections on 21st century based on RCP-
scenatios, (in Ukrainian), Bulletin of Taras Shevchenko National University of Kyiv, 2 (75), 11-18, DOI: 10.17721/1728-
2721.2019.75.2.

Shkolnik I., Meleshko V., Kattsov V., 2006, MOPossible climate changes in European Russia and neighboring countries by the late
21st century: calculation with the MGO regional model, Russian Meteorology and Hydrology, 3, 1-10.

Siegmund P., Abermann J., Baddour O., Canadell P., Cazenave A., Derksen C., Garreau A., Howell S., Huss M., Isensee K., Kennedy
J., Mottram R., Nitu R., Ramasamy S., Schoo K., Sparrow M., Tarasova O., Trewin B., Ziese M., 2019, The global climate in 2015-
2019, WMO, available online at https://library.wmo.int/doc_num.phprexplnum_id=9936 (data access 07.07.2021).



Snezhko S., Obodovsky A., Lopukh P., 2017, Long-term forecast of mountain and lowland runoff to assess their hydropower poten-
tial (on the example of the Ukrainian Carpathians and Belarus), (in Russian), Journal of the Belarusian State University. Geogta-
phy and Geology, 1, 50-61.

Summary Report, 2017, Climate change scenarios for Latvia, Project “Development of Proposal for National Adaptation Strategy,
Including Identification of Scientific Data, Measures for Adapting to Changing Climate, Impact and Cost Evaluation”, Riga, 17
Pp-

Szwed M., 2019, Variability of precipitation in Poland under climate change, Theoretical and Applied Climatology, 135 (3),
100301015, DOT: 10.1007/s00704-018-2408-6.

Szwed M., Pinskwar 1., Kundzewicz Z.W., Graczyk D., Mezghani A., 2017, Changes of snow cover in Poland, Acta Geophysica, 65
(1), 65-76, DOI: 10.1007/s11600-017-0007-z.

Taylor K.E., Stouffer R.J., Mechl G.A., 2011, An overview of CMIP5 and the experiment design, Bulletin of the American Meteoro-
logical Society, 93 (4), 485-498, DOI: 10.1175/BAMS-D-11-00094.1.

Tripolskaja L., Pirogovskaja G., 2013, Impact of climate variability in Lithuania and Belarus on atmospheric precipitation infiltration:
lysimetric study, Zemdirbyste-Agriculture, 100 (4), 369-376, DOI: 10.13080/2-2.2013.100.047.

Van Den Besselaar E.J.M., Klein Tank A.M.G., Van Der Schrier G., Abass M.S., Baddour O., Van Engelen A.F., Freire A., Hechler
P., Laksono B.I, Jilderda R., Foamouhoue A.K., Kattenberg A., Leander R., Giiingla R.M., Mhanda A.S., Nieto ].J., Suwondo A.,
Swarinoto Y.S., Verver G., 2015, International climate assessment & dataset: Climate services across borders, Bulletin of the
American Meteorological Society, 96 (1), 16-21, DOI: 10.1175/BAMS-D-13-00249.1.

Van Der Linden P., Mitchell J., 2009, Ensembles: Climate change and its impacts: Summary of research and results from the ensem-
bles project, technical report, Met Office Hadley Centre, FitzZRoy Road, Exeter EX1 3PB, UK.

Sarauskiene D., Akstinas V., Kriauciuniene J., Jakimavicius D., Bukantis A., Kazys J., Povilaitis A., Lozys L., Kesminas V., Virbickas
T., Pliuraite V., 2018, Projection of Lithuanian river runoff, temperature and their extremes under climate change, Hydrology Re-
search, 49 (2), 344-362, DOI: 10.2166/nh.2017.007.

WMO, 2017, WMO Guidelines on the Calculation of Climate Normal, WMO-No. 1203, available at
https://library.wmo.int/doc_num.phprexplnum_id=4166 (data access 07.07.2021).



Appendix A
Evaluation of EURO-CORDEX regional climate model simulations over Belarus for mean air temperature

by the root mean square error (right) and mean error (left). Analysis is provided for 14 historical GCM-driven

RCMs (1971-2000) and 42 stations (1971-2000).
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Evaluation of EURO-CORDEX regional climate model simulations over Belarus for mean precipitation by

the root mean square error (right) and mean error (left). Analysis is provided for 14 historical GCM-driven

RCMs (1971-2000) and 42 stations (1971-2000).
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Evaluation of EURO-CORDEX regional climate model simulations over Belarus for mean wind by the root

mean square error (right) and mean error (left). Analysis is provided for 15 historical GCM-driven RCMs

(1971-2000) and 42 stations (1971-2000).
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