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Climate change is likely to alter the runoff regime and its origin in the Nemunas River
basin. The changes in runoff volume, seasonality and flood regime might affect hydropower
production management, the potential of a forthcoming nuclear power plant and the stabil-
ity of ecosystems. The water balance model WatBal was used to estimate the changes in
the Nemunas River basin hydrology during the periods 1981-2000 and 2081-2100. The
monthly air temperature and precipitation projections for the 21st century were estimated
using the CMIP 5 model outputs. The two most diverse representative concentration path-
ways, RCP2.6 and RCP8.5, were analysed in this study to evaluate the spectrum of probable
changes in the Nemunas River basin hydrology. The results revealed that the hydrological
response to climate change in the Nemunas River basin would be most likely related to
the change in snow climate. The projected magnitude of runoff changes during winter and
spring is comparable for both scenarios, but the most important distinction is the differ-
ence in the cold-season hydrological regime, and especially water supply during winter and
spring. According to the climate change scenarios both rain-snow and only rain dominant
hydrological regimes are probable in the Nemunas River basin at the end of the 21st century.

Introduction

The Nemunas River is the main tributary of the
Curonian Lagoon and one of the largest tribu-
taries of the Baltic Sea. In the Nemunas River
basin there is a high concentration of industry
and also a large part of the basin area is used
for agriculture. One of the main issues in the
Nemunas River basin is the management of nutri-
ent loadings from point and diffusive sources,
which contribute to eutrophication of freshwater
bodies, the Curonian Lagoon and the Baltic Sea
(HELCOM 2011). Climate change is one of the
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factors affecting eutrophication, as well as the
loadings of nutrients to waterbodies (Inkala et al.
1997, Bring et al. 2015, Wu and Malstrom 2015).

There are more than 800 reservoirs in the
Nemunas River basin. Most of them are very
small and are important only locally. The expan-
sion of hydropower usage is currently ongoing
in the Belarusian part of the Nemunas River
basin. In Lithuania, the Kaunas hydropower plant
(100.8 MW) with a 0.46 km? reservoir was estab-
lished in 1960 on the Nemunas River. Since
1992, the Kruonis pump storage power plant
(900 MW) has been operational. It can pump into
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its reservoir up to 189 m® s! from the Kaunas
hydropower plant reservoir. In the last few years,
the construction of a nuclear power plant near
the largest Nemunas tributary, the Neris River,
has been debated. Water from this river would
be used to cool the nuclear-plant reactors. It is
estimated that water consumption by the nuclear
power plant should not exceed 8.7% of the Neris
River low runoff (Anon. 2010). Changes in the
river runoff volume, seasonal distribution, fre-
quency and magnitude of extreme hydrological
events could affect the working of the existing
hydropower plants and affect the expansion of
the energetic sector in the 21st century.

During the past few decades, the climate in
the Nemunas River basin changed notably. The
mean air temperature in Vilnius increased by
1.4 °C during the period 1778-2012. The maxi-
mum temperature change was recorded during
the winter months (Mickievi¢ and Rimkus 2013).
Changes in climate extremes are also evident
(Kazys et al. 2009, 2011, Rimkus et al. 2011,
2012, 2014). Climate projections show that the
changes observed in recent decades will persist
also in the 21st century (KerSyte et al. 2015).

The effects of climate change on runoff in
the Baltic region have already been observed
(Hisdal et al. 2006, Wilson et al. 2010, Hall et al.
2014, BACC II Author Team 2015), and the long-
term river runoff trends analysed (Bergstrém and
Carlsson 1994, Klavins et al. 2002, Kriauci-
uniene et al. 2012, Arheimer and Lindstrom
2015). Shifting of river floods in time (Stewart
et al. 2005, Sarauskiene ef al. 2015) and seasonal
changes in the runoff regime (Silander et al.
2006, Godsey et al. 2014) are evident for rivers
with externalized winter conditions. Most of the
river discharge changes are related to altered pat-
terns of atmospheric circulation (Graham et al.
2009, Sepp 2009, Klavins and Rodinov 2010).

The changes in the Nemunas River runoff
in the last few decades were the most extreme
since the start of observations at the beginning
of the 19th century (Stonevicius et al. 2014).
The annual and winter runoffs have increased.
The greatest changes have been recorded at the
end of the cold season. In the Nemunas River
basin, there is a clear evidence of a spring flood
shift towards the beginning of the year (Mei-
lutyté-Barauskiené¢ and Kovalenkoviene 2007).
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The changes in spring flood magnitude and
timing are related to the snow water equivalent
before the snowmelt (Rimkus and Stankunavi-
chius 2002, Stankunavicius et al. 2007). Changes
during summer and autumn were smaller. The
minimum discharge during the warm season did
not changed much (Kriau€iuniené et al. 2007,
Rimkus et al. 2013).

In the 21st century, climate change will affect
water resources and the flooding regime (Arnell
and Lloyd-Hughes 2014), and the magnitude of
the changes will largely depend on representa-
tive concentration pathways (RCPs) (Koirala et
al. 2014). There are many future runoff pro-
jections for the Baltic Sea drainage basin and
the Nordic countries (Vehvildinen and Huttu-
nen 1997, Bergstrom et al. 2001, Rummukainen
et al. 2003 Graham et al. 2007, Beldring et
al. 2008, KriauCitniene et al. 2008, Kjellstrom
and Lind 2009, Apsite et al. 2011, Salmonsson
2013). The assessments were made using multi-
ple climate model projections (Bergstrom et al.
2001, Rummukainen et al. 2003, Graham et al.
2007, Beldring et al. 2008, Zhang et al. 2015)
and different hydrological models (Dankers and
Christensen 2005, Silander et al. 2006, Pohl et
al. 2007, Woo et al. 2008, Aspite et al. 2011, Sal-
monsson 2013, Holmberg et al. 2014, Arheimer
and Lindstrom 2015). The studies covered vari-
ous runoff characteristics typical to boreal cli-
mates (Dankers and Christensen 2005, Pohl et
al. 2007, Berghuijs et al. 2014, Arheimer and
Lindstrom 2015, Zhang et al. 2015) as well as
different views on hydrological processes (Silan-
der et al. 2006, Woo et al. 2008, Kjellstrom and
Lind 2009, Holmberg et al. 2014).

In most studies on climate change effects
on the Nemunas River basin hydrology only
the runoff changes in the future were analysed
(Kilkus et al. 2006, Kriaucitniene et al. 2008,
Rimkus et al. 2012). The runoff represents the
integrated climate effect on hydrology. Its inte-
grating nature, however, may overshadow the
effects of climate change on some hydrological
processes, especially when studies are based
on monthly data or only certain parameters of
the runoff such as annual runoff, maximum and
minimum discharge are analysed. As a result,
important aspects of possible future changes
may remain unknown. For example, a simul-
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taneous increase in precipitation and evapora-
tion may produce no change in the runoff even
though both aforementioned parameters change.
A more comprehensive understanding of
the effects of climate change on hydrology is
important in regions where projected tempera-
ture changes may lead to a shift from a snow- to
a rain-dominated hydrological regime (Arnell
and Lloyd-Hughes 2014, Berghuijs et al. 2014,
Vormoor et al. 2015). In thhe present study we
focused on the effect of climate change on the
runoff formation in the Nemunas River basin.
Particular attention was paid to the effect of
climate change on snowfall and snowpack water
equivalent changes in the 21st century.

Data and methods
Study area

The Nemunas River is 14th according to its
length (9374 km) and 15th according to its
catchment area (97 864 km?) in Europe. The
Nemunas runs through Belarus, Lithuania,
the Russian Federation (Kaliningrad Region),
Poland and Latvia. Largest parts of the Nemunas
River basin are in Lithuania (47.6%) and Belarus
(46 4%). In its lower reaches, the Nemunas is a
natural border between Lithuania and the Kalin-
ingrad Region. Before draining into the Curo-
nian Lagoon the Nemunas forms a large delta.
The soil in the Nemunas River basin is mostly
sand or sandy clay. Sandy clay and sandy soils
are common in the northwest and southeastern
parts of the Nemunas basin, respectively. The
basin’s topography and hydrographical network
was formed during the late quaternary period.
The uneven and in some places ridged terrain was
formed during the retreat of a glacier. Altitudes
ranging from 150-200 m are common in the east-
ern part of the basin. The altitude gradually drops
towards the Baltic Sea and in the Nemunas delta
region it is only a few meters above sea level.
Due to low altitudes, floods are most common and
have the largest extent in this part of the basin.
Floods with the highest water levels are usually
related to ice jams in the Nemunas River basin.
The mean annual air temperature in the
Nemunas River basin in 1981-2000 was 6.6 °C.
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During the same period, the mean temperature
in December—February was below 0°, July was
the hottest month with the mean temperature of
17.2 °C, and January and February were the cold-
est months (mean temperature —3.4 °C). In the
second part of the 20th century on average 150
days were frost-free. Snow usually appeared in
December and melted in mid-March, but in some
cases snow cover could last until the end of April.

The mean annual precipitation in 1981-2000
was 670 mm. During wet years the annual pre-
cipitation could reach 900 mm, while during dry
years it usually did not drop below 550 mm. The
highest precipitation was recorded in summer
and September, and the lowest in January—April.

The distance from the Baltic Sea is one of
most important factors determining the amount
of liquid precipitation during winters (Kriau-
ciuniene et al. 20006). In the western part of the
Nemunas River basin, winters are milder than
in the rest of the basin and the percentage of
liquid precipitation is higher. Snow cover in the
western part is usually thinner and thaws are
more frequent. Due to this, spring-flood peak
discharge rates are lower in the western part than
elsewhere in the basin.

At the end of the 20th century, the annual
evapotranspiration in the Nemunas River basin
was 450-600 mm (Galvonaité et al. 2007), and
the total annual runoff 25 km* of which about
40% was from snow melt, 25% from rain and the
remaining 35% from groundwater. In the rivers
of the Nemunas River basin, about 41%—-46% of
the annual runoff occurs in spring due to the con-
tribution of snow meltwater. The summer runoff
is the lowest: 15%—18%. The autumn and winter
runoff volumes are roughly similar: 11%-38% of
the annual runoff.

Hydrological model

The WatBal water balance model (Kaczmarek
1993, Yates 1996) was used to represent the
hydrological processes in the analysed catch-
ments. WatBal is a lumped conceptual water bal-
ance model which uses few model parameters,
precipitation and air temperature to calculate the
runoff components and relative water storage in
the catchment at any given time #:
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where S is the maximum storage capacity
(mm), z is the relative storage, P_. is the effec-
tive precipitation (mm), P is the precipitation
amount (mm), 7' is the air temperature (°C), £ is
the direct runoff coefficient, R_is surface runoff
(mm), R is the sub-surface runoff (mm), E, is
the evaporation (mm), R, is the baseflow (mm).

The WatBal model was initially designed to
study the effect of climate change on the runoff.
Identification of the main climate change driv-
ers and most important processes is relatively
straightforward with WatBal due to the sim-
plicity of its structure. These conceptual runoff
models have more structural uncertainty (Poulin
et al. 2011), but usually climate change pro-
jections are the source of greater uncertainties
(Kriauciuniene et al. 2013).

Variations in climate, topography, land use
and soil in the Nemunas River basin are relatively
small, but various combinations of conditions
may result in different climate change effects
on hydrology in different parts of the basin. An
analysis based on the effect of climate change on
the large Nemunas River alone could mask effects
on hydrology at a smaller scale. To address this
issue fourteen small- and medium-sized inde-
pendent catchments distributed throughout the

Nemunas River basin were analysed (Fig. 1).
These catchments are located in the upper reaches
of the Nemunas River tributaries with hydrologi-
cal stations in the lower cross section. The area
of the analysed catchments varies from 624 km?
(the Isloch River upstream of the Borovikovs-
hina hydrological station) to 4300 km* (Merkys
upstream of the Puvociai hydrological station.
The monthly air temperature and precipita-
tion data were used as input for the WatBal
model. The data from 19 meteorological stations
(Fig. 1) were used to calculate the meteorologi-
cal variables for all 14 catchments. The poten-
tial evapotranspiration was calculated using the
Thornthwaite (1948) equation. Precipitation
composition, effective precipitation during the
cold season and snow water equivalent were
estimated using the temperature index model.
The WatBal model calibration was performed
with the hydrological and meteorological data
for 1981-2000. Six model parameters were used
to fit WatBal to a specific catchment: maximum
water storage capacity, surface, subsurface, direct
runoff coefficients, and threshold temperature for
snow formation and snowmelt. The direct runoff
coefficient represents the percentage of impervi-
ous areas and waterbodies in the catchment. It
was calculated according to land use in the catch-
ments. The values of the other five parameters
were obtained during an optimization procedure
which is incorporated in the WatBal model. This
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procedure leads to the loss of the physical mean-
ing of parameters (Yates 1996), but the overall
goodness of the model fit might be satisfactory.
In our study, the goodness of the model fit was
evaluated using Pearson’s correlation (r,) and
mean daily bias (AR), i.e. the difference between
the daily measured and modelled values (see
Table 1). Both indicators of fit were calculated
using monthly data for 20-year periods (n = 240).
The correlation coefficient allows one to judge
the runoff seasonality fit, while the mean daily
error estimates the accuracy of the modelled
runoff volume. The greatest mean daily bias was
in the Jura River — the modelled runoff was
on average 0.0122 mm per day greater than the
observed one. The correlation between the mod-
elled and measured runoffs was also very strong
(r>0.95,p <0.0001) (Table 1). The 2001-2010
period was chosen for model verification. The
correlation between modelled and measured run-
offs during the verification period was only mar-
ginally weaker in most catchments and the mean
daily bias remained negligible (Table 1).

Climate change projections

The impact of climate change on the Nemu-
nas River basin hydrology was estimated using
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climate projections for the 21st century. The
changes were evaluated comparing the averages
of the meteorological and hydrological variables
between two 20-year periods: 1981-2000 and
2081-2100.

The climate projections for the 21st century
were made on the basis of the CMIP5 (Coupled
Model Intercomparison Project Phase 5) model
outputs. The CIMPS5 climate projections are
based on four concentration pathways (RCPs),
which represents different possible values of
radiative forcing (2.6, 4.5, 6.0, 8.5 W m™) in
2100 to be compared with the pre-industrial
level. The two most diverse RCP2.6 and RCP8.5
climate change scenarios were analysed in our
study. According to the RCP2.6 scenario, the
external forcing and predicted changes in the cli-
mate system will be the smallest, while accord-
ing to RCP8.5 they will be the greatest. In this
way, the whole spectrum of possible changes
could be evaluated.

A common output data grid of 2.5° lat. X
2.5° long. was used for analysis. The Nemunas
river basin area falls into five grid cells. For the
purpose of making air temperature and precipita-
tion amount predictions for the end of the 21st
century, the projected changes in the analysed
indices were derived from the CMIP 5 model
output series. These values were added to the

Table 1. Calibration and validation values for the analysed river catchments (r, = Pearson’s correlation coefficient
and AR = mean daily bias). All correlation coefficients are statistically significant at p < 0.0001); n = 240.

River Hydrological Catchment Calibration Verification
station area (km?)
r, AR r, AR

(mm d') (mm d-")
Isloch Borovikovshina 624 0.98 0.0011 0.99 0.0013
Gavya Lubiniata 920 0.96 0.0008 0.89 0.0006
Schara Slonim 4860 0.96 0.0003 0.94 0.0007
Svisloch Sukhaya Dolina 1720 0.98 0.0005 0.91 0.0004
Vilija Steshytsy 1200 0.98 0.001 0.97 0.0007
Naroch Naroch 1480 0.98 0.0008 0.97 0.0020
Oshmyanka Bolshiye Yatsiny 1480 0.95 0.0006 0.97 0.0002
Merkys Puvodiai 4300 0.97 0.0005 0.91 0.0000
Zeimena Pabrade 2580 0.99 0.0008 0.92 0.0005
Sventoji Anyksciai 3600 0.99 0.0019 0.92 0.0012
Dubysa Lyduveénai 1134 0.98 0.004 0.95 0.0039
Sesupe K. Naumiestis 3179 0.99 0.0012 0.96 0.0008
Jara Taurage 1664 0.98 0.0122 0.96 0.0009
Minija Kartena 1230 0.96 0.0097 0.97 0.0005
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mean values of the reference period 1981-2000
from 19 meteorological stations. The projected
changes were calculated as the air temperature
difference (°C) or precipitation amount ratio
(%) between 2081-2100 and 1981-2000 in a
particular grid cell where a meteorological sta-
tion is located. Later, the projected temperature
and precipitation values were used to calculate
the averages for the analysed catchments. The
WatBal model was employed to calculate the
runoff, real and potential evapotranspiration for
the 2081-2100 period using the precipitation and
temperature projections.

Results
Climate projections

It is expected that at the end of the 21st century
the air temperature will be higher than during the
reference period 1981-2000 (Fig. 2). Accord-
ing to the RCP2.6 scenario, the mean annual
temperature in the Nemunas River basin will
increase by 1.6—1.7 °C. The seasonal differences
of the projected changes will be very negligible:
the greatest increase will be observed in winter
(up to 1.9-2.2 °C in February), while the small-
est in spring (up to 1.3—1.4 °C in May). Slightly
greater changes are projected for the eastern part
of the investigated area, which is more distant
from the Baltic Sea.

According to the RCP8.5 scenario, the mean
annual temperature will increase by 4.9-5.4 °C
and the seasonal differences of the projected
changes will be slightly greater than those indi-
cated by RCP2.6. The winter temperatures will
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Fig. 2. Projected aver-
age monthly temperature
changes for 2081-2100
compared with 1981-2000
according to the RCP2.6
and RCP8.5 climate-
change scenarios in north-
western (NW) and south-
eastern (SW) parts of the
Nemunas River basin.

Sep Oct Nov Dec-I
O SE (RCP 8.5)

increase the most, by 5.5-6.5 °C, while the
spring air temperature changes will be the small-
est: 44-4.8 °C. In January, the mean air temper-
ature could even rise to 5.7-6.9 °C. The greatest
changes are expected in the northeastern part of
the basin and the lowest in the west.

The annual precipitation sum will also
increase (Fig. 3). According to RCP2.6, an
increase of 6%-7% can be expected. More
prominent changes will be observed in the north-
ern part of the basin. Meanwhile, seasonal dif-
ferences in the projected changes will be very
minor. In winter, the amount of precipitation
will increase by 8%—10% (by 10%—13% in Feb-
ruary), while in summer the changes will be
smaller: 4%—6% (1%—2% in July). The winter
temperature increase will lead to a shift in the
phase composition of the precipitation, e.g.
liquid precipitation will become more common
during the cold period of the year.

According to RCP8.5, the annual amount
of precipitation will increase by 9%—-10% and
13%-14% in the southern and northern parts
of the basin, respectively. The direction of sea-
sonal changes will differ. In winter the amount
of precipitation will increase sharply, by 23%—
28% (mostly in January and up to 30% in the
northeast of the basin), while in summer it will
decrease by 2%—7%. The greatest decrease is
expected in July (up to 12% in the southeastern
part of the river basin).

Runoff

Changes in the climate variables will affect the
runoff. The amount of annual precipitation will
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increase under both climate change scenarios, but
the projected annual runoff in the analysed catch-
ments will decrease slightly by the end of the 21st
century. According to RCP2.6, the decrease in
annual runoff will be less than 10% in the major-
ity of the Nemunas River basin catchments. Only
in the Jura (western part of the basin) catchment,
the projections show a decrease in runoff of 14%.
In the more extreme RCP8.5 scenario, the annual
runoff changes are likely to be more pronounced
in all parts of the Nemunas River basin. The
greatest changes are likely to be in the northwest-
ern part of the basin. An annual runoff decrease
greater than 15% is projected for the Sventoji,
Zeimena, Dubysa and Jara catchments.

The projected seasonal runoff changes are
much greater than the changes in annual runoff
(Fig. 4). According to both climate change sce-
narios, in winter the runoff will increase in all
the analysed catchments, while in the other sea-
sons it will decrease.

Considering the seasonal runoff changes,
the Nemunas River basin can be divided into
two parts: northwestern (NW) and southeastern
(SE). Changes in the seasonal runoff distribution
in five NW catchments (Minija, Jura, Dubysa,
Sventoji and Sefupé) are greater than in the SE
ones (Isloch, Gavya, Nemunas, géiara, Svis-
loch, Vilija, Naroch, Oshmyanka, Merkys and
Zeimena) (see Fig. 4).

Both climate change scenarios predict the
greatest increase in winter runoff in the NW part
of the Nemunas River basin. At the end of the
21st century, the runoff in January will be 15%—
20% higher than in 1981-2000 in both parts of
the Nemunas River basin. The February runoff is
likely to increase by more than 50% in the NW

-10- Jan Feb Mar
B NW (RCP 2.6)

Apr May Jun Jul Aug Sep Oct Nov Dec

B SE (RCP26) ®NW(RCP85) OSE(RCPS&.5)

catchments; whereas in the SE part of the basin,
the changes in the February runoff will be smaller
by 20% (RPC2.6) and 30% (RPCS8.5) (Fig. 4).

According to RPC2.6, the March runoff at the
end of the 21st century will increase by 10% in the
whole Nemunas River basin. From April to Sep-
tember the runoff will decrease by 5%—10% in the
SE part of the basin, while during the same time
the runoff in the NW part of the catchment will
decrease by 25%-30%. In October and Novem-
ber. the runoff will decrease by 10% in both parts
of the Nemunas River basin. In the NW part, the
December runoff will increase by 20%, while in
the SE part it is likely to remain unchanged as
compared with the 1981-2000 runoff.

Contrary to the outcome of RPC2.6, in the
RPC8.5 scenario the March runoff in the NW
catchments is likely to be smaller than in 1981-
2000, while in the SE part of the Nemunas River
basin the changes will be minor. According to
RPCR8.5, the decrease in runoff will last from
March to November in the NW part of the basin.
In April-September, the runoff might decrease by
20-50%. In this part of the Nemunas River basin,
a runoff higher than in 1981-2000 is expected
only in December—February. In the SE catch-
ments, the runoff increase is projected only for
January and February. During the rest of the year
the runoff would be smaller than in 1981-2000,
the decrease is likely to be between 10% and 20%,
i.e. much smaller than in the NW catchments.

Snow cover and evaporation

In the second half of the 20th century, snow
cover and river ice were common in the Nemu-
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Fig. 4. Average runoff (mm per month) in the analysed catchments in 1981-2000 and the projections for 2081—
2100 according to the RCP2.6 and RCP8.5 scenarios.
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—— Individual catchments (RPC2.6)
Individual catchments (RCP8.5)

—— Basin mean (RCP2.6)
—— Basin mean (RCP8.5)

Fig. 5. Monthly snowfall amount in the analysed 14 individual river catchments according to the RCP2.6 and
RCP8.5 scenarios and mean snowfall amount in the Nemunas River basin calculated as an average of 14 indi-
vidual catchment data according to the RCP2.6 and RCP8.5 scenarios.

nas River basin during the cold season lasting
from November to April. The runoff changes
during the cold season in the 21st century will
be mostly driven by the change in the amount
and composition of precipitation. With higher
temperatures, snowfall is likely to be more fre-
quently replaced by rain. According to both

climate change scenarios, from 2030 onwards
precipitation in the form of snow in November
will be very unlikely in the Nemunas River basin
(Fig.5).

From December to February, the changes
in snowfall according to RPC2.6 will be much
smaller than according to RPC8.5. In the RPC2.6
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Fig. 6. Maximum monthly snow water equivalent in the
catchments according to RCP2.6 and RCP8.5, and
the Nemunas River basin mean snow water equiva-
lent based on the 14 catchment data according to the
RCP2.6 RCP8.5 scenarios.

scenario, the temperature changes will be smaller
and the effect of increased temperature will be
moderate because it will still be cold enough for
snowfall (Fig. 5). The greatest changes are pro-
jected for the beginning of winter. At the end of
the 21st century, the December snowfall amount
will be =30% lower than in 1981-2000. In Janu-
ary and February, the snowfall changes will be
even smaller: decrease by 14% and 10%, respec-
tively. According to RPC8.5, the temperature
changes will be much greater and consequently
their effect on the precipitation composition will
be more pronounced. In the second half of the
21st century, the snowfall amount will decrease
dramatically (Fig.5). In the RPC8.5 scenario,
from 2060 onwards the snowfall amount in the
NW catchments will seldom exceed 5 mm per
month, while in the SE catchments the same con-
ditions will occur 2-3 decades later.

According to both scenarios, snowfall
in March will became very rare from 2040
onwards. In the second part of the 21st century,
the snowfall amount exceeding the 5 mm per
month will be still probable in the eastern part of
the Nemunas River basin if the climate change
follows the milder RPC2.6 pathway.

Higher winter temperatures might be related
to more frequent thaws. Together with a smaller
amount of snowfall the thaws will result in less
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water accumulating in the snow cover. During
the observation period, the spring flood peak dis-
charge was closely related to the amount water
accumulated in the snow cover (Stonevicius et
al. 2014). With less water in the snow cover
the spring flood peaks are likely to be smaller.
According to RPC2.6, the maximum monthly
snow water equivalent is likely to be about
50% smaller from 2050 onwards (Fig. 6), while
RPC8.5 indicates the maximum monthly snow
water equivalent to gradually decrease, and in
many catchments permanent snow cover will not
form during the final decades of the 21st century.
In the 21st century, the time of maximum snow
water equivalent will shift towards January and
February. Projections based on the RPC8.5 sce-
nario suggest that at the end of the 21st century
the snow cover is likely to be very temporary
and thin; thus its effect on flood formation will
be negligible and the time of maximum water
equivalent will become irrelevant.

Changes in both liquid precipitation and
snow melt will affect the water supply during
the cold season. The general changes in water
supply will be similar in both the NW and SW
parts of the Nemunas River basin (Fig. 7). The
main difference between the water supply in the
SW and NW parts is a higher water supply in
the NW part in November—January (10-15 mm
per month). In both scenarios, the water supply
in November—February is likely to increase in
2081-2100. In March and April the projected
water supply is smaller than in 1981-2000.
According to RCP8.5, the water supply will peak
in December, whereas according to RCP2.6 the
peak is likely to be in November and March in
the NW and SE parts of the basin, respectively.
According to RCP2.6, the November—February
water supply from snow melt in 2081-2100 will
remain similar to that in 1981-2000. In March
it will be 60% smaller and in April the runoff is
likely to be formed only from rain water. Accord-
ing to RCP8.5, the snow melt water contribution
to the total water supply will be negligible at the
end of the 21st century. The changes in the water
supply projected in particular by RCP8.5 are
likely to completely change the runoff regime
in the cold season. In the 20th century, spring
floods caused by snow melt were common in the
Nemunas River basin. The river runoff had one
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or more well-defined peaks during spring floods
and winter thaws. It is likely that rain might
become the main source of water for the rivers
even in winter and spring. In such a case, runoff
peaks will follow rainfall events; they will be
more frequent but smaller than the flood peaks
caused by snow melt.

After May, evaporation becomes an impor-
tant factor in runoff formation. The increase in
evaporation and the smaller amount of water
accumulating in the basin at the end of the cold
season are the main drivers for lower runoff from
May to October (Rimkus ef al. 2013). It is likely
that in the SE part of the basin the main reason
for smaller runoff in the warm season will be
increased evaporation (Fig. 8). The rivers located
in the NW part of the Nemunas River basin have
more pronounced seasonality than the rivers in
the rest of the basin. With higher seasonality,

RPC2.6
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the runoff falls back towards the baseflow much
quicker after the spring flood and consequently
there is less water accumulated in the catch-
ment before summer. This might be the main
reason why projected evaporation in the NW
catchments only increases slightly according to
the RCP8.5 scenario and even decreases accord-
ing to the RCP2.6 scenario (Fig. 8) despite the
increase in potential evapotranspiration. In the
SE part, where the runoff seasonality is less
evident and evaporation increases in March—
August, it becomes much more influential.

Discussion

Climate change will certainly affect the winter
and spring runoff regime in the Nemunas River
basin, but a lot of uncertainty remains (Kriauciu-
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Fig. 8. Actual (AE) and potential (PE) evapotranspiration in the southeast (SE) and northwest (NW) parts of the
Nemunas River basin in 1981-2000 and projections for 2081-2100 according to the RCP2.6 and RCP8.5 sce-

narios.

niene et al. 2013). Uncertainty about the impact
of climate change is likely to be a challenge for
water managers and planners, especially in the
case of planning long-term measures (Silander
et al.2006).

In the past, winters with thick snow cower
and springs with large floods were common in
the Nemunas River basin (Stonevicius et al.
2014). In the final decades of the 20th century
and at beginning of the 21st century, the amount
of snow was decreasing, mostly due to higher
temperatures. The same tendency is likely to
persist throughout the 21st century, as it has
been confirmed in other studies carried out in
the Baltic Sea drainage basin (Kriauciiniene et
al. 2008, Kjellstrom and Lind 2009, Aspite et al.
2011, Arheimer and Lindstrém 2015). Projec-
tions of temperature based on the CMIPS5 model
outputs follow the trends observed at the end of
the 20th century (BACC 2008). As it did during
the last 60 years, the annual temperature will
increase in the Nemunas River basin in the 21st
century. The basin is located in the transitional
zone between southern Europe, where precipita-
tion decreased, and northern Europe, where pre-
cipitation increased at the end of the 20th cen-
tury (McCarthy et al. 2001). Climate projections
foresee an increase in precipitation throughout
the whole area of the Nemunas River basin by
the end of the 21st century (KerSyte et al. 2015).

Projected changes in the Nemunas River
basin hydrology will also continue according
to the changes observed at the end of the 20th

century (StoneviCius et al. 2014). Despite the
increase in annual precipitation, according to
both climate change scenarios annual runoff is
likely to decrease. During the second part of the
20th century, an increase in runoff was observed
in the northwestern part of the Nemunas River
basin, while in the southeastern part a decrease
was more common. Projections of annual runoff
show its decrease in the 21st century throughout
the whole Nemunas River basin. Studies based
on the CMIP5 modelling outputs project an
increase and a decrease in runoffs in northern
and southern Europe, respectively (Alkama et
al. 2013, Koirala et al. 2014). The results of
WatBal suggest that the boundary between oppo-
site runoff trends is likely to be located towards
the north of the Nemunas River basin.

The main effect on the Nemunas River basin
hydrology in the 21st century is likely to be the
change in the snow regime. The changes in the
winter-precipitation composition were evident
in the Nemunas River basin during the final
decades of the 20th century (Gecaité and Rimkus
2010). The amount of liquid precipitation during
the cold season increased, while the amount of
snowfall decreased. Similar was observed in
other parts of the northern hemisphere (Hun-
tington et al. 2004). The Nemunas River basin is
located in an area with a relatively mild winter
climate and an increase in winter temperature
will affect the snow climate. Temperature is
projected to increase through the 21st century
and snowfall along with the snowpack are likely
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to decrease (Mankin and Diffenbaugh 2015).
According to RCP2.6, the winter temperature
will increase by up to 2 °C. This increase in
temperature will lead to the disappearance of
snow in November and March in the majority of
the Nemunas River basin, but the effect on the
coldest winter months of December to February
will be small. During these months the projected
snowfall will decrease only by 10%—15% in the
late 21st century. More frequent thaws are likely
to lead to the snowpack thicker by 50% at the
end of the cold season.

The recent greenhouse gas emission trends
are above those in the most extreme RCP8.5 sce-
nario (Peters et al. 2013). The projections made
in this scenario show that the winter temperature
in the Nemunas River basin might increase by
5.5-6.5 °C until the end of 21st century. In such
a case, the winter temperatures will become too
high for snow. Also, the snow might only fall
during short periods in colder winters. Other
studies based on the Fourth and Fifth Assess-
ment Report of the Intergovernmental Panel on
Climate Change scenarios also indicate a future
decrease in the water equivalent of the snowpack
in the northern hemisphere (Diffenbaugh et al.
2012, Krasting et al. 2013, Riisdnen 2016).
The mildest areas in Europe, including parts of
the Nemunas River basin, are projected to lose
almost all of their snow by the late 21st century
(Dankers and Christensen 2005, Réisdnen and
Eklund 2012).

Projections based on both climate change
scenarios agree on general runoff trends in winter
and spring, but the main difference between the
effects of climate change projected by the two
scenarios is in the formation of runoff during
the cold season. This is supported by changing
winter temperatures and precipitation conditions
in the 21st century (KerSyté et al. 2015). Accord-
ing to RCP2.6, which represents the smallest cli-
mate changes, the amount of snowfall and snow-
pack will decrease, but the Nemunas River basin
climate still will be cold enough to have snow
throughout the 21st century, while according to
RCP8.5, the increase in winter temperature will
be high enough for snow to almost disappear
from the Nemunas River basin from the mid-
21st century onwards. Such important differ-
ences might be overlooked in studies focusing
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only on projected runoff data analysis (Kilkus et
al. 2006, Kriauc¢itniené et al. 2008, Cerkasova et
al.2016).

In the RCP2.6 scenario, the projected
decrease in maximum snow water equivalent
could lead to a decrease in snow melt floods in
the 21st century. But during cold winters with
a strong advection of cold air, the amount of
water accumulating in the snowpack might be
similar to the volume that accumulated during
normal winters of the 20th century (Réisdnen
and Eklund 2012). Rapid snow melt can result in
the high flood peak discharge. On the other hand,
if greenhouse gas emissions follow the RCP8.5
pathway, the effect of the melting snowpack on
runoff will be minimal, and the runoff peaks are
likely to be smaller than at the end of the 20th
century (Berghuijs et al. 2014, Vormoor et al.
2015).

Severe floods with the highest water levels
and the largest extent of inundated areas in the
Nemunas River basin are related to ice jams. It is
likely that in the 21st century, river ice formation
will be affected by higher winter temperatures
(Kersyte et al. 2015). In the case of the RCP8.5
scenario, higher temperatures could lead to a
decrease in river freeze-up events. According to
the milder RCP2.6 scenario, the winter tempera-
tures will be higher, but they might still be low
enough for the river ice to form. Due to higher
temperatures and more frequent thaws, the ice
floes are likely to be thinner, resulting in weaker
and fewer ice jams.

Warm-season runoff calculated with WatBal
according to both climate changes scenarios is
likely to decrease. At the end of the 21st cen-
tury, the reduction in runoff in the first part of
the warm season may be related to a decrease in
spring floods, while greater evapotranspiration
could be responsible for the runoff decrease in
summer and autumn. WatBal is a simple model,
and its ability to accurately represent soil mois-
ture and base flow is limited. The simplifications
made in the lumped model can result in a loss of
the parameters’ physical meaning (Yates 1996),
and the model calibrated on the past climate
may not be accurate in future climate conditions
(Merz et al. 2011, Brigode et al. 2013). Recent
studies show that during warmer winters with-
out snow or with less snow, infiltration to the
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groundwater in the Nemunas River basin is more
intensive, and due to climate change the ground-
water level is likely to be higher (Arustiene et
al. 2012). This is likely to continue throughout
the 21st century. Changes in spring groundwater
storage may affect the sub-surface runoff and
baseflow, and consequently increase the warm
season runoff. Despite the increase in potential
evapotranspiration at the end of the 21st century,
the actual evapotranspiration calculated with
WatBal for the northwestern part of the Nemu-
nas River basin remains almost unchanged. This
might be an indication that in this part of the
basin, the catchment storage is low during the
warm season and the baseflow is the main com-
ponent of the total runoff.

It seems that confidence in the effect of cli-
mate change on warm season runoff formation
should still be improved by studies based on
more detailed and physically-based models with
potentially less structural uncertainty. Uncer-
tainty in the baseflow estimation is likely to be
transformed into even higher uncertainty in the
projected runoff. In order to better understand
the impact of climate change on warm season
runoff the employment of physically-based
models might be needed.

Conclusions

According to RCP2.6 and RCP8.5 projections
for the 21Ist century, annual precipitation and
air temperature are both going to increase and
the annual runoff is likely to decrease. The
winter runoff will increase and the spring runoff
will decrease. The magnitude of the changes
in runoff is comparable for both scenarios. The
main distinction between the effect of climate
change predicted by both scenarios is the dif-
ference in the cold-season hydrological regime,
and especially the water supply during winter
and spring. If greenhouse gas emissions follow
a mostly conservative pathway, the temperature
increase will lead to a decrease in snowfall
and a reduction in the maximum snow water
equivalent in the second half of the 21st century,
while the most pessimistic pathway suggests the
almost complete disappearance of snow from the
Nemunas River basin.
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According to RCP2.6, the spring floods asso-
ciated with snowmelt will remain common and
an important feature of the Nemunas River basin
runoff. In RCP8.5, the runoff formation from the
snowpack melt will be negligible. With the prob-
ability of two distinct hydrological regimes the
planning of long-term water management meas-
ures will be a very challenging task.

Potential evaporation driven by higher tem-
peratures will increase throughout the 21st cen-
tury, and in some parts of the Nemunas River
basin the actual evaporation is also likely to
increase from April to September. The WatBal
model results show that with a reduction in
the water accumulating in the snowpack during
winter there will be less water in the catchments
at the beginning of the warm season. However,
observations of the ground water levels during
warmer winters in recent decades suggest that
the groundwater levels have tendency to increase
during winters with higher temperatures.

Acknowledgments: This work was performed as part of
The Research Council of Lithuania National Research Pro-
gramme ‘Sustainability of agro-, forest and water ecosys-
tems’ project ‘Impact Assessment of Climate Change and
Other Abiotic Environmental Factors on Aquatic Ecosystems
(KLIM-EKO)’ no. SIT-11/2015.

References

Alkama R., Ribes A., Decharme B. & Marchand L. 2013.
Detection of global runoff changes: results from obser-
vations and CMIPS5 experiments. Hydrol. Earth Syst. Sci.
17: 2967-2979.

Anon. 2010. Evaluation of impact on the environment. Jus-
tification of investments into nuclear power station con-
struction in the Republic of Belarus. In: EIA report 2010,
pp. 353-528.

Apsite E., Bakute A., Elferts D., Kurpniece L. & Pallo I.
2011. Climate change impacts on river runoff in Latvia.
Clim. Res. 48: 57-71.

Arheimer B. & Lindstrom G. 2015. Climate impact on
floods: changes in high flows in Sweden in the past
and the future (1911-2100). Hydrol. Earth Sys. Sci. 19:
771-784.

Arnell N.W. & Lloyd-Hughes B. 2014. The global-scale
impacts of climate change on water resources and flood-
ing under new climate and socio-economic scenarios.
Climatic Change 122: 127-140.

Arustiené J., Bukantis A., Damus$yté A., JarmalaviCius D.,
Kazys J., Kriukaité¢ J., Ramanauskiené V., Rimkus E.,
Stonevi¢ius E., Valiuskevi¢ius G., Satkuinas J., Talo-
&kaite E. & Zilinskas G. 2012. Klimato kaita: poveikis,



BOREAL ENV. RES. Vol. 22 -

kastai ir prisitaikymas Baltijos jiros regione [Climate
change in the Klaipéda city and region: the impact, cost
and adaptation]. Vilnius University Press, Vilnius. [In
Lithuanian with English summary].

BACC Author Team 2008. Assessment of climate change
Jorthe Baltic Sea basin. Springer, Heidelberg.

BACC II Author Team 2015. Second assessment of climate
change for the Baltic Sea basin. Regional climate stud-
ies. Springer International Publishing, Heidelberg.

Beldring S., Engen-Skaugen T. & Forland E.J. 2008. Climate
change impacts on hydrological processes in Norway
based on two methods for transferring regional climate
model results to meteorological station sites. Tellus 60A:
439-450.

Berghuijs W.R., Woods R.A. & Hrachowitz M. 2014. A
precipitation shift from snow towards rain leads to a
decrease in runoff. Nature Clim. Change 4: 583-586.

Bergstrom S. & Carlsson B. 1994. River runoff to the Baltic
Sea: 1950-1990. Ambio 23: 280-287.

Bergstrom S., Carlsson B., Gardelin M., Lindstrom G., Pet-
tersson A. & Rummukainen M. 2001. Climate change
impacts on runoff in Sweden — assessments by global
climate models, dynamical downscaling and hydrologi-
cal modelling. Clim. Res. 16: 101-112.

Brigode P., Oudin L. & Perrin C. 2013. Hydrological model
parameter instability: A source of additional uncer-
tainty in estimating the hydrological impacts of climate
change? J. Hydrol. 476: 410-425

Bring A., Rogberg P. & Destouni G. 2015 Variability in
climate change simulations affects needed long-term
riverine nutrient reductions for the Baltic Sea. Ambio
44:381-391.

Dankers R. & Christensen O.B. 2005. Climate change impact
on snow coverage, evaporation and river discharge in the
sub-arctic Tana Basin, Northern Fennoscandia. Climatic
Change 69: 367-392.

Diffenbaugh N.S., Scherer M. & Ashfaq M. 2012. Response
of snow dependent hydrologic extremes to continued
global warming. Nat. Clim. Change 3: 379-384.

Galvonaité A., Misitiniené M. & Valiukas D. 2007. Lietuvos
klimatas [Lithuanian climate]. Lithuanian Hidromete-
orological Service, Vilnius. [In Lithuanian with English
summary].

Gecaite 1. & Rimkus E. 2010. Sniego dangos reZimas Lietu-
voje [Snow cover regime in Lithuania]. Geografija 46:
17-24. [In Lithuanian with English summary].

Godsey S.E., Kirchner J.W. & Tague C.L. 2014. Effects of
changes in winter snowpacks on summer low flows: case
studies in the Sierra Nevada, California, USA. Hydrol.
Proc. 28: 5048-5064.

Graham L., Andréasson J. & Carlsson B. 2007. Assessing
climate change impacts on hydrology from an ensemble
of regional climate models, model scales and linking
methods: a case study on the Lule River basin. Climatic
Change 81: 293-307.

Graham P., Olsson J., Kjellstrom E., Rosberg J., Hellstrom
S.S. & Berndtsson R. 2009. Simulating river flow to the
Baltic Sea from climate simulations over the past millen-
nium. Boreal Env. Res. 14: 173-182.

Hall J., Arheimer B., Borga M., Brazdil R., Claps P., Kiss A.,

Climate change impact on the Nemunas River basin hydrology 63

Kjeldsen T.R., Kriau¢iuniené J., Kundzewicz Z.W., Lang
M., Llasat M. C., Macdonald N., McIntyre N., Mediero
L., Merz B., Merz R., Molnar P., Montanari A., Neuhold
C., Parajka J., Perdigdo R.A.P., Plavcovd L., Rogger M.,
Salinas J.L., Sauquet E., Schir C., Szolgay J., Viglione
A. & Bloschl G. 2014. Understanding flood regime
changes in Europe: a state-of-the-art assessment. Hydrol.
Earth Syst. Sci. 18: 2735-2772.

HELCOM 2011. The fifth Baltic Sea pollution load compila-
tion (PLC-5). Balt. Sea Environ. Proc. 128: 1-220.

Hisdal H., Roald L.A. & Beldring S. 2006. Past and future
changes in flood and drought in the nordic countries.
In: Demuth S. (ed.), Climate variability and change —
hydrological impacts, Proceedings of the Fifth FRIEND
World Conference held at Havana, Cuba, November
2006, 1AHS Press, Wallingford, pp. 502-507.

Holmberg M., Futter M.N., Kotaméki N., Fronzek S., For-
sius M., Kiuru P., Pirttioja N., Rasmus K., Starr M. &
Vuorenmaa J. 2014. Effects of changing climate on the
hydrology of a boreal catchment and lake DOC — prob-
abilistic assessment of a dynamic model chain. Boreal
Env. Res. 19 (suppl. A): 66-82.

Huntington T.G., Hodgkins G.A., Keim B.D. & Dudley R.W.
2004. Changes in the proportion of precipitation occur-
ring as snow in Northeast (1949 to 2000). J. Clim. 17:
2626-2636.

Inkala A., Bilaletdin. A. & Podsetchine V. 1997. Modelling
the effect of climate change on nutrient loading, temper-
ature regime and algal biomass in the Gulf of Finland.
Boreal Env. Res. 2: 287-301.

Kaczmarek Z. 1993. Water balance model for climate impact
analysis. Acta Geophys. 41: 1-16.

Kazys J., Rimkus E. & Bukantis A. 2009. Gausus krituliai
Lietuvoje 1961-2008 metais [Heavy precipitation events
in Lithuania in 1961-2008]. Geografija 45: 44-53. [In
Lithuanian with English summary].

Kazys J., Stanktinavicius G., Rimkus E., Bukantis A. & Valiu-
kas D. 2011. Long-range alternation of extreme high day
and night temperatures in Lithuania. Baltica 24: 72-81.

Kersyte D., Rimkus E. & Kazys J. 2015. Klimato rodikliy
scenarijai Lietuvos teritorijoje XXI a. [Near-term and
long-term climate projections for Lithuania]. Geologija.
Geografija 1: 22-35. [In Lithuanian with English sum-
mary].

Kilkus K., Staras A., Rimkus E. & Valiuskevic¢ius G. 2006.
Changes in water balance structure of Lithuanian rivers
under different climate change scenarios. EREM 2: 3—10.

Kjellstrom E. & Lind P. 2009. Changes in the water budget in
the Baltic Sea drainage basin in future warmer climates
as simulated by the regional climate model RCA 3.
Boreal Env. Res. 14: 114-124.

Klavins M. & Rodinov V. 2010. Influence of large-scale
atmospheric circulation on climate in Latvia. Boreal
Env. Res. 15: 533-543.

Klavins M., Briede A., Rodinov V., Kokorite I. & Frisk T.
2002. Long-term changes of the river runoff in Latvia.
Boreal Env. Res. T: 447-456.

Koirala S., Hirabayashi Y., Mahendran R. & Kanae S. 2014.
Global assessment of agreement among streamflow pro-
jections using CMIPS model outputs. Environ. Res. Lett.



64

9: 064017, doi:10.1088/1748-9326/9/6/064017.

Krasting J.P., Broccoli AJ., Dixon K.W. & Lanzante J.R.
2013. Future changes in northern hemisphere snowfall.
J. Clim. 26: 7813-7828.

Kriauciuniene J., Jakimavicius D., Sarauskiene D. & Kaliatka
T. 2013. Estimation of uncertainty sources in the projec-
tions of Lithuanian river runoff. Stoch. Env. Res. Risk. A
27: 769-784.

Kriauciuniene J., Kovalenkoviene M. & Meilutyte-Ba-
rauskiene D. 2006. Changes of the dry and wet periods
in the runoff series of Lithuanian rivers. In: XXIV Nordic
Hydrological conference report 49: 641-648.

Kriaucitnien¢ J., Kovalenkovien¢ M. & Meilutyté-Ba-
rauskiené¢ D. 2007. Changes of the low flow in Lithu-
anian rivers. Environ. Res. Eng. Manage. 42: 5-12

Kriauciuniene J., Meilutyte-Barauskiene D., Reihan A.,
Koltsova T., Lizuma L. & Sarauskiene D. 2012. Vari-
ability in temperature, precipitation and river discharge
in the Baltic States. Boreal Env. Res. 17: 150—162.

Kriau¢itniené J., Meilutyté-Barauskiené D., Rimkus E.,
Kazys J. & Vincevicius A. 2008. Climate change impact
on hydrological processes in Lithuanian Nemunas river
basin. Baltica 21: 51-61.

Mankin J. & Diffenbaugh N. 2015. Influence of temperature
and precipitation variability on near-term snow trends.
Clim. Dyn. 45: 1099-116.

McCarthy JJ., Canziani O.F., Leary N.A., Dokken D.J.
& White K.S. 2001. Climate change 2001: Impacts,
adaptation, and vulnerability. Contribution of Working
Group II to the Third Assessment Report of the Inter-
governmental Panel on Climate Change, Cambridge
University Press, Cambridge.

Meilutyté-Barauskiené D. & Kovalenkoviene M. 2007.
Change of spring flood parameters in Lithuanian rivers.
Energetika 53: 26-33.

Merz R., Parajka J. & Bloschl G. 2011. Time stability
of catchment model parameters: Implications for cli-
mate impact analyses. Water Resour. Res. 47, doi:
10.1029/2010WR009505.

Mickievi¢ A. & Rimkus E. 2013. Vidutinés oro temperattros
dinamika Lietuvoje [Dynamics of mean air temperature
in Lithuania]. Geografija 49: 114-122. [In Lithuanian
with English summary].

Cerkasova N., Ertiirk A., Zemlys P., Denisov V. & Umgiesser
G. 2016. Curonian Lagoon drainage basin modelling
and assessment of climate change impact. Oceanologia
58: 90-102.

Peters P.G., Andrew R. M., Boden T., Canadell J.G., Ciais P.,
Le Quéré C., Marland G., Raupach M.R. & Wilson C.
2013. The challenge to keep global warming below 2 °C.
Nature Climate Change 3: 4-6.

Pohl S., Marsh P. & Bonsal B.R. 2007. Modeling the impact
of climate change on runoff and annual water balance of
an Arctic headwater basin. Arctic 60: 173—186.

Poulin A., Brissette F., Leconte R., Arsenault R. & Malo J.S.
2011. Uncertainty of hydrological modelling in climate
change impact studies in a Canadian, snow dominated
river basin. J. Hydrol. 409: 626—636.

Raéisdnen J. & Eklund J. 2012. 21st century changes in snow
climate. Clim. Dynam. 38: 2575-2591.

Stonevicius etal. + BOREAL ENV. RES. Vol. 22

Réisdnen J. 2016. Twenty-first century changes in snowfall
climate in northern Europe in ENSEMBLES regional
climate models. Clim. Dynam. 46: 339-353.

Rimkus E. & Stankunavichius G. 2002. Snow water equiva-
lent variability and forecast in Lithuania. Boreal Env.
Res. 7: 457-462.

Rimkus E., Kazys J., Bukantis A. & Krotovas A. 2011. Tem-
poral variation of extreme precipitation events in Lithu-
ania. Oceanologia 53: 259-277.

Rimkus E., Kazys J., Butkut¢ S. & Gecaite 1. 2014. Snow
cover variability in Lithuania over the last 50 years and
its relationship with large-scale atmospheric circulation.
Boreal Env. Res. 19: 337-351.

Rimkus E., Korneev V., Pakhomau A. & Stonevicius E.
2012. Climate change in the Nemunas River basin:
observed trends and future predictions. UNECE project
report, available at https://www2.unece.org/ehlm/plat-
form/download/attachments/25690532/REPORT _cli-
mate_Nemunas.pdf.

Rimkus E., Stonev¢ius E., Korneev V., Kazys J., Valiuske-
vi¢ius G. & Pakhomau A. 2013. Dynamics of mete-
orological and hydrological droughts in the Neman river
basin. Environ. Res. Lett. 8,045014, doi: 10.1088/1748-
9326/8/4/045014.

Rimkus E., Valiukas D., Kazys J., Gecaite¢ I. & Stonevicius
E. 2012. Dryness dynamics of the Baltic Sea region.
Baltica 25: 129-142.

Rummukainen M., Réisédnen J., Bjgrge D., Christensen J. H.,
Christensen O. B., Iversen T., Jylhd K., Olafsson H. &
Tuomenvirta H. 2003. Regional climate scenarios for
use in Nordic water resources studies. Nord. Hydrol. 34:
399-412.

Salmonsson T. 2013. Assessing the impacts of climate
change on runoff along a climatic gradient of Sweden
using PERSIST. Department of Earth Sciences, Uppsala
University.

Sarauskiene D., Kriauciuniene J., Reihan A. & Klavins M.
2015. Flood pattern changes in the rivers of the Baltic
countries. J. Environ. Eng. Landsc. 23: 28-38.

Sepp M. 2009. Changes in frequency of Baltic Sea cyclones
and their relationship with NAO and climate in Estonia.
Boreal Env. Res. 14: 143—151.

Silander J., Vehvildinen B., Niemi J, Arosilta A., Dubrovin
T., Jormola J., Keskisarja V., Keto A., Lepistd A., Miki-
nen R, Ollila M., Pajula H., Pitkénen H., Sammalkorpi
I., Suomalainen M. & Veijalainen N. 2006. Climate
change adaptation for hydrology and water resources.
FINADAPT Working Paper 6, Finnish Environment
Institute, Mimeographs 336, Helsinki.

Stankunavicius G., Valiuskevicius G., Rimkus E., Bukantis
A. & Gulbinas Z. 2007. Meteorological features behind
spring runoff formation in the Nemunas River. Boreal
Env. Res. 12: 643-651.

Stewart I.T., Cayan D.R. & Dettinger M.D. 2005. Changes
toward earlier streamflow timing across western North
America. J. Clim. 18: 1136-1155.

StoneviCius E., Valiuskevicius G., Rimkus E. & Kazys J.
2014. Climate induced changes of Lithuanian rivers
runoff in 1960-2009. Water Resour. 41: 592—-603.

Thornthwaite C.W. 1948. An approach toward a rational



BOREAL ENV. RES. Vol. 22 -

classification of climate. Geogr. Rev. 38: 55-94.
Vehvildinen B. & Huttunen M. 1997. Climate change and
water resources in Finland. Boreal Env. Res. 2: 3—18.
Vormoor K., Lawrence D., Heistermann M. & Bronstert A.
2015. Climate change impacts on the seasonality and
generation processes of floods — projections and uncer-
tainties for catchments with mixed snowmelt/rainfall

regimes. Hydrol. Earth Syst. Sci. 19: 913-931.

Wilson D., Hisdal H. & Lawrence D. 2010. Has streamflow
changed in the Nordic countries? — Recent trends and
comparisons to hydrological projections. J. Hydrol. 39:
334-346.

Woo M K., Thorne R., Szeto K.K. & Yang D. 2008. Stream-

Climate change impact on the Nemunas River basin hydrology 65

flow hydrology in the boreal region under the influences
of climate and human interference. Philos. Trans. Roy.
Soc. B 363: 2249-2258.

Wu J. & Malmstrom M.E. 2015. Nutrient loadings from
urban catchments under climate change scenarios: case
studies in Stockholm, Sweden. Sci. Total Environ. 518:
393-406.

Yates D.N. 1996. WatBal: an integrated water balance model
for climate impact assessment of river basin runoff. Inz.
J. Water Resour. Dev. 12: 121-139.

Zhang D., Cong Z.,Ni G., Yang D. & Hu S. 2015. Effects of
snow ratio on annual runoff within the Budyko frame-
work. Hydrol. Earth Syst. Sci. 19: 1977-1992.



