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Abstract

According to the future scenarios from global and regional climate models, the climate change will profoundly
affect hydrological processes at different scales in time and space. This paper presents results from a new gen-
eration of hydrological climate change impact studies, combining new methods for downscaling and bias cor-
rection of climate projections with new methods for large-scale hydrological modelling. Several water variables
have been extracted to distinguish large-scale emerging patterns across Europe and Sweden, to describe climate
change impact on future water resources. Maps are available at the web site of SMHI with information on
potential changes in temperature, precipitation, water discharge, specific/local runoff, relative groundwater
level, soil moisture, snow, low and high flows and water quality. Several variables show 50 % increase or 50 %
decrease depending on geographical location. However, results are uncertain and should be treated with cau-
tion, especially on the local scale and when there is a large discrepancy between climate projections.
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Sammanfattning

Framtidscenarier frén globala och regionala klimatmodeller antyder att klimatférindringen kommer att ha en
djupgiende paverkan pa hydrologiska processer i olika tids- och rumsskalor. Den hir artikeln presenterar re-
sultat frin en ny generation av hydrologiska klimateffektstudier, som kombinerar nya metoder f6r nedskalning
och felkorrigering av klimatmodellers resultat med nya metoder for storskalig hydrologisk modellering. Flera
vattenvariabler har tagits fram for att kunna analysera effekterna klimatférindringens storskaliga monster for
framtida vattenresurser i Europa och Sverige. Kartor finns tillgingliga pd SMHIs hemsida med information om
méjliga forindringar i temperatur, nederbord, vattenféring, specifik avrinning, relativ grundvattenyta, mark-
fuktighet, sno, lag- och hégvatten och vattenkvalitet. Flera av resultaten visar pd mellan 50 % 6kning eller 50 %
minskning i flera varibaler beroende pa geografiske lige. Resultaten ir dock osikra och ska hanteras varsamt,
speciellt pd lokal skala och dir det ir stora avvikelser mellan olika klimatprojektioner.

Introduction

Climate change effect studies on large-scale water re-
sources play a key role for planning and management in
a range of fundamental societal functions such as water
and energy supply, security and environment. The water
sector in Europe must manage both excess and scarcity
of water in future society (e.g. Bates et al., 2008). It is
likely that anthropogenic climate change will, among
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other consequences, lead to an acceleration of the hydro-
logical cycle on various scales (Huntington, 2006) as
well as causing strong regional gradients in water availa-
bility across Europe (Bates et al., 2008). So far, impact
studies using hydrological models have focused on spe-
cific basins (e.g. Middelkoop et al., 2001; Arheimer et
al., 2005) while large-scale analysis across the continent
have been based on land-surface schemes from climate
models (e.g. Dankers, and Feyen, 2008) or global water
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models (Water GAP, VIC, etc.). Few large-scale models
have been carefully evaluated against observed data of
water discharge.

In the Formas-funded project HYDROIMPACTS2.0
(running 2010-2013) we developed large-scale multi-
basin hydrological models, based on open data and
closely linked to observations of present climate, to im-
prove the estimates of future climate change impact. The
models were used to simulate long-term water balance as
well as changes in high flows and droughts. Also other
environmental changes (e.g. land use or remedial pro-
grams) were simulated for comparison of various sources
to future changes, for instance in water quality.

The large-scale modelling and effect analysis pre-
sented below include a) High-resolution pan-European
and Swedish assessments of water variables, and b) High
resolution assessments of nutrient load on the Baltic
Sea. Results from climate models are down-scaled
and bias corrected using the new methods developed in
HYDROIMPACTS2.0 for large geographical domains
(see e.g. Olsson et al., 2013; this issue). Future water
resources are mapped and emerging large-scale patterns
are analysed for a large number of hydrological variables
(such as mean water discharge, return periods of extreme
high and low flows, ground water fluctuations, snow
cover, soil moisture, water quality). The results are pub-
lished for open access in web products covering Sweden
and Europe, and have been presented to end-user in
various outreach activities (see e.g. Arheimer etal., 2013;
this issue).

Methods and Material
Climate model data

Concerning climate model results, precipitation and
temperature were used from two projections based on
different general circulation models (GCMs); HadC-
M3QO (Johns et al., 2003; Collins et al., 2006; denoted
HADLEY below) and ECHAMS5r3 (Roeckner et al.,
2006; denoted ECHAM below). The projections were
chosen to represent different signals concerning the fu-
ture temperature change. Within the ensemble of 16
climate projections studies by Kjellstrom et al. (2011),
projection HADLEY is among the ones with the largest
future temperature increase in Scandinavia whereas pro-
jection ECHAM is in the small-to-medium range. Both
projections simulate effects of the emission scenario A1B
(Naki¢enovi¢ et al., 2000). GCM results from both
models were first down-scaled dynamically to 50 km
with the RCA3 model (Samuelsson et al., 2011). There-
after, daily surface temperatures and precipitation were
further down-scaled to 4 km and bias corrected, using
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the Distribution-Based Scaling (Yang et al., 2010) with
era-interim/GPCC as reference data for Europe and the
PTHBYV as reference data for Sweden (period 1981-
2010). Finally, gridded values were interpolated to each
sub-basin for the period 1961-2100 to force the HYPE
models. For impact studies on water quality in the Baltic
region, two additional ECHAM projections were also
used to complement the ensemble (Meier et al., 2011).

There are large differences when assessing future cli-
mate change dependent on which climate model and
scenarios that are used. It is therefore recommended that
results from many different climate scenarios are used as
basis for decisions and for impact modeling. The two
projections shown here are far from covering the full
range of uncertainty; however, the resulting water dis-
charge coincide relatively well with 25%-75% of the
interval in the ensemble of 16 climate scenarios calcu-
lated by SMHI for Sweden (Bergstrom et al., 2012). Use
of additional hydrological models is also preferred for
more accurate conclusions.

Hydrological impact modelling

The effect modeling was based on the hydrological
model HYPE (Lindstrom et al., 2010) version 3.6.0, ap-
plied to Europe in E-HYPE (version 2.0) and S-HYPE
(version 2010) developed at SMHI. Both model appli-
cations are multi-basin and the E-HYPE model make
calculations for 35000 catchments covering Europe
(Donnelly et al., 2013), and the S-HYPE for 37000
catchments covering Sweden (Stromgyist et al., 2012).
The Balt-HYPE model is part of the E-HYPE model
domain and covers the Baltic Sea drainage basin with
some 5000 catchments (Arheimer et al., 2012). The dif-
ference between Balt-HYPE and S-HYPE is described
more in detail by Arheimer et al. (2012).

In each model, catchment divides are defined based
on topography and linked according to the river net-
work. The landscape is further divided into classes ac-
cording to soil type and vegetation. The soil representa-
tion is stratified and can be divided in up to three layers.
The flow paths include surface runoff, macropore flow,
tile drainage and groundwater outflow from the indi-
vidual soil layers. Rivers and lakes are described sepa-
rately with routines for outlet flow, including turnover,
sinks and sources for nutrients. Several processes in the
model concept are weather dependent as precipitation
and temperature force the dynamics at each time-step,
and thus, the model results reflect the effects of weather
and climate. Observed data are used to evaluate model
performance at the locations in the model domain where
these are available. The HYPE model has many rate co-
efficients, constants and parameters, which in theory
could be adjusted. In multi-basin modelling a step-wise,
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simultaneous calibration technique is used (Donnelly et
al., 2009; Arheimer and Lindstrom, 2013). Data from
many water gauges are also used to evaluate the model.
For instance, the latest version (2012) of S-HYPE has an
average NSE (Nash-Sutcliffe Efficiency) for water dis-
charge of 0.7 and an average relative error of 5% for the
period 1999-2010, using about 400 water gauges in-
cluding both regulated and unregulated rivers with
catchments ranging from ten to several thousands of
km? of various land-uses.

In the climate change impact studies, we extract
30-year means of current climate for each of the climate
projections studied (reference period) and compare with
30-years means in the future, to distinguish possible
future changes. In the present study, the following time-
slices were used in the analysis:

* Reference period: 1981-2010
* Half century: 2036-2065
* Turn of the century: 2071-2100

Results and Discussion

Future changes in water resources

Daily values of several modelled variables describing the
water resources have been aggregated to average annual
values and plotted on maps with high spatial resolution
to analyse emerging geographical patterns for Europe
and Sweden.

The results for the reference period (1981-2010) are
similar for the two climate projections (HADLEY and
ECHAM) since precipitation and temperature have
been scaled against the same observed data. For future
climate change, however, there are in many cases large
differences and sometimes conflicting results between
the climate models, in particular for local conditions.
It is well known that climate models differ considerable
in precipitation pattern for parts of Europe (e.g., van
Ulden and van Oldenborgh, 2013). Hence, there is a
large uncertainty in the calculations and the results
should be treated with caution.

The estimated effects of climate change impact also
differ between the E-HYPE model and the S-HYPE
model, which has higher resolution for Sweden. Often
the S-HYPE model gives more extreme results than the
E-HYPE model for the same domain. This is probably
caused both by the resolution of the impact model and
by the downscaling/bias correction method, as the latter
uses more observed stations for adjusting the climate
model results to observations for the Swedish domain.
When the resolution and data density is higher, more
local phenomena and spatial variations will be distin-
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guished. The difference in results using different impact
models for the same domain is also a way to explore un-
certainties in climate change results.

Results are described below and also presented as a
library of maps, which are available on internet, for
Europe and Sweden, respectively:

http://e-hypeweb.smhi.se/ehypeclimate/
http://vattenwebb.smhi.se/shypeclimate/

Temperature

According to both projections the mean temperature
will increase with between 3 and 5 degrees for different
parts of Europe and also within Sweden. The increase is
faster in the HADLEY model compared to ECHAM,
although ECHAM eventually shows high temperature
for more extended areas by the end of this century.

Precipitation

In general, we can expect an increase in precipitation for
the northern parts of Europe and a decrease for the
southern parts. Using E-HYPE, the change means up to
300 mm more or less precipitation per year for some
parts of Europe, while using S-HYPE, the average in-
crease is 100—400 mm per year depending on location in
Sweden. The HADLEY projection shows a faster and
more significant increase in precipitation.

Water discharge

The predicted change in water discharge varies between
a 50% increase and 50 % decrease for different parts of
Europe (+30 % for Sweden). For Europe, both simula-
tions show a decrease in water discharge for the southern
parts of Europe, while HADLEY simulation also shows
an increase in water discharge for northern Europe. For
Sweden, the model results based on the ECHAM pro-
jection show higher mean annual discharge in the north-
ern mountains and a decrease in discharge for the rest of
the country. The decrease is most pronounced at the
mid-century. HADLEY, on the other hand, shows in-
creased discharge in all of northern Sweden and a de-
crease mainly in the south-western part of the country.
The difference in water discharge is mainly a combined
effect of precipitation and evapotranspiration in the
hydrological model. The precipitation is received direct-
ly from the climate models (see above) while the eva-
potranspiration is calculated in HYPE based on tem-
perature from the climate models. The large difference
between the results of the climate projections means that
the uncertainty in estimating future conditions is large.
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Specific runoff — local water discharge

The change in local runoff can vary between an increase
of 50% and a decrease of 50% for different parts of
Europe. Both simulations give a large decrease in the
southern parts of Europe while the HADLEY simula-
tion shows an increase in the northern parts. In Sweden,
the specific runoff varies between 150-200 mm less per
year for different parts of the country. The patterns of
future change are similar to the changes in mean annual
water discharge. Again, the large differences between
climate scenarios indicate that local results are very un-
certain.

Groundwater level

A decrease or increase of up to 30% for mean annual
values of shallow groundwater levels can be expected for
different parts of Europe. The changes are in general
more extreme in the HADLEY simulation. In Sweden,
the mean groundwater levels were estimated to become
10 cm lower or 10 cm higher for different parts of the
country. The emerging patterns for each climate projec-
tion correspond well to the spatial patterns of mean an-
nual discharge and specific runoff (above).

Soil moisture

It can be expected that the mean annual soil moisture
deficit decreases with 10-80% for different parts of
Europe. The HADLEY simulation shows more exten-
sive patterns and pronounced deficit than the ECHAM
simulation. Differences in soil moisture deficit can be
derived from change in precipitation and evaporation
(partly dependent on temperature). The number of days
with low soil moisture deficit is expected to increase all
over Europe with up to 100 %, as well as the intensity
soil moisture deficit in the root zone. The pace of the
increase differs between the two scenarios and is thus
rather uncertain.

Snow

In both projections there is an expected decrease in the
number days with a snow cover > 1 cm. The decrease is
largest in the southern parts of Sweden, around Gulf of
Finland, and mountainous regions in southern Europe.
For Sweden the decrease is 30—70 % depending on site
for both model projections, with most reduction in days
for Svealand and parts of Smaland. The HADLEY pro-
jection results in a faster decline and an extended area
with large impact. The snow depth, on the other hand,
is assumed to be reduced by 70 % in the south and along
the Swedish coast, while the Swedish mountains show
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an increase in snow depth up to 40 %. The lower depths
are caused by higher temperatures and change from
snow to rain in the south, while the larger depths in the
colder mountains are caused by increased precipitation
and thereby more snow.

Low flows

The mean annual low water discharge is expected to
change by +30% for different parts of Europe (+50 %
for Sweden). Both simulations show an increase in the
northern parts of Europe and the Alps and a decrease in
in southern parts of Europe (Fig. 1c—d). Higher tem-
peratures in the summer can result in drought during
the summer in the southern parts, while higher tempera-
tures during the winter can result in a more regular snow
melt during the winter. For Sweden, both projections
resulted in higher mean low flow in the Northern parts
of the country and lower in the southern parts and along
the coast.

The duration of low flow was also analysed and the
number of days with low flow can be expected to de-
crease with 36 days in the northern parts of Europe and
the mountain areas and increase with up to 100 days in
southern parts. The two simulations show a relatively
large agreement for the European scale, but differ from
the simulation with higher resolution for Sweden, in
which the days with low flow increase up to 70 days for
the southern part and decrease up to 50 days in the
mountains. The changes in level of low flow show large
spatial variation with changes of + 80 % in different parts
of the country. The climate change develops faster in the
ECHAM projection and the inner Northern Sweden
show no changes according to HADLEY.

High flows

The mean high flow as well as the magnitude of the
10- and 50-year flood show similar patterns and trends;
they can increase or decrease with up to 30% in differ-
ent parts of Europe (Fig. 1a-b). The two different cli-
mate scenarios, however, show partly different patterns.
For Sweden the S-HYPE model estimated the spatial
variation between 50 % increase and 50 % decrease, but
for most of the country the change is on 15%. Highest
levels are estimated for Northern part of the mountain
range and in southwestern Sweden. Lower 10- and
50-year floods were detected in the mountains of Jimt-
land. There is a large spread in results between the two
projections so results on high flows should be treated
carefully on the local scale. The HADLEY projection
result in larger changes for the whole country while
ECHAM indicates smaller changes compared to the ref-
erence period.
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Figure 1. Change from period 1981-2010 to period 2071-2100 in terms of mean annual high flow in projection HADLEY (a) and
ECHAM (b) and in terms of mean annual low flow in projection HADLEY (c) and ECHAM (d).

Water quality — Nutrients

The results from modeling climate-induced changes in
nutrient transport from land to the Batic Sea did not
show any dramatic trends in annual discharge or nutri-
ent loads in the future (Arheimer et al., 2012). Never-
theless, the model results suggest that the total mean
load to the Baltic Sea may decrease for nitrogen and in-
crease for phosphorus by 2100. The variations between
years were found to be much larger than any long-term
trend for each climate projection. On the other hand,
the seasonal variation during an average year was found
to change significantly. This could be of major impor-
tance for the biological response in the marine environ-
ment, as the ecosystem will react differently depending
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on season and the biological activity at the time when
the water and nutrients reach the sea.

Simulation experiments with combined climate
change and remedial nutrient management scenarios
(as defined in the Baltic Sea Action Plan, BSAP) indi-
cate that the impact of climate change may be of the
same order of magnitude as the expected nitrogen re-
ductions from the remedial measures simulated. For
the Baltic Sea, both improved wastewater treatment
and agricultural measures are needed to reach the BSAP
target reductions by 2100. Yet, for half of the climate
projections the targets were not reached and the varia-
tion in the quantified impact is large between different
projections.
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Conclusions

Several hydrological variables describing future water re-
sources under climate change are now available with
high resolution over Europe and Sweden at the SMHI
website. These are free to be used in societal planning
and water management. According to the model results,
several variables show an increase or a decrease by 50 %
as an effect of climate change, depending on geographi-
cal location. However, the results are still associated with
large uncertainties, as different climate projections may
result in very different effects. In addition, uncertainties
are caused by the downscaling technique and the impact
models, so the results should thus be treated with cau-
tion, especially on the local scale. Yet, the large-scale
models can give a hint about magnitudes of emerging
patterns. Further, when different projections results in
similar results the findings are more reliable.
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