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Abstract. Worldwide, flow regimes are being modified by Northern climates. At the end of this study, typical future
various anthropogenic impacts and climate change inducefiow regimes under climate change are illustrated for each
an additional risk. Rising temperatures, declining snow coverclimate zone.

and changing precipitation patterns will interact differently at
different locations. Consequently, in distinct climate zones,
unequal consequences can be expected in matters of water .
stress, flood risk, water quality, and food security. In partic-1  Introduction
ular, river ecosystems and their vital ecosystem services will .
be compromised as their species richness and compositiow the [a_st centgry, natural flow regimes have been h(_eav—
have evolved over long time under natural flow conditions.Ily modified by different ant.hropogemc impacts (Malmavist
This study aims at evaluating the exclusive impacts of cli- and RL_dee, 2002). Worldwide around 50 000 Iarge_ dams and
mate change on river flow regimes in Europe. Various flow@n estimated number of 800 000 smaller dams exist, usually

characteristics are taken into consideration and diverse dydenerating a less variable flow with elevated low flows and

namics are identified for each distinct climate zone in Eu_dampened floo_d peak; (Nilsson etal., 2.005)' Water demands
rope. In order to simulate present-day natural flow regimesqf an gxponentlal growing world populaltlo.n Ie_ads o red.u_ced
and future flow regimes under climate change, the global hy-”Ver d|§charge due to vynhdrawals for imrigation, electricity
drology model WaterGAP3 is applied. All calculations for produc_t!on, manufa_cturmg, domestic purposes and_ others.
current and future conditions (2050s) are carried out on an addition, population growth and society’s increasing de-

5 x 5 European grid. To address uncertainty, bias-correctednands_ on resources have caysed immense land-use changes.
climate forcing data of three different global climate mod- Urbanization and dc.eforestatlon.relsult in large sealed areas
els are used to drive WaterGAP3. Finally, the hydrological Ehat alFerfrow n:agnltLédfe S tand tm;rfmg;h;qugh cljovl_\llelrl ei’ggg'
alterations of different flow characteristics are quantified by l\r/lanspl_ra |onhra es Ian b aster tr_l;l_np ”( a (l;f_ag b al, : ):
the Indicators of Hydrological Alteration approach. Results any rivers have aiso been artiricialy modiied by construc-

of our analysis indicate that on the European scale, climatd'®n works such as channelization, embanking, straightening,

change can be expected to modify flow regimes remarkabl \_/viden_ing or deepening with further impacts on flow and flow
This is especially the case in the Mediterranean (due to drieyeloc'ty' . .
In the future, climate change constitutes another factor

conditions with reduced precipitation across the year) and i q . terati 4 will int t with oth
the boreal climate zone (due to reduced snowmelt, increasef’ "OW regime afteration and witl interact wi “.0 er an-
ropogenic flow modifications. Climate change “is now evi-

recipitation, and strong temperature rises). In the temperat ) . . .
precip g P ) P ent from observations of increases in global average air and

climate zone, impacts increase from oceanic to continental. ¢ i id d melti f di d
Regarding single flow characteristics, strongest impacts orfcean temperatures, widespread metting of Snow and ice an

timing were found for the boreal climate zone. This appliesrISIng global average sea Igvel” (PCc, 2007.)' Higher tem-
for both high and low flows. Flow magnitudes, in turn, will peratures could potentially increase evaporation rates at sur-

be predominantly altered in the Mediterranean but also in thd 2¢€S and transpiration by plants, which Ie_a_lds to a_ reduction
P y elrn runoff (Frederick and Major, 1997). Additionally, in snow

Published by Copernicus Publications on behalf of the European Geosciences Union.
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or glacier-affected river basins, runoff is altered by a declinewhich states that the natural flow regime, including natu-
in meltwater (Verzano and Menzel, 2009). Regionally andral fluctuations, provides the optimum conditions for a river
seasonally differing developments are simulated for precipi-ecosystem (Poff et al., 1997). Over evolutionary time spans
tation amounts and patterns (IPCC, 2007) which will causeand in direct response to the natural flow regime, native biota
depending on the location and season, higher or lower runofhas developed different morphological, physiological and be-
values in the future (Alcamo et al., 2007). Moreover, it is havioural traits as described by Lytle and Poff (2004). Pro-
expected that climate change will accelerate the hydrologvided habitats are exploited, all ecological niches are oc-
ical cycle with an increasing intensity of rainfalls and fre- cupied and the natural range of flows can be tolerated by
quency of extreme weather events (Milly et al., 2008). All the endemic biota. Thus, increasing deviations from natu-
these implications will interact in different ways at different ral flow patterns lead to increasing ecological consequences
climatic locations inducing substantial alterations in the river favouring invasive species at the expense of adapted endemic
flow regimes with large geographical disparities in directionsspecies. Indeed, in a review of 165 papers, Poff and Zim-
and causes. mermann (2010) could clearly demonstrate that flow alter-
The consequences of these alterations are manifold. l@tion leads to many ecological consequences. In 92 % of the
2000, approximately 2.4 billion people lived in water- case studies, impacts on river ecosystems were reported in
stressed river basins and this number is supposed to rise iresponse to modifications of certain flow parameters. Similar
the future (Arnell et al., 2011). An increase in water stressresults were found by a review of Lloyd et al. (2004), where
can be caused by a reduction in total flow amounts or just byB6 % of 65 case studies recorded ecological changes.
changes in flow seasonality. For example, irrigated agricul- Besides possible financial losses in the industrial sector,
ture, the largest blue water user worldwide (Rost et al., 2008)crop shortfalls and flood damages, the social costs of ecosys-
depends on the available water resources in the summer seem damage will be high as well. Healthy rivers supply a
son during times of low flows. Even though some basins maylarge number of ecosystem services and goods to humanity.
attain higher annual runoff values under climate change, th& heir value has been estimated at $6.5 trillion USD glob-
surplus of water is likely occurring during high flow seasons, ally (Costanza et al., 1997; Strayer and Dudgeon, 2010) and
which will not solve dry season problems (Arnell, 2004; Ar- includes water purification, food production, raw material
nell et al., 2011). Another issue is that higher runoff valuesprovision, flood mitigation, recreational values and genetic
in the wet season can enhance the risk of flooding (IPCCresources to name only a few of them. These vital func-
2007). Next to water quantity issues, water quality is alsotions are based on a rich biodiversity and species which are
fundamentally linked to the flow regime as described by Nils- adapted to dynamic conditions of running waters variable in
son and Rewifalt (2008), especially when rivers are impaired space and time (Giller and Malmqvist, 1998). However, on
by sewage water or non-point source pollution. Here, flowa global scale, approximately 65 % of all riverine habitats
regime modifications influence transport and concentratiorare under severe threat nowaday®i@émarty et al., 2010)
of chemicals, nutrients, salts, oxygen and organic matter, buand the loss of biodiversity has proceeded faster over the
also water temperature which can be crucial for the coolinglast 30 yr than in marine or terrestrial ecosystems (Jenkins,
of thermal power plants (Btke, 2012a). Furthermore, the 2003) with loss rates comparable to historical events of great
shape of rivers can be altered as build-up of sediments andxtinctions (Brown and Lomolino, 1998; Ricciardi and Ras-
erosion processes change. mussen, 1999). Indicating changes of fish, bird, reptile, am-
Next to economic and social impacts, especially river phibian and mammal populations, the global freshwater liv-
ecosystems will be at risk due to altered flow regimes. Ining planet index declined by 37 % since 1970 (Grooten et al.,
a river ecosystem, different flows have different ecological2012). These numbers are alarming and therefore the EU Wa-
functions (Bunn and Arthington, 2000) and can be character Framework Directive (200/60/EEC) demands its Member
terised by their magnitude, timing, duration, frequency, andStates to protect and restore water bodies in Europe, aiming
their rate of change. Poff et al. (1997) describes the ecologifor a “Good Ecological Status” for most rivers.
cal functions of these parameters in detail, providing numer- Despite the various impacts on river flow, today only a tiny
ous examples from the scientific literature. All in all, the var- number of rivers are protected by any sort of environmen-
ious combinations of flow magnitude, timing, duration, fre- tal flow management (Richter et al., 2012) and according to
quency and rate of change shape different habitat featuresurrent trends in riverine species loss, global warming, pop-
and hence, are important to support a high regional diversityulation growth and land-use change, freshwater ecosystems
(Allan et al., 2005). Scientists now understand that the totalwill remain threatened well into the future §vbsmarty et al.,
flow regime varying from hydrological droughts to floods is 2010). Now there is strong consensus within the scientific
required to maintain biotic composition, integrity, and evo- community that natural flow regimes need to be protected
lutionary potential of riverine ecosystems including associ-to some degree and that further research on anthropogenic
ated floodplains and wetlands (Matthews and Richter, 2007flow regime alteration is required (Richter, 2009; Zang et al.,
Richter et al., 1996). Another fundamental assumption 0f2012).
environmental flow research is the natural flow paradigm,
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In various studies of the scientific literature, the impact disabled in WaterGAP3 to focus on the sole effect of climate
of climate change on river flow regimes has been analysedchange. Subsequently, for all simulated time series, general
Most of them are conducted on a relatively small geographflow statistics were calculated to evaluate the degree of de-
ical extent (e.g. on river basin scale) and/or focus on mearparture from the baseline regimes.
annual or seasonal water flow. Only a few large-scale studies
were published so far which analysed the impact of climate2.1 Simulation of flow regimes
change on specific flow characteristics or on ecologically-
relevant flow regimes. Nohara et al. (2006) evaluated the im+or the simulation of river discharge, we applied the latest
pact of climate change on monthly hydrographs for 24 majorversion of the global water model WaterGAP (i.e. version 3),
rivers in the world. With a focus on extreme events in Eu- which has been refined since earlier studies (Alcamo et al.,
rope, changes in flood hazards (Dankers and Feyen, 2009)003; Dill et al., 2003) and performs its calculations now
and hydrological droughts (Feyen and Dankers, 2009) haven a global 5 by 5 arc minutes grid cell raster@ x 9 kn?
been analysed for different climate scenarios as welll D in Central Europe). The model combines a global hydrology
and Zhang (2010) investigated for the first time the impact ofmodel and a global water use modeldiKe et al., 2012c;
global warming on five ecologically-relevant flow parameters Aus der Beek et al., 2010). As our analysis focuses on cli-
at the global scale and additionally, compared the impactsnate change, only the hydrological component was applied.
to flow regime alterations caused by water withdrawals andin order to simulate natural flow conditions, the implemented
dam management. The papers of léai al. (2010, 2013) management of reservoirs and dams was disabled.
were the first which assessed the combined effects of cli- The basis of the hydrological component is made up
mate change and socio-economic pressures for different fuef spatially distributed physiographic characteristics such
ture scenarios, and applied a full set of ecologically-relevantas land cover, soil properties, topography, permafrost and
hydrological indicators on a detailed river network cover- glaciers, drainage direction, and the location and area of
ing pan-Europe. Recently, the impact of climate change orakes and wetlands. Recently, these datasets have become
ecologically important flood flows has been investigated byavailable as high spatial resolution maps, so that physio-
Schneider et al. (2011) for floodplain rivers in Europe. This graphic input parameters and hydrological processes are rep-
paper aims at evaluating the sole impact of climate change onesented with a higher level of detail (e.g. Farr et al., 2007;
river flow regimes in Europe, analysing the dynamics sepaiehner et al., 2008; USGS, 2008). For each individual grid
rately for each climate zone. In particular the following ques- cell, WaterGAP3 calculates daily water balances. The ver-
tions shall be addressed: (i) How will different driving forces tical water balance of the land area defines groundwater
such as precipitation, temperature and snowmelt alter in difrecharge and surface runoff, taking into account canopy, soil
ferent climate zones? (ii) Where in Europe will flow regime and snow water storages. The water balance of freshwater ar-
modifications most severe? (iii) How will extreme flow char- eas considers lakes and wetlands, and is affected by precip-
acteristics be impacted in each climate zone? And (iv) whattation and evaporation. To appropriately fill all water stor-
will typical flow regimes look like in the 2050s in the differ- ages, a model spin up period of ten years was applied and
ent climate zones? found to be sufficient. While surface waters started with a full

storage for this period, smaller water storages were empty.

Both runoff from land and freshwater areas contribute to the
2 Methodology total runoff in each grid cell, which is routed along a prede-

fined drainage direction map (DDM5; Lehner et al., 2008)
Assessment of river ecosystem health implies comparison téo the next downstream cell. In Europe alone, the simulated
reference conditions (Norris and Thoms, 1999). In our studyiver discharge is calibrated at 221 gauging stations against
we compare future climate change-impacted flow regimesbserved annual river flow from the Global Runoff Data Cen-
to natural flow conditions of the present. Thereby, we as-tre (GRDC, 2004). In the calibration process, described in
sume that the more characteristics of the flow regime aredetail by Doll et al. (2003), only one model parameter) (
relevantly changed, the more severe is the impact on thés adjusted, which affects cell surface runoff generation at
river ecosystem. Three different model experiments weregauging stations.
carried out by the state-of-the-art global hydrology model Besides the higher resolution, several hydrological key
WaterGAP3 (Verzano, 2009) to assess the impact of cli-processes have been improved in WaterGAP3 with special
mate change on river flow regimes in Europe. Therefore, Wafocus on the model’'s ability to simulate certain flow char-
terGAP3 was driven with climate data from three different acteristics: (1) snow-related processes such as snowmelt-
General Circulation Models (GCMs) to provide 30-yr time induced floods are enhanced by a revised snow routine on
series of daily discharge data for the 2050s (2041-2070n sub-grid scale of 1 arc minute (Merzano and Menzel,
and the baseline period (1971-2000), which sets the refer2009); (2) flow velocity is calculated dynamically, allowing
ence condition. Human impacts such as water withdrawalsfor differentiation between mountainous and lowland rivers
return flows, dam management and land-use changes wel®&erzano et al., 2012); (3) river length is represented more
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realistically by an individual sinuosity factor per grid cell de- using Indicators of Hydrological Alteration (IHA; Richter et
rived from a high-resolution DDM (Lehner et al., 2008); and al., 1996, 1997). The IHA/RVA has been widely used (Yin et
(4) permafrost distribution is improved using the Frost Num- al., 2011), is sensitive to anthropogenic influences (Taylor et
ber method (Aus der Beek and Teichert, 2008). al., 2004) and recognises that all aspects of the flow regime
The effect of a changing climate on river flow regimes was are ecologically important. It provides 32 different indicators
taken into account by driving WaterGAP3 with state-of-the which are organized into five different groups.
art GCM projections for precipitation, air temperature, and Reviewing 171 different hydrologic indicators, Olden and
long- and shortwave radiation as developed in the WATCHPoff (2003) showed that the IHA capture almost the entire
project (Hagemann et al., 2011). For our study, all griddedspectrum of all available hydrological indicators, but also du-
meteorological forcing data were simply disaggregated toplicate the information for some flow characteristics. Follow-
5 arc minutes to be used in WaterGAP3. In order to con-ing their framework, a subset of 12 parameters was chosen in
sider the uncertainty in current climate modelling, the time our study to describe non-redundant departures from the nat-
series from three different state-of-the art GCMs were ap-ural flow regime (Table 1).
plied: (i) ECHAM5/MPI-OM model from the Max-Planck In the first step, the 12 parameters were calculated for
Institute for Meteorology, Germany, (ii) IPSL-CM4 model each year in the 30-yr time series delivering a data record
from the Institute Pierre Simon Laplace, France, and (iii) of 30 values per parameter. Second, for each parameter, the
CNRM-CM3 model from Centre National de Recherches 25th, 50th and 75th percentile were calculated from the data
Meteorologiques, France. These GCMs were chosen mainlyecord. Third, the final indicators for our study were derived
due to the following reasons: the GCM output was availableby taking into account the median (i.e. the 50th percentile) as
on a daily time step and covered the whole of Europe. Fur-a measure for the average change in magnitude. Additionally,
ther, a statistical bias correction was carried out on daily prethe inter-quartile range (i.e. the difference between the 75th
cipitation, minimum, maximum and mean air temperatureand the 25th percentile) was determined as a measure for the
by means of transfer functions. These functions were usedhter-annual variability in the 30-yr time series (Laiet al.,
to align the probability distribution function of intensity for 2013). Altogether, considering changes in average magnitude
these simulated parameters of both historic and future timeand variability, this approach provides 24 different indicators
series (Piani et al., 2010). In comparison to the delta-changéor our impact analysis, which were calculated for the daily
approach, which was often used in previous impact studiestime series of all model experiments.
this procedure provides more reliable estimates regarding fu- An exception was made in step 2 for the two timing param-
ture variability and occurrence of extreme events (Grahameters (P23 and P24). Here, the indicators were calculated by
et al., 2007). In addition, the WATCH project provided ob- specifying the 30 values from the data record as vectors with
served climate data for the baseline period (the WATCH-x- andy-coordinates in a unit circle with a radius of one. For
forcing data, Weedon et al. 2011), which were applied for thethis purpose, the 365 days of the year were adjusted to the
bias-correction of the GCM calculations and could be used36(® (i.e. 27 in radians) of the unit circle. Next, the mean
for the calibration of the WaterGAP3 model. All three cli- x andy components of all vectors were computed, so that
mate projections employed in this study were underpinned bythe mean timing of the minimum and maximum flow could
an SRES A2 emission scenario (IPCC, 2007). In the absencbe calculated by Eq. (1) and the variabilityoy Eqg. (2). In
of further climate policies, this scenario comprises steadilyEq. (1),« describes the angle on the unit circle, which is re-
growing CQ-emissions, which may double by 2050 com- lated to the mean timing. Depending on the quadrant of the
pared to the year 2000. The SRES A2 scenario was chosemean vector (described by the coordinateendy), 0, = or
because current COemissions are close to the upper end 2z radians have to be addedd¢o
of the SRES scenario range (Manning et al., 2010). How-
ever, due to the inertia of the climate system, the effect of

the IPCC emission scenario will become more obvious in thex = tanflz @)
second half of the 20th century (Meehl et al., 2007). There- .
fore, we decided to focus only on one emission scenario in, _ 1 _ /224—&2 @)

our study.

For the setting of flow protection standards, attention has re-
2.2 Indicator assessment cently turned to percent-of-flow (POF) approaches, where

the degree of allowable departure is expressed as percent-
Trends in different flow characteristics provide an indica- age change to natural conditions (Richter et al., 2012; Yin et
tion as to whether ecologically important habitats are avail-al., 2011). In practice, the threshold point at which ecologi-
able and life-cycle requirements are met in the future (Suercal health is significantly threatened is difficult to determine.
and Herricks, 2009). In order to assess changes in river flonRegarding daily flows, Richter et al. (2012) suggest that
regimes, we applied a methodology by Laiet al. (2013), for most rivers alterations greater thai20 % will threaten
which is based on the Range of Variability Approach (RVA) ecological integrity, while river ecosystem with endangered
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Table 1. Hydrologic parameters of the IHA used in this study.

ID Parameter Unit Group

P1 January mean flow %51  Group 1: Magnitude of monthly water conditions

P4 April mean flow ms 1

P7  July mean flow ms1

P10 October mean flow Pl

P13  1-day minimum flof m3s-1 Group 2: Magnitude of extreme water conditions

P18  1-day maximum flof m3s1

P23  Julian date of 1-day minimum  Day Group 3: Timing of extreme water conditions

P24  Julian date of 1-day maximum  Day

P25 Number of high pulsés Number  Group 4: Frequency and duration of high and low pulses
P26  Number of low pulsés Number

P29  Number of flow rises Number Group 5: Rate and frequency of water condition changes
P31 Mean rise rate s 1

2 the lowest single daily value occurring during the yéf‘athe highest single daily value occurring during the y€arumber of times flow rises
above 75th flow percentilé’; number of times flow drops below 25th flow percentile.

species or a highly specialized biota require a lower threshthe Near East, were labelled according to tlimgen-Geiger
old of 10 %. For UK rivers, specifying abstraction thresholds climate classification (Peel et al., 2007). In doing so, arid re-
as required by the Water Framework Directive, Acreman etgions were assigned to the class “Mediterranean”.
al. (2008) defined maximum abstractions to be in the range In general, the six climate zones applied in this study can
of 7.5-35 % of natural flow, depending on the ecological sen-by described as follows. In the far north of Europe, the po-
sitivity of the river. Considering threshold values from the lar zone is prevailing. Its climate is characterised by extreme
literature and the uncertainty of applying a large-scale ap-cold winters with often six sub-zero-degree months and cold
proach, we assume that the impact on river ecosystems isummers. The boreal climate features very cold winters and
relevant, when the indicator difference is outside a range okshort cool summers. Precipitation occurs, with increasing
+30 %. An exception was made for the mean timing indica- distance to the coast, mainly in the warmer summer months.
tors, where we set the threshold+30 days. Soil moisture freezes solidly in winter. The boreal climate
The whole indicator assessment described above was cais followed by the temperate zone, which was divided into
ried out separately for each WaterGAP3 grid cell of the 5oceanic, transitional and continental climate. In the conti-
arc minute European raster, from which a subset of 22 91mental part, the annual variation in climate is high. While
cells has been selected for our analysis. The criteria of selecsummers are hot and dry, winters are very cold. Precipita-
tion was an annual flood of 100%a~1 or higher to represent tion is relatively moderate in summer and occurs predomi-
major rivers and tributaries in Europe. For ease of displaynantly during winter. In contrast, temperate oceanic climate
and interpretation of the overall flow regime modification in provides a narrow annual temperature range as oceans act as
Sect. 3.2, each grid cell was coloured according to a traf-a buffer. Summers are warm and winters are mild. Precipita-
fic light coding system (Table 2). As natural flow regimes tion is high all season and appears in the form of rain most
can be modified in various ways, those indicators showingof the year. The transitional zone stands in between and can
a threshold exceedance (i.e. the alteration to natural condibe described by warm summers, cold winters and all-season
tions extendst30 % or 30 days respectively) were summed precipitation. Areas of the Mediterranean climate zone are

presuming that each indicator has the same weight. mainly located close to the sea, which acts as a tempera-
ture buffer. Consequently, the annual temperature range is
2.3 European climate zones relatively small. While summers are hot and dry, winters are

mild with temperatures generally above the freezing point.
In order to distinguish the quality of impact in different Mediterranean areas receive almost all of their annual rain
regions of Europe, an analysis for different climate zonesduring the winter time. Snow is a rare event, but can occur in
was conducted. The “Map of Climate Areas in Europe” high mountain ranges.
(EUCA15000) divides Europe into 35 different climate ar-
eas (Hartwich et al., 2006). For our purposes, the climate
areas were aggregated into six classes, namely: polar, b Results and discussion
real, temperate continental, temperate transitional, temperate
oceanic and Mediterranean (Fig. 1). WaterGAP’s continentaln the following, the impact of climate change on flow
grid cells which were not covered by EUCA15000, such asregimes in Europe is evaluated for the 2050s (2041-2070).

www.hydrol-earth-syst-sci.net/17/325/2013/ Hydrol. Earth Syst. Sci., 17, 32539, 2013
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4 | change in mean annual temperature [°C]
— -
25 30 [maxas

European climate zones

polar boreal temperate (c)  temperate (t) _

C A}@,\J

Fig. 1. European climate zones based on information provided by,:Ig 2. Climatic changes in the 2050s featuring changes from the
EUCA15000. The six highlighted basins are presented as typicahaseline in mean precipitation of winter and summer half-year

examples in the Results and Discussion chapter. (left), mean annual temperature and snow cover duration (right).
The maps represent the ensemble mean of the three climate projec-

Table 2. Impact coding system representing the number of indi- 1ONS-

cators which exceed the defined thresholds in the study and their

assigned impact on ecology.

countries receive less precipitation, while the remaining part

Threshold Ecological Colour of Europe and in particular the north faces higher amounts of
exceedances  impact code precipitation. In the summer half-year (i.e. April to Septem-
ber), reduction in precipitation is getting more severe in the
0-5 low green Mediterranean countries, and Eastern Europe is also highly
?6?1 ) mgﬂ'“m gre::r?;ve affected. Temperature is supposed to increase in all parts of
Europe, but especially in the far north and in Eastern Eu-
13-24 severe red

rope. As a consequence, evapotranspiration rates are likely
to be higher leading to a reduction in runoff (Frederick and
Major, 1997). Furthermore, the duration of snow cover de-
First, mean changes in climatic driving forces are presente@reases with strongest impacts for the Baltic Sea rim coun-
to differentiate the causes of change in each climate zoneyies, but also in mountainous regions (Alps, Dinaric Alps,
Second, areas in Europe are identified where overall flowthe Carpathians, Rila Mountains, Icelandic and Scandinavian
regime modification is likely to be most severe. Third, it is Mountains). Vanham (2012) concludes in his review that cli-
shown which of the extreme flow characteristics (i.e. high mate change projections indicate substantial reductions in fu-
and low f|OWS) will be considerably modified in the different tyre snow cover duration for the A|p5_ On the west coast of
climate zones and finally, potential future flow regime pat- Europe, temperature rise is more moderate. The average val-
terns under climate change are described. In our entire studyes of change for each climate zone are presented in Table 3.
we make use of the ensemble mean to mitigate uncertaintieRegarding the uncertainty range for the mean values, the cli-
in current climate modelling. The ensemble mean was apmate projections of the three GCMs coincide in the direc-
plied on the results of the different indicators, which were tion of change in almost all climate zones. Only in the polar

calculated for each single model experiment and for each sezone, one climate projection points in the opposite direction
lected grid cell. Changes in future flow regimes for each offor winter precipitation.

the three GCM projections are provided in the Supplement.

3.2 Overall flow regime modification
3.1 Change in climatic driving forces

According to the simulated changes in the different climate
Hydrological flow regimes will be modified by climate variables, climate change has the potential to modify flow
change in the future through alterations in precipitation, tem-regimes remarkably across Europe in the 20503 Bnd
perature and snow cover (Fig. 2). Zhang (2010) even concluded in their work that climate

A north—south divide can be found for precipitation in Eu- change is likely to have a stronger and more widespread im-

rope. In general, the north is getting wetter and the alreadypact on flow regime modification than water abstractions and
dry south is receiving even less precipitation. In the winterdam operation have had up to now. In our study, severe im-
half-year (i.e. October to March), only the Mediterranean pacts can be found in Southern Europe, which is likely to
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Table 3. Mean change in climate variables for the different climate zones of Europe derived from the ensemble mean. The brackets contain
the range of the three climate projections.

Precipitation Precipitation Temperature

Climate zone winter [%] summer [%0] annuéld]

Polar +8.7(-2.9t0+15.6) +8.8 (+6.7t0+10.2) +2.7(1.71t0 3.7)
Boreal +13.8 ¢-3.6t0+22.4) + 6.0 +4.0t0+7.7) +2.6 (1.8103.7)
Temperate continental +3.5 (+1.2 to+8.1) —13.4 (-16.9t0—11.7) +2.4(1.9t02.8)
Temperate transitional +10.2 (+1.9 to+20.2) —2.4(—3.2t0—1.4) +2.4(1.8t02.9)
Temperate oceanic  +8.8 (+1.9to+15.1) —9.9 (—14.6t0—6.4) +2.0(1.6t02.2)
Mediterranean —11.9(19.3t0—6.9) —23.0(-29.3t0—-19.0) +2.3(2.1t02.4)

suffer under reduced precipitation in both summer and winter3.3 Modification of extreme flow statistics
half-year, and in Scandinavia, where precipitation amounts
increase throughout the year and the decline in snow coveBesides the degree of flow regime modification, it is also
plays a crucial role (Fig. 3). Furthermore, mountainous re-important to consider which flow characteristics are modi-
gions such as the Carpathians and Balkan mountains arked in the future as they determine which ecological func-
hotspots for flow regime modifications. Here, considerabletions are compromised and thus, which species of flora and
reductions in snowmelt and summer precipitation are indi-fauna are likely to become vulnerable. Climate change im-
cated for the 2050s. In Western Europe (i.e. in the UK, Ire-pacts on high flow magnitudes (P18) and timing (P24) are
land, BENELUX, Denmark, Galicia and France) the impact shown for the 2050s in Fig. 5. Maximum flow magnitudes
is lowest. Hydrological alterations caused by changes in preare likely to be higher in Sweden, Norway and in the UK
cipitation and temperature are more moderate in these redue to projected increases in winter precipitation. Maximum
gions and the impact of snow is low. Our results are in ac-flows relevantly decrease in Southern Europe (Spain, Mid-
cordance to the study of Lazet al. (2013), who analysed dle and South Italy, Greece, and at rivers influenced by the
the impact on environmental flows under different future sce-Taurus Mountains in Turkey) due to the strong decreases
narios with monthly flow indicators and found strongest im- in precipitation throughout the year, as well as in Eastern
pacts for the Mediterranean and the southwest part of Easteurope (especially at Rivers influenced by the Carpathians
ern Europe. However, with our setup (i.e. different climate and the Balkan mountains). As a consequence, floodplains
change projections with bias-correction and daily flow indi- in Eastern Europe could be less inundated under climate
cators) the impacts for Northern Europe were stronger. change with negative effects on floodplain vegetation and fish
Regarding the impact in different climate zones, the ex-(Schneider et al., 2011). The timing of flood peaks will be
tent of flow regime modification varies (Fig. 4). According shifted more often towards earlier month as found hijll D
to our results, the highest degree of river flow regime alter-and Zhang (2010). In our study, earlier flood peaks are likely
ation can be expected in the Mediterranean and in the boreab occur in the eastern part of Europe and partly, where rivers
climate zone. Here, respectively 28 % and 23 % of the analoriginated at high mountains (e.g. Carpathians and Taurus
ysed grid cells are affected by severe climate change impactsountains). These changes in high flows can be explained by
and the number of grid cells with a low impact is marginal. rising temperatures which cause th&@level to be crossed
In the temperate climate zone, impacts increase from wesgarlier in the year. In addition, precipitation more often falls
to east. In the oceanic part, 86 % of the cells still remain inas rain instead of snow. Therefore, thaw happens earlier and
the low and medium impact class in the 2050s, in the condess water is stored as snow pack leading to advanced and
tinental part only 37 %. The temperate transitional climatelower snowmelt-induced flood peaks in Eastern Europe.
zone possesses 66 % in these two classes. Allan et al. (2005) In Europe, low flows usually occur in late-summer or
stated that the location of a river basin relative to the ocearearly-autumn. Due to the decline in mean summer precipita-
may dampen its response to climate change. For our analysigon over large parts of Europe and increasing evapotranspi-
of total flow regime modification, results for individual flow ration rates, further reductions in low flows (P13) can be ex-
characteristics were added together and the same threshojgcted in southern and eastern regions. Only in Scandinavia
was applied for all flow characteristics. It has to be consid-can elevated low flows be observed (Fig. 6). For both low and
ered that a relatively small change in low flows can producehigh flow magnitudes, no relevant changes were detected for
a large percentage change, with the opposite result for higlthe UK, Ireland, Denmark, the BENELUX, the Baltic states,
flows. Hence, more research on individual thresholds is re-and for most rivers in Germany.
quired for the different flow characteristics. As climate variables are variously affected in the diverse
climate zones, different flow characteristics will be modi-
fied (Fig. 7). Minimum flow magnitudes (P13) are strongly
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Fig. 4. Impact of climate change on natural flow regimes for dif-
Fig. 3. Climate change impact on the natural flow regime in the ferent climate zones in the 2050s, represented by the proportion of
2050s under the A2 emission scenario considering 24 selected ind@rid cells showing low, medium, high or severe impact.

cators and the ensemble mean of the three climate projections.

impacted in the Mediterranean (decrease) and the Northerthe monthly natural flow regime of the baseline period and
climates (increase) followed by the temperate continental cli-the flow regime of the 2050s under climate change. For the
mate zones where summers get notably drier. On the conlatter one, the uncertainty range caused by the three GCM
trary, low flows are only marginally impacted in the tem- projections is included.

perate transitional and oceanic zone. Maximum flow mag-

nitudps (P18) are again most intensiyely modified in theg 4 4 Polar zone

Mediterranean climate zone, but also in the boreal climate

zone. While the timing of minimum flows (P23) will be
strongly modified in the two Northern climates, timing o
maximum flows (P24) is mainly altered in the snow climates
with warmer summers. In both cases (i.e. for high and low
flows), especially the boreal climate zone is likely to be im-
paired by a shift in timing.

¢+ Owing to the long and extreme cold winter in the polar zone,
thaw happens very late in spring, causing a massive flood
peak centred usually in May or June. After extreme low flows
in winter, this flood delivers more than 60 per cent of the total
annual flow within three months (Haines et al., 1988). Ac-
cording to the climate projections, the polar zone faces the
3.4 Flow regimes in the 2050s in different climate zones highest temperature rise (i-£2.7°C on average) and an in-
crease in mean precipitation in both summer and winter half
In this section, we present for each climate zone, how “typ-year. In our study, flows tend to be higher in most months
ical” monthly flow regimes may look like in the 2050s un- of the year and the higher evapotranspiration rates are out-
der the exclusive effect of climate change. The results mayweighed by higher precipitation amounts (Fig. 8).
be valid for most rivers in each climate zone, but local vari-  Particularly in April, depending on the location of the site,
ants are possible due to local effects such as high mountaithe flow increase can be very high as thaw proceeds faster
ranges, the storage of water in lakes and wetlands, glaciesnd starts earlier in the year due to the higher temperatures.
melt water augmentation, ice jam or anthropogenic modifi-Snowmelt-induced flood peaks in May and June show dif-
cations. In order to show how homogeneous the results aréerent directions of change with slightly more than 50 % of
for each climate zone, the percentage change of monthly disthe sites indicating lower discharges. A closer analysis indi-
charge is presented by means of Whisker-boxplots whichcated that lower flood peaks are likely to occur mainly in Ice-
depict the median, the 25th and 75th percentile of all sedand. On the contrary, peak flows tend to increase in Northern
lected grid cells belonging to a climate zone. The ends ofScandinavia due to the considerably higher projected winter
the whiskers indicate the minimum and maximum value of precipitation, which causes more snow to be stored in the
the sample, excluding outliers. In addition, the effects on thesnow pack, leading to higher snowmelt-induced flood peaks.
flow regime within a climate zone are explained by a hydro- The example of the Altaelva River in Northern Norway de-
graph of a representative river. These example rivers weracribes a typical example for the continental part of the polar
chosen by reason of their central location within the climatezone. Here, peak flows are higher compared to the natural
zone and their character to reflect the climate-zone-specififlow regime, but decline faster as a result of the accelerated
flow regime changes as illustrated by the Whisker-boxplots.thaw, which can lead to lower flows in early summer despite
The related hydrographs contain the ensemble mean of botan increase in rainfall.
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Fig. 5. Change of high flow magnitude and timing as a result of climate change represented by the ensemble mean for the 2050s.
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3.4.2 Boreal zone Fig. 7. Percentage of grid cells which are relevantly affected by cli-
mate change according to climate zones in Europe. Magnitude and
In the boreal zone as well, only little solar energy input is timing of low and high flows are distinguished.
received during the winter time so that snow can accumu-
late for five to six month, often without interruption by melt
events. Again, the prevalent flow pattern is the nival regimeas discharge peaks, instead of May, one month earlier in the
where snowmelt and ice break-up cause winter low flowsfuture. The earlier timing of snowmelt in spring and spo-
to be rapidly displaced by a spring freshet, which usuallyradic melt events in the winter months reduce the snow stor-
peaks in May (Woo et al., 2008). In summer, flows recedeage. However, in Sweden and Norway, these effects are more
due to higher evapotranspiration, but a minor secondary peathan compensated in our study by higher precipitation val-
can occur in mid-autumn with emerging rainstorms at thisues and here, spring freshet magnitudes are more likely to
time (Haines et al., 1988). In the European boreal zone, théncrease in the 2050s. Winter flows are elevated in the bo-
highest mean winter precipitation increases are projected foreal climate zone due to the increased precipitation, rainfall
the 2050s (i.e4+13.8 %), but also mean summer precipita- (instead of snow) and occasional melt events occurring al-
tion is expected to rise by 6 %. Accordingly, future winter ready in the winter months in the 2050s. During summer
discharges are higher compared to the natural flow regime(June to September), increased precipitation is often out-
while summer flows are less impacted (Fig. 9). weighed by a higher evapotranspiration rate. In our study,
In the boreal region, the advanced thaw is most distinctaround half of the grid cells tend to a lower discharge in
in comparison to other climate zones (see Fig. 2). Consesummer. The hydrograph of the Chirko-Kem River in Kare-
quently, the highest impact can be found on flows in April lia (Russia) gives a typical example for the boreal zone with
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Change in monthly flow magnitude Altaelva - Kista (Norway) Change in monthly flow magnitude Chirko-Kem - Yushkozero (Russia)
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Fig. 8. Direction of change in the 2050s plotted for all grid cells of Fig. 9. Direction of change in the 2050s plotted for all grid cells
the polar climate zone (left) and the Altaelva river near Kista (right). of the boreal climate zone (left) and the Chirko-Kem river near
Yushkozero (right).

an advanced snowmelt-induced flood peak. Different stud-
ies analysing stream flow trends in Scandinavia (Bergstrom Due to the reduced summer precipitation, flows tend to be
and Carlsson, 1993), European Russia (Georgiyevsky et alremarkably lower between April and November. Thaw peaks
1995, 1996, 1997), and the Baltic States (Tarend, 1998) inare reduced and occur earlier in the year due to the discussed
dicate that winter, summer and autumn flows are increasingchanges in snowmelt, which will have a high impact in this
but spring flows have been decreasing since the mid-1970segion with very cold winter months. However, the earlier
Such results were also found by Woo et al. (2008), who analtiming is often less advanced than 30 days. The example of
ysed stream flow hydrology in the boreal region on the globalthe Southern Bug River shows that both maximum and mini-
scale. mum flows are reduced. Regarding the boxplots which repre-
In addition to the climate change impacts, many rivers aresent the entire region, the widest ranges of change were found
already heavily regulated by dams in the boreal region, prein comparison to other climate zones. The reason is that the
dominantly for the purpose of hydroelectric power genera-continental climate zone is the biggest area in our study con-
tion. However, Redfalt et al. (2010) see opportunities un- taining important mountain ranges such as Alps, Pyreneans
der climate change for both a more sustainable production oand Carpathians and ranging from south Sweden to Turkey,
hydroelectricity and the restoration of river ecosystems. Usu-causing local extremes or divergencies. However, the direc-
ally, electricity demand is high in winter where river flows are tion of change is very homogeneous over the region from
at a minimum level. Under climate change, especially winterApril to September. Winter flows (December to February)
flows are expected to increase and the annual surplus of wateend to be increased in the 2050s, but show a wider range of
in this region could be used to operate dams in a way whiclchange. For the Black Sea regionpie et al. (2012b) found

makes flow regimes more natural again. that cross-sectoral conflicts may arise in the future due to in-
creasing water withdrawals for irrigation and electricity pro-
3.4.3 Temperate continental zone duction purposes. In addition to the climate change impact,

this would further reduce flows in the summer, intensifying
According to the Haines et al. (1988) classification, rivers inthe impact on the river flow regimes in this region.
the temperate continental zone peak in early or mid-spring.
At this time, spring floods could be produced by rainfall 3.4.4 Temperate transitional zone
alone, but usually these events are enhanced by the release
of winter precipitation, which was stored as snow during theFlow regime patterns in the temperate transitional zone are
colder month. In the summertime, flows typically decline un- quite similar to flow regimes in the continental part of Eu-
til they rise again in late autumn. The ensemble mean of theope, but more uniform. High flows ascend slower and ear-
precipitation projections indicates that in the 2050s the highlier in spring. Low flows are less distinct. The simulated cli-
variability in the continental climate zone will be augmented mate conditions for this region project a relatively high mean
(see Fig. 2). While precipitation slightly increases in win- temperature increase by 2@ until the 2050s. No explicit
ter, the drier summers will be intensified receiving 13.4 % change in summer precipitation is detected in all three cli-
less precipitation, which accounts for the second highest remate projections, but mean winter precipitation is expected
duction after the Mediterranean climate zone. Furthermoreto increase by 10.2 % in the ensemble mean. Our simulated
mean temperature increase (H€2.4°C) will be higher than  hydrographs in this region show only a strong impact in the
in the temperate oceanic climate zone. The WaterGAP3 simthree winter months of the 2050s (Fig. 11), exemplarily de-
ulations in this climate zone show that winter flows increase,picted at the Oder river.
but peak flows in spring as well as summer and autumn flows Relatively consistent for the entire region, the results indi-
are likely to be lower in the 2050s (Fig. 10). cate slightly lower flows between April and November due to
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Change in monthly flow magnitude Southern Bug - Aleksandrovka (Ukraine) Change in monthly flow magnitude Oder - Eisenhlttenstadt (Germany)
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Fig. 10.Direction of change in the 2050s plotted for all grid cells of Fig. 11. Direction of change in the 2050s plotted for all grid cells
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river near Aleksandrova (right). near Eisentittenstadt (right).
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diate runoff peaks, making winter flows not only higher, but

also more variable in this region. Such a trend from snowmeltFig. 12. Direction of change in the 2050s plotted for all grid cells of
runoff regimes to winter rainy regimes has already been obthe temperate oceanic climate zone (left) and the Thames river near
served at some locations (Allan et al., 2005). Teddington (right).

Climate zone: temperate aceanic month

3.4.5 Temperate oceanic zone 3.4.6 Mediterranean zone

In the moist temperate oceanic zone with fairly even precipi-River flow regimes in the Mediterranean climate zone are
tation throughout the year, flow regimes are more uniform.highly variable (Oueslati et al., 2010). While precipitation
Usually, they possess a broad winter peak (in Scotland, anainly occurs in the winter half-year, extensive low or even
broad autumn peak) and lower flows in summer due to evapzero flow patterns can appear during the dry summer months,
otranspiration losses (Haines et al., 1988). The lowest valusvhich can lead to isolated pools along the river (Argyroudi et
for temperature rise (i.e+2.0°C on average) was found for al., 2009) and transitions from lotic to lentic waters (Morais
this region adjoining the Atlantic coast. However, mean win- et al., 2004). Hydrological simulations for the Mediterranean
ter precipitation is increasing by 8.8% and mean summerclimate zone are characterised by a strong reduction in mean
precipitation is decreasing by 9.9 % over the whole regionprecipitation in both winter and summer half-year. Especially
in the ensemble mean. in summer, precipitation decreases by 23 % which accounts
In response to the more moderate changes in climate varifor the highest decline found in our study. While Nohara et
ables, river flow regimes of the 2050s are less affected byal. (2006) concluded in his work that discharge tends to de-
climate change (Fig. 12). Nevertheless, flows in the summecrease at Mediterranean rivers of Europe, our flow regime
half-year tend to be reduced in the 2050s and flows in thesimulations for the 2050s indicate that river discharge is
winter months (December to February) show an increaselikely to be lower during the entire year (Fig. 13).
The example hydrograph of the Thames river near Tedding- While changes in river flow show very consistent results
ton illustrates almost natural flow conditions in the future, for the whole region between April and September, the range
which could be maintained in the temperate oceanic zone andf change is very broad from October to March. One reason
especially in the UK. Trend analyses of river flow regimes for this is the impact of different mountains ranges in South-
in the UK show no clear climate-driven statistical trends soern Europe (e.g. Turkish mountains elevate up to 3900 m),
far for both high (Robson et al., 1998) and low flows (His- so that runoff can be influenced at some locations by snow.
dal et al., 2001). In Ireland and Scotland, in the last forty The hydrograph of the Tiber river near Rome shows that flow
years increasing runoff values were discovered by Hannafordeduction is severe throughout the year. However, the broad
et al. (2007). variety of uncertainty in winter river discharge (January to
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Change in monthly flow magnitude Tiber - Rome (ltaly) the continental part of the temperate climate with highest im-
pacts around the Carpathians and the Balkan mountains.

Changes in temperature, precipitation and snowmelt inter-
act differently at different climate zones, causing diverse flow
characteristics to be altered. In the boreal climate zone, Wa-
terGAP3 calculations indicated that snow cover duration is
considerably reduced. In accordance with that, the timing of
both high and low flows, was predominantly modified in our
simulations in the boreal region of Europe.

In the continental part of the polar zone as well as
Fig. 13.Direction of change in the 2050s plotted for all grid cells of in the Norwegian and Swedish part of the boreal climate
the Mediterranean climate zone (left) and the Tiber river near Romezone, flood peaks tend to be increased due to remarkably
(right). higher projected winter precipitation and faster proceeding

snowmelt in spring. On the contrary, in the temperate con-
tinental climate zone, high flows leading to ecologically im-
March) is remarkable and indicates the different GCM calcu-Portant floodplain inundation are likely to be reduced. Due to
lation of future precipitation. According to the WaterGAP3 rising temperatures, the impact of thaw is debased, leading to
simulations, river flows in the Mediterranean are likely to lower snowmelt-induced flood peaks in spring.
be even more intermittent in the future, with an increasing In most regions, climate change constitutes a threat ad-
number of zero flow events creating isolated pools. More-ditional to other anthropogenic factors, in particular in the
over, in a holistic context, this situation caused by climatedry Mediterranean climate zone, where flows are likely to be
change will be exacerbated as large amounts of water aréwer in all months of the year in the 2050s, exacerbating the
withdrawn in this region for irrigation purposes (Schaldach impacts of high water abstraction for irrigation purposes in
et al., 2012). Additionally, water quality will be negatively this region. But also in the continental climate zone, where
affected as the concentration of pollutants increases whehigh amounts of water are withdrawn for electricity produc-
flows are reduced. Consequently, especially here, intelligention and irrigation, climate change is likely to further reduce
dam management according to the Block Building Method-river flows remarkably from spring until autumn. Summer
ology (BBM; Tharme and King, 1998) or the Basic Flow Precipitation is expected to decrease over large parts in Eu-
Methodology (BFM; Palau and Alcazar, 2012) will be re- rope, but especially in Southern and Eastern Europe.
quired to provide at least certain flow elements that are eco- At least in the boreal zone, climate change could pro-
logically important. vide opportunities to re-establish a more natural flow regime.
Many rivers are modified in Scandinavia by dam operations
to support hydropower demands, but competition between
different water use sectors is marginal. As precipitation is
4 Conclusions expected to increase in both winter and summer half-year,
the surplus of water could be used to operate dams in a way
This study aimed at evaluating the future impact of cli- which benefits river ecosystems.
mate change on river flow regimes in Europe and identify- The consequences of flow regime change are manifold.
ing the dynamics separately for each climate zone. ThereRelated water quantity and water quality issues can pro-
fore, natural flow regimes of the present-day and future cli-voke socio-economic and environmental problems. Espe-
mate change impacted flow regimes of the 2050s were modeially river ecosystem health and provision of ecosystem ser-
elled by the global hydrology model WaterGAP3 taking into vices are threatened as further modifications of natural flow
account bias-corrected climate projections of three differentpatterns will make species more vulnerable to extinction.
GCMs. Subsequently, alterations in various flow character+reshwater ecosystems might somehow adapt to the new
istics were assessed applying the Indicators of Hydrologicatonditions and probably find a new equilibrium. However,
Alteration. we want to emphasize that, in reference to ecological im-

Our results show that besides other anthropogenic facpact analyses quoted in this study, this will presumably be
tors, climate change may severely alter natural patterns ohccompanied by a loss in biodiversity, at which especially
flow over large regional scales. Regarding the total degreeendangered and specialised species could become extinct,
of flow regime modification, strongest impacts on Europeanor be replaced by invasive species. At some point, thresh-
river flow regimes in the 2050s were found for the Mediter- olds could be crossed with unforeseeable consequences for
ranean and the boreal climate zone. The smallest impacts, imankind (Jenkins, 2003). Our results show that the need for
turn, can be expected for the temperate oceanic climate zonenvironmental flow actions is further increasing under cli-
However, a west—east gradient became obvious in the tenmate change, and various effects of climate change need to
perate zone, with increasing impacts from oceanic towardse considered. To reduce further stress on river ecosystems,
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