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Abstract. The Inn River basin is a highly relevant study re- 1 Introduction

gion in terms of potential hydrological impacts of climate

change and cross boundary water management tasks in thihe hydrology of Alpine catchments plays a crucial role

Alpine Space. Regional analyses in this catchment were perfor water availability in central Europe. At the same time,

formed within the EU co-funded project AdaptAlp. Objec- the region is sensitive to climate change and has experi-

tive of the study was to gain scientifically based knowledgeenced a temperature increase of °C2in the past century.

about impacts of climate change on the water balance andhis is more than twice as high as the average increase in

runoff regime for the Inn River basin, this being fundamental the Northern Hemisphere. Alpine precipitation changes are

for the derivation of adaptation measures. highly variable with increasing and decreasing trends de-
An ensemble of regional climate projections is formed pending on region and season (Auer et al., 2007, spatial

by combinations of global and regional climate models extent of the analysed region: 418, 43—-49 N). The Inn

on the basis of both statistical and bias-corrected dynamiRiver basin is a highly relevant study region in terms of po-

cal downscaling procedures. Several available reference clitential impacts of climate change on hydrological processes

mate datasets for the study region are taken into accoun@ind cross boundary water management tasks. Regional anal-

As impact model, the process-oriented hydrological modelyses for the Inn River basin were performed within the EU

WaSiM-ETH is set up. co-funded project AdaptAlp (2008-2011). The objective of
As expected, regional climate projections indicate temperthe study was to gain scientifically based knowledge about

ature increases for the future in the study area. Projectionghe impacts of climate change on the water regime of the Inn

of precipitation change are less homogenous, especially reRiver and to derive information on which to base adaptation

garding winter months, though most indicate a decrease inmeasures in the context of multiple uncertainties in the ap-

the summer. Hydrological simulation results point towards plied methods.

climate induced changes in the water regime of the study re-

gion. The analysis of hydrological projections at both ends of

the ensemble bandwidth is a source of adaptation relevantin2 Area of interest

formation regarding low-flow and high-flow conditions. Ac-

cording to a “drought-prone scenario”, mean monthly low The Inn and its tributaries span a catchment of more than

flow could decrease up t040 % in the time frame of 2071- 26000 kn? in four countries (Fig. 1). The water regime of

2100. A “high-flow-increase-scenario” points towards an in- the Inn is greatly influenced by the complex terrain and

crease in mean monthly high flow in the order450% in  heterogeneous climate of the southern part of the basin

the winter, whilst showing a decrease in autumn. which has typically alpine characteristics (e.g. altitudes up

to 4000 m a.s.l. and steep gradients, high annual precipitation
amounts and low mean temperatures in the summit regions).
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Fig. 2. Observed mean monthly discharge (MoMQ), mean monthly
high flow (MoMHQ) and mean monthly low flow (MoMNQ) at the
exit gauge Passau-Ingling and average monthly precipitation for the
Inn River basin (period 1971-2000).
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Fig. 1.Inn River basin, location of climate and precipitation stations climate Models (RCMs), that can be either statistical or dy-
and selected gauges. namic (physically based) models for downscaling numerous
climate variables to a regionally, and in some cases locally,

Thi tticularly affect nal and tial orecipitati nrelevant scale. For the Alpine Space, and therefore also for
s particuiarly afiects seasonal and spatial precipitatio large parts of the Inn River basin, the question of model res-
distribution and snow melt dynamics. The average temper-

ature is 6.3C (1971-2000, annual mean of 104 climate sta- Oiur::(;?;sthgghllééf lf%’g E%Msstoiglgﬁdsgg; ?X?/ erressglnug?g :
tions in altitudes of 300-3300ma.s.l.). The average annua bout the size of the study’ area

precipitation for the period 1971-2000, according to a long Against this backdrop, the rdle of the RCMs. which are
term water balance simulation of the study region performed ; i

i : . . run at resolutions of 2& 25 kn? and below, is extremely im-
with the hydrolog_|cal madel Wa.S.'M'.ETH’ IS 1425mm (see portant. They constitute the first point in the model chain
Sect. 3.2 for details on the precipitation interpolation).

Half of the annual runoff of the Inn River is produced where it becomes possible to represent some of the oro-
. . raphic detail that characterises the highly complex terrain
from May to August (Fig. 2). Low flows occur more often in grap gnly P

. in the Alpin . However, for the analysis of locally rel-
the dry and cold winter months, and the most extreme flood’ the Alpine Space. However, for the analysis of locally re

. i evant questions using, for example, hydrological models, an
events result from extreme precipitation in summer during so

even higher spatial resolution can prove necessary.
called “Vb cyclones” (e.g. Gattermayr and Steck, 2006; Bay- . S .
erisches Landesanifif Wasserwirtschaft, 2002; LfU, 2007). All dynamic RCMs and their driving GCMs display not

: . only a general model uncertainty, meaning a random devia-
In Bard etal. (2011), some changes in the water regime of th‘T\fion from observed climate values in a reference time period,

Inn River in have alr n rv like an earli . . . .
er bas ave already bee ot?se ed', €anea .eBut also a certain model bias, meaning a systematic over- or
start of the snowmelt season and an increasing annual min-

-mum flow. Thouah human activities. especially water man underestimation of important climate variables. This is due

agement a;nd Ian?j use. have also afflectepd the v)\//ater reqime to still unknown physical processes in the atmosphere-ocean
9 : ' : 9 f teraction, and to the necessary simplification of processes

the Inn over time, the careful selection of data for the trend,

. . . “in the models. In a study by Krahe et al. (2009), the model
gr;?(ljyzte; pozl(r)\tlit)) climate induced changes (KLIWA, 2002; bias of regional dynamic models in a comparable study area,

the catchment of the Alpine Rhine, was shown to cause a sys-
tematic overestimation of monthly precipitation amounts as

3 Methodological approach well as seasonal under- and overestimations of the air tem-
peratures.
3.1 Impact model chain The findings of Krahe et al. (2009) and other authors have

led to the conclusion that the data from regional dynam-
In order to analyse the possible local impacts of global andcal projections cannot be used directly in impact models
regional climate change, a so-called “climate impact model(Fowler et al., 2007; Graham et al., 2007; Mudelsee et al.,
chain”, or in short “model chain”, is applied. As shown in 2010). Therefore, the next step in the model chain for all
Fig. 3, the model chain starts with a global greenhouse gaslynamic RCMs is further downscaling in combination with
emissions scenario which provides the basis for global cli-bias-correction. The procedures are based on statistical cor-
mate simulations using Global Climate Models (GCMs). Therection functions which have been shown to reduce the bias
regional output of the GCMs provides the input for Regional with respect to the reference data in the past and are therefore

Adv. Geosci., 32, 99207, 2012 www.adv-geosci.net/32/99/2012/



J. Korck et al.: Impacts of climate change on the water regime of the Inn River basin 101

¥

scenario

Emission lobal }‘ Regional Siagstca Water simulated and measured runoff after using the interpolated

Model (50M) | |Model (ReM) Dynanical {Bias-Correction™s 'medcl precipitation data in a water balance model. Water balance
simulations with the hydrological model WaSiM-ETH re-

Srealed that a combination of IDW and elevation regression

generated best results for most sub catchments in the Inn

River basin (LfU, 2010). Other less altitude dependent re-

applied to the climate projection data in the future. This Stepgionalisation methods tended to result in lower precipitation

is based on the assumption that the reference data represerfiéms and discharge deficits in the most mountainous parts of

the true past climate and that the bias has been quantified cof?€ Pasin. , _ _
In addition, the “WaSiM” dataset, which constitutes the

rectly and will remain the same in the future. In this contextit ) ' ) _ :
is important to note that the downscaling procedures applief'imate data that is regionalised in the hydrological model,

in statistical RCMs are based on entirely different methods &S compared to other selected climate datasets for the study

Because of the underlying methodology, bias-correction isregion. Several climate datasets are available for the Alpine
not applied to statistical RCMs. Space, all applying different regionalisation techniques for

The final step in the model chain is impact modelling. In the interpolation of station data. A description of the datasets

this study, hydrological simulations were performed using@d regionalisation methods can be found in LfU (2011).
the calibrated model system WaSiM-ETH (version 8.06.02) Th€ comparison of the datasets was based on criteria like
at 1kn? resolution and daily time step for the Inn River the mean annual and monthly total precipitation in the whole
basin. The grid based hydrological model describes hydro!Nn basin and several subcatchments, the mean annual and
logical processes of transport, storage and phase transitiofionthly temperatures, and also variables that characterise
on the basis of simplified physical equations on a catch-€xtreme precipitation. The comparison shOV\_/ed th_at mean an-
ment scale (Schulla, 1997; Schulla and Jasper, 1998). Thgual values as well as the extreme values differ significantly,

soil model takes into account soil water dynamics by soIvinga”d the differences increase with rising mean altitude of the
the Richards Equation for the movement of fluid in a porosesubcatchments. It was concluded that datasets with strong al-

medium (Schulla and Jasper, 2007). Station-based input cliitude® dependence in the underlying interpolation approach,
mate data are regionalised using variable-specific interpol'ke the WaSiM dataset, are better suited for the strong relief

lation schemes, for example an extended Inverse Distanc8' the study region. _ _
Weighting (IDW) method that has been proven to describe To ensure consistency in the model chain, the dataset

spatial hydrometeorological characteristics in the catchmentWaSiM” was used (a) as a reference for the assessment of
adequately (LfU, 2010). the performance of regional climate models in the study area,

The implementation of the model chain resulted in dif- (b) as the basis for the calibration of the hydrological model

ferent combinations of global and regional climate mod-2nd (€) as the basis for the bias-correction.
els, downscaling procedures and impact modelling. All the
results were analysed in terms of plausibility and climate
change signal. In addition, selected plausible projections . ) o ) o
were analysed more closely with regard to adaptation releThe epsemble of regional climate prOJect!0n§ included in this
vant information. study is based on the moderate IPCC emissions scenario A1B
(greenhouse gas emissions scenario of the Intergovernmental
3.2 Reference data Panel on Climate Change (IPCC) Special Report on Emis-
sions Scenarios; Nakicenovic et al., 2000). Several combina-
The choice of a reference climate dataset plays a crucial rol¢ions of global and regional climate models and both statis-
within the climate impact modelling chain. The most impor- tical downscaling methods and dynamical downscaling fol-
tant climate variable for water balance modelling is precipi- lowed by bias-correction procedures were included (Table 1).
tation, but this parameter in particular is connected with highlinitially, a total of 14 regional climate projections were in-
uncertainties not only due to the measurement proceduresluded in the study (plus two further datasets REba and
but also to the highly heterogeneous spatial and seasonal diREM_ubv, which are both variations of the REMO UBA re-
tribution of precipitation in an alpine environment. The dis- gional climate model; UBA, 2006). WETTREG (Spekat et
tribution of the 415 available precipitation stations, locatedal., 2007) is a statistical downscaling approach developed
in altitudes between 300 and 3300 ma.s.l., can be seen iand widely used in Germany (e.g. KLIWA, 2006), which is
Fig. 1. The interpolation of the point measurements onto gridconsidered more reliable for the near future than the distant
cells of varying size can be performed with different meth- future. The four “GLOWA" projections, which were devel-
ods (Weilguni, 2006). It has to be kept in mind that the “real” oped and applied in the GLOWA Danube project (2010),
precipitation and climate in the study regions remains un-are simulation results of a “climate generator” using trends
known. One measure for the validation of the representatiorbased on other available climate projections. The dynamic
of precipitation within the model chain is the comparison of regional climate models originate from the EU FP6 project

Fig. 3. Schematic diagram representing the elements of the climat
impact modelling chain.

3.3 Climate models
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Table 1. Model chain combinations and abbreviations; analysed time periods: reference 1971-2000, “near future” 2021-2050, “distant
future” 2071-2100.

Used in

Abbreviations impact
RCM GCM (used in graphs)  Model resolution model
Climate projections from statistical downscaling
WETTREG 2010 ECHAMS5 r1 WET1@h Stations, downscaled to grid 1 km Yes
WETTREG 2009 ECHAMS5 r1 WETO0®h Stations, downscaled to grid 1 km No
WETTREG 2009 HadGEM2-AO WETQAd Stations, downscaled to grid 1 km Yes
WETTREG 2009 CNRMCM3 WETO0Zn Stations, downscaled to grid 1 km No
GLOWA Fortschreibung (Climate trend based on station data) @&tOo Grid, 1km Yes
GLOWA Trend IPCC (Climate trend based on 21 GMs) Glpo Grid, 1 km No
GLOWA Trend REMO (Climate trend based on ECHAMS5 r1-REMO)  Glké&n Grid, 1 km Yes
GLOWA Trend MM5 (Climate trend based on ECHAMS5 r1-MM5) GL®m5 Grid, 1 km No
Dynamic regional climate models, bias corrected
REMO UBA ECHAM5 r1 REMubab Grid, downscaled from 10kmto 5km  Yes
REMO BFG ECHAMS r2 REMbfg_b Grid, downscaled from 10km to 5km  Yes
REMO ENSEMBLES ECHAMS5 r3 REMensb Grid, downscaled from 10kmto 5km  Yes
CCLM ENSEMBLES HadCM3 CLMhd.b Grid, downscaled from 25kmto 5km  Yes
CLM CONSORTIAL EH5r1 ECHAMS5 r1 CLMehb Grid, downscaled from 18 kmto 5 km  Yes
CLM CONSORTIAL EH5r2 ECHAM5/ MPIOM CLMeh2b Grid, downscaled from 18 kmto 5 km  Yes

Other versions of REMO UBA for comparison regarding precipitation

REMO UBA without bias-correction ECHAM5 r1 REMba Grid, 10 km
REMO UBA with precipitation correction ECHAMS5 r1 REMbv Grid, 10 km

ENSEMBLES (Van der Linden and Mitchell, 2009) or from  As aresult of these considerations, 10 RCMs were selected
climate research institutes in Germany (Jacob, 2006; Holl-as input for hydrological modelling: four statistical and six
weg et al., 2008; Lautenschlager et al., 2009; Jacob et alhias-corrected dynamic RCM runs (Table 1).

2009; Keuler et al., 2009a, b, c). The RCMs have different

spatial resolutions (see Table 1 for details). Regarding tem-

poral resolution, all climate parameters are available in daily? Results
time steps. The reference time period is 1971-2000, the anal:

ysed future time periods are 2021-2050 (“near future”) and4'1 Validation

2071-2100 (“distant future”). _ _ . In afirst validation step, the plausibility of the climate pro-
Bias-correction for the climate variables precipitation, jections in the reference period (1971-2000) was analysed

temperature, and sunshine duration was performed by thgy .omparing the climate model output with reference data.
German Federal Institute of Hydrology (BfG) within the EU- 1hg resyits are shown in detail in LfU (2011). All models

project AdaptAlp, using quantile-quantile mapping for pre- hertqormed well for the long-term means of climate variables,

cipitation and linear scaling for temperature and sunshine d“'e.g. mean annual precipitation is simulated with differences

ration. For details on the models and the bias-correction progyf|ess thant10 % compared to the reference. This was to be
cedures, please refer to the AdaptAlp technical report (LU, gy hected, as both statistical downscaling methods and bias-
2011_; I_(rahe etal., 2012)_' . ) correction methods are based on observed data. On the other
Within the scope of this study it was not possible t0 per-yang -4l models showed weaknesses in reproducing mea-
form hydrological simulations for all the available RCMs. sures of extreme and rare events, e.g. the measure of the
A reduceq number of RCM runs was selgctgq according G mper of days with precipitation sums of more than 20 mm.
the following cr!ter|a:. (1) plausibility of the individual RCM For the winter months (DJF), for example, the projections
runs: as described in Sect. 4.1, the output of the climatey,, differences in the order &30 % compared to the ref-
model runs was compared with reference data for the pastyance, The observational dataset “WaSiM-ETH”, used as a
to assess the plausibility of the projections. (2) Representazeference for validation, also showed deficits for this type of
tion of the full range of the climate signals detected in the ,a55ure (LfU, 2011). Therefore, reproducing extreme pre-
original group of 14: to achieve this, the simulation runs were cjnjtation characteristics is not only a weakness in regional
compared for the near and distant future for various Va”"?‘ble%limate modelling, but also poses a problem in observational
and measures (LfU, 2011). (3) Representation of the differy,tasets. Consequently, the analysis of climate projections
ent methodological approaches described above. for the future with regard to these statistics remains a com-
plex problem.
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In a second step, the plausibility of the model chain wasdemonstrated on the basis of two hydrological projections:
validated from the “impact end” for the 10 projections used one “drought-prone” model chain realisation (WET40),
in hydrological modelling, by assessing the performance ofand one “high-flow increase scenario” (RENBA_b). It is
the different model chain realisations in reproducing runoff worth noting that both hydrological scenarios have identical
indicators for the past at several gauges in the catchment. Ifnodel chain beginnings up to the GCM. The global model
the combination of global model, regional model, in somerun ECHAMS r1(A1B), in combination with the statistical
cases bias-correction, and impact model is able to reproduceegional climate model WETTREG 2010 on the one hand
certain measures that describe observed hydrological corand the dynamic climate model REMO on the other, pro-
ditions in the past, this is taken as proof of the reliability duces significantly different results regarding temperature
of the whole model chain for these specific measures, als@nd precipitation. This is an indication of the enormous vari-
for the future. Validation was satisfactory for mean monthly ability amongst different regional climate modelling methods
runoff (MoMQ), mean monthly high flow (MoMHQ), and and models.
mean monthly low flow (MoMNQ), with deviations from the Figure 4 shows the development of the climate change
reference of, in most cases, less thatD % (LfU, 2011). signal for the climatic variables temperature and precipita-

Regarding low flow extremes for the Inn River basin, the tion for all the regional climate models listed in Table 1.
discharge for low-flow events occurring statistically every Though all projections are characterised by temperature in-
50yr (NQ50) was analysed. The measure was calculated usreases both in the summer and winter season, the tempera-
ing extreme value analyses based on measured discharge ande increase simulated by WETED (Fig. 4, dashed black
discharge simulated using the model chain realisations. Théine) is stronger than the increase shown by REIBA _b for
comparison showed differences of less theR0 % (LfU, the first half of the 21st century. REMBA _b even shows a
2011). This is considered a satisfying result, given the smalklight decrease at the beginning of the 21st century (Fig. 4,
data pool for rare events of this kind when considering 30-thick black line) but ends the century as one of the warmest
yr periods. For high flow extremes, the discharge for flood projections, with an increase of more than 35for both the
events occurring statistically every 10, 50 and 100yr wassummer and winter season. WET&B is characterised by
analysed. The validation was inconclusive and presently condecreasing precipitation amounts in both summer and winter,
siderable doubts remain as to the ability of the model chainsetting it apart from most of the other projections that show
realisations to simulate these measures for the future. Therencreases in winter and decreases in summer. REBA b
fore, for the analysis of results for future time periods regard-shows strong increases at the beginning of the century in win-
ing high-flow and flood risk, only the mean monthly high ter, after which the level remains more or less constant, at

flow (MOMHQ) is considered. about+10—+15 % above the levels of the reference period
1971-2000. In the summer months, REMBA _b, like many
4.2 Scenarios for adaptation other projections, shows more or less unchanged conditions

until the middle of the century after which the precipitation

The full realisation of 10 model chains (Table 1), from global amounts decrease rapidly.
climate model to impact model, produced a wide range of re-
sults for the Inn River basin. Some scenarios showed signif4.3 “Drought-prone scenario”
icant changes towards more flood prone conditions in win-
ter months, whilst other scenarios showed developments toi only the near future (2021-2050) and the model chain real-
wards more severe low-flow conditions. As each model chainisations based on bias corrected dynamical regional climate
realisation can be considered plausible, it can be concludechodels are considered, the results regarding frequent low-
that each realisation contains adaptation relevant informaflow events, characterised by the measure MOMNQ, suggest
tion. that low-flow conditions will not become more severe in fu-

In the context of a growing number of available climate ture (Table 2). However, there are several arguments against
projections spanning a wide range of possible future develthis assumption: firstly, only a limited number of regional cli-
opments, this raises the question of how to proceed in fumate models are included in this study and we cannot be sure
ture studies focusing on adaptation to climate change at théhe whole range has been covered, especially as the uniform
regional level. An important challenge is the identification application of bias correction methods to the dynamic RCM
of objective criteria for the selection of subsets of the avail- output may also have reduced the range of our results. Sec-
able projections to serve as scenarios for adaptation. Identiendly, based on the validation results, each model chain re-
fying and testing possible objective criteria remains an on-alisation can be considered equally plausible and the results
going process which is highly dependent on local and re-based on statistical downscaling approaches agree on a ten-
gional characteristics as well as the specific question at handlency towards decreases, even in the near future. Thirdly, the
A helpful intermediate step is the closer analysis of charac+esults for the distant future (2071-2100) show a high level
teristic projections, for example those representing opposit®f agreement on decreasing MoMNQ discharges (Table 2).
— but not extreme — ends of the simulated spectrum. This isThis is explained at least in part by an overall reduction in

www.adv-geosci.net/32/99/2012/ Adv. Geosci., 32, 994, 2012
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Table 2.Changes [%] in mean monthly low flow (MOMNQ) at gauge Passau-Ingling/Inn, in near and distant future (GLOWA projections not
available for distant future), data relative to reference run of the respective climate projections in 1971-2000 for December-January-February
(DJF), March-April-May (MAM) and June-July-August (JJA) September-October-November (SON) and averaged for the year.

Change MoMNQ [%] 2021-2050 2071-2100

Climate projection DJF MAM JJA SON Year DJF MAM JJA SON Year
REM_ubab 18 7 -2 13 6 -4 —-49 33 -24
REM_bfg_b 15 6 4 0 5 -7 —-48 -30 -24
REM_ensb 7 -5 -7 6 -2 1 -39 -20 -15
CLM_hd.b 17 10 -6 11 5 19 3 —42 -25 -18
CLM_ehb 10 6 -6 5 2 6 —-48 -32 -21
CLM_eh2b 14 4 -6 -5 0 -6 -2 —-33 -26
WET10eh 1 -8 -16 —7 -9 —-13 —-25 -54 42 -38
WETO09.hd -6 -6 -21 -14 -13 -13 -15 -51 -40 -34
GLOfrt 18 2 =25 -11 -9

GLO.rem P2y 11 22 -6 -4

White = change less thah20 %; light grey = decrease more than 20 %; dark grey = increase more than 20 %.

Table 3. Same as Table 2 for mean monthly high flow (MoOMHQ).

Change MoMHQ [%] 2021-2050 2071-2100

Climate projection DJF MAM JJA SON Year DJF MAM JJA SON Year
REM_ubab pza 10 Az 13 A 1 -28 -16 -5
REM_bfg b - 31 0 12 13 12 -9 -20 -10 -9
REM_ensb 14 -10 -10 2SN 2 2 -15 28] o6
CLM_hd.b P2n 13 -6 1 5 8 -21 -7 -4
CLM_ehb 7 13 -1 10 6 17 -30 -23 -7
CLM_eh2b -3 7 4 6 8 6 —-27 -19 -12
WET10.eh -3 -8  -29 -5 -15 —27 —-28 —-49 -29 37
WET09.hd —16 -10 -33 -30 -24 —24 —24 —-49 45 -39
GLOfrt 6 -8 -5 2

GLO_rem 14 -26 1 -3

White = change less thah20 %; light grey = decrease more than 20 %; dark grey = increase more than 20 %.

precipitation. It appears likely that hydrological processesdecrease of-54 % in the summer months JJA and a decrease
such as changes in snow cover also contribute to this efof —38 % averaged over the year). The monthly mean low
fect, though this could not be proven within the scope of thisflow at the Inn River basin exit gauge Passau-Ingling, as cal-
study. culated based on measured discharge in the 20th century, lies
In view of these results and the remaining uncertainties,n the order of 800 fis~! for summer and 400 #s 1 for
a precautionary approach would mean choosing a “droughtwinter (Fig. 2). A reduction in summer by more tha®0 %,
prone” hydrological scenario as a basis for any vulnerabil-as estimated by this “drought-prone scenario” for the sum-
ity assessment and consequent adaptation measures regarmder months in the distant future, would significantly change
ing low flow and drought. The aforementioned model chainthe summer runoff situation. Monthly low-flow means simi-
realisation WET10=h is a “dry” but still entirely plausible lar to those observed in the winter in the 20th century would
scenario (though, as mentioned in Sect. 3.3 WETTREG isalso be possible in summer.
generally considered less reliable for the distant future than The results presented so far relate to the average low-
for the near future). flow measure MOMNQ. To analyse whether extreme low-
Based on this hydrological projection, MoMNQ could de- flow events could become more severe in future, extreme
crease in the order 610 % in the near future (2021-2050 value analysis assessing the frequency of the occurrence of
compared with 1971-2000, decrease-df6 % in the sum-  such events was performed on the simulated discharge series
mer months JJA and a decrease -6®@ % averaged over for the near and distant future for the 13 gauges in the Inn
the year). For the distant future, decreases in the order oRiver basin (background information on low flow analysis
—40 % are projected (2071-2100 compared with 1971-2000¢an be found in the WMO “Manual on Low-flow Estimation
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Fig. 4. Projected changes in temperature and precipitation in the Inn River basin; 30-yr-moving average vs. average for reference period
(1971-2000) for hydrological winter season (November—April) and summer season (May—October); dashed black line: “drought-prone
scenario” (WET10eh), thick black line: “high-flow increase scenario” (REMBA _b).

and Prediction” by Tallaksen and Hewa, 2009). The resultsthe “high-flow increase” end of the analysed spectrum,
show that rare extreme low-flow events could become moreshowed increases in MOMHQ in the order ¢80 % for
severe, with decreases in the order-620 % for low-flow  autumn and winter monthst+7 % for SON and DJF) for
discharge events occurring statistically every 50 yr (NQ50)the near future (2021-2050 compared with 1971-2000) (Ta-
shown by WET10eh for the period 2071-2100 compared ble 3). For the distant future (2071-2100 compared with

with 1971-2000. 1971-2000) a decrease in MOMHQ is projected for autumn
(SON —16 %) but at the same time the projected increase in
4.4 *“High-flow increase scenario” winter reaches a value in the order-p50 % (+-54 % DJF).

The projected changes can be attributed to the higher precipi-
As described above, the results of climate change im-ation amounts in winter in combination with increasing tem-

pact modelling for the measure “mean monthly high flow” peratures leading to less snow and earlier flood peaks within

(MoMHQ) were considered sufficiently reliable for the the hydrological year.

derivation of adaptation relevant information. Simulation

results for extreme flood occurrence, e.g. climate induced

changes in the 100-yr flood, could not be used with con-5 Summary and conclusions

fidence. In this study, this makes MoMHQ the only mea-

sure that can be analysed with regard to potential change$he different climate impact model chains produced a wide

in floods. These results only have very limited relevance torange of results for the Inn River basin, with some sce-

the question of changes in extreme flood occurrence, as thegarios showing significant changes towards increasing high-

only provide an indication of the possible direction and orderflow in winter months, whilst other scenarios showed de-

of magnitude of changes in frequently occurring high-flow velopments towards more severe low-flow conditions, espe-

conditions. cially towards the end of the 21st century. The validation of
The model chain realisation REMBA _b, which has been the results showed a satisfactory reproduction of the mea-

shown to be plausible whilst at the same time representingured mean monthly runoff (MoMQ), mean monthly high
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flow (MoMHQ), mean monthly low flow (MoOMNQ) as well  Geodatenstelledes Landes Tirol, Austria, Schweizer Bundegamt f
as NQ50. Therefore, each model chain realisation can bétatistik, Switzerland, European Environment Agency as well as
considered plausible for these measures and it can be corudwig-Maximimilians-Universiat, Munich, Germany, Institute
cluded that despite apparent contradictions, each realisatiofer Atmospheric and Climate Science, Zurich, Switzerland and
contains adaptation relevant information. This was demon_Geograflsches Institut der UnivegitBern, Switzerland. Some of

. - P the climate model data used in this work originate from the EU
ftrated on the basis (.)f,,two hydro‘!oglcal prqjectlons, OneFP6 Integrated project ENSEMBLES (Contract number 505539)
drought-prone scenario” and one “high-flow increase sce-

0" Th . . ds of the si and from the research programme “klimazwei” of the German
nario”. These projections represent opposite ends of the SIMeageral Ministry of Education and Research. The bias-corrections

ulated spectrum without taking on extreme values comparegyere carried out by the Federal Institute of Hydrology, Germany:
with the rest of the ensemble. The support of all of the above is gratefully acknowledged.

The “drought-prone scenario” showed a decrease in exAdaptAlp was co-funded by the EU Alpine Space Programme.
treme low-flow discharge occurring statistically every 50 yr Part of this work was carried out within the research programme
(NQ50) in the order of—20% and a decrease in mean KLIWAS financed by the Federal Ministry of Transport, Building
monthly low flow (MoMNQ) in the order 0f-40 % towards  and Urban development and the cooperation project KLIWA
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mate induced changes in discharge, with projected increas
in winter for MOMHQ in the order of+-30 % for the near
future and+-50 % for the distant future.
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