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Executive summary

The present work analyzes the climate change impacts on the runoff regimes of mountainous
catchments in the Swiss Alps having current glaciation rates between O and 50 %. The
hydrological response of 11 catchments to a given climate scenario is simulated through a
conceptual, reservoir-based precipitation-runoff transformation model called GSM-SOCONT
(Schaefli, 2005). For the glacierized catchments, the glacier surface corresponding to this future
scenario is updated through a conceptual glacier surface evolution model. The analyzed climate
change scenarios were derived from 19 climate experiments obtained within the EU research
project PRUDENCE (Christensen et al. 2002). They are the results of 9 state-to-the-art Regional
Climate Models (RCMs) driven by three coupled Atmosphere-Ocean General Circulation
Models (AOGCMs), respectively HadCM3/HadAM3H, ECHAM4/OPYC3 and ARPEGE. The
two first families of climate change scenarios correspond to changes in seasonal temperatures
and precipitations simulated for the period 2070-2099 under the two green house gas emission
scenarios A2 and B2 defined by the Intergovernmental Panel on Climate Change (12
experiments are available for A2 and 7 for B2). From the 19 PRUDENCE experiments 19
climate changes scenarios were additionally developed for a transient period (2020-2049)
corresponding in first approximation to a global warming scenario of +1°C.

Impacts of climate changes on annual discharges and hydrological regimes

For most climate change projections and most studied catchments, the mean annual runoff is
expected to undergo a significant decrease (Table I). This is first due to the significant decrease
expected for mean annual precipitation. This is next induced by the substantial increase in
seasonal temperatures. As a result the glacier surfaces will decrease leading to an important
increase of evapotranspiration through the increase of the catchment area subject to
evapotranspiration. Regional warming of future climate additionally enforces the total
evapotranspiration on ice-free areas and accordingly, all catchments are expected to show a
strong increase of total evapotranspiration.

Table I: Predicted change (%) of the annual runoff for the +1°C, the B2 and the A2
scenarios. Minimum, median and maximum values of the 19, 7 respectively 12
PRUDENCE RCM experiments available for +1°C (2020-2049), B2 (2070-2099)
respectively A2 (2070-2099) scenario.

+1°C scenario B2 scenario A2 scenario
Catchment . . .

Min Med Max |Min Med Max | Min Med Max
Dranse de Bagnes 22 -15 -11| 36 26 -19| 49 -30 -24
Saaser Vispa -10 -5 2] 21 -13 S| o-34 17 -9
Lonza -13 -8 41 -19 -14 71 -32 -16 -8
Rhone at Gletsch -19  -12 9| -28 20 -15] -40 -23 -16
Weisse Liitschine -16 -9 6| -33 23 -12| 47 25 20
Minster -13 -5 30 26 -14 6| 42 -16 -11
Tamina -12 -5 20 24 -16 S50 -39 -16 -10
Vorderrhein -12 -6 300220 -12 -6| -35 -14 -8
Dischmabach -12 -7 3 -24 -17 4| -39 -16 -10
Rosegbach -16  -10 4| -28 -18 -6 -41 22 -13
Verzasca -12 -6 21 27 -16 3] 40 -19  -10
Min 22 -15  -11| -36  -26 -19| -49 -30 -24
Med -13 -7 -3 26  -16 -6 -40 -17 -10
Max -10 -5 20 -19  -12 30 -32 -14 -8
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For all climate change projections and all studied catchments, the predicted climate change
induces an earlier start of the snowmelt period leading to a shift of the hydrological regime and
the maximum monthly discharges. For the glacierized catchments, the simulated regime
modifications are mainly due to the increase of the mean temperature and corresponding impacts
on the snow accumulation and melting processes. The hydrological regime of the catchments
located at lower altitudes is expected to be more strongly affected by the changes in the seasonal
precipitation. Table II summarizes the seasonal discharge distribution simulated for the control
period and for the 3 climate change configurations.

Table II: Contribution of seasonal discharges to mean annual discharge (%) for
the control period, the +1°C scenario (2020-2049) and the B2 and A2 scenarios
(2070-2099). Median values from the different runs.

Catchment Control +1°C scenario B2 scenario A2 scenario

DJF MAM JJA SON |DJF MAM JJA SON |DJF MAM JJA SON [DJF MAM JJA SON
Dranse de Bagnes 2 6 72 21 3 10 70 16 4 16 65 13 9 24 54 14
Saaser Vispa 4 9 64 23| 5 11 60 23 | 7 16 56 22| 9 23 46 22
Lonza 3 10 66 21 5 13 62 20 7 17 58 18 | 10 22 51 18
Rhone at Gletsch 2 8 65 25 4 11 64 21 6 16 61 18 8 22 52 18
Weisse Liitschine 9 17 53 21 9 21 51 19 | 11 27 46 15 16 31 40 15
Minster 11 35 36 18 | 14 36 32 17 | 20 34 22 18 | 25 32 26 17
Tamina 7 27 47 19 9 31 41 19 | 11 37 32 19 | 16 383 29 19
Vorderrhein 6 22 52 20 7 29 46 18 9 36 38 18 | 13 40 32 18
Dischmabach 4 16 60 20 5 22 54 20 6 29 46 20 | 10 33 40 20
Rosegbach 2 8 68 22| 4 11 63 23| 6 16 56 23| 7 21 49 24
Verzasca 5 31 38 27 6 35 32 28 7 40 22 30 9 40 20 30

Impacts of discharge changes on hydropower production

Two main impacts may affect hydroelectricity production in the Swiss Alps. 1) a significant
decrease of mean annual discharges. For hydropower production systems such as those existing
today, a reduction of the mean annual hydroelectricity potential is thus expected. 2) a reduction
of the amplitude between summer and winter discharges, as larger amounts of water are expected
in winter and spring, whereas slightly lower discharges are expected in summer. This more
regular contribution of discharges over the year is likely to make the management of water
storage easier.

Consistency of projections obtained from different climate experiments

For each climate change scenario analyzed in this work, the modifications of annual discharges
and hydrological regimes simulated for the different RCM runs are significantly variable. The
large prediction variability induced by the 19 RCM experiments considered here is partly
induced by the underlying driving AOGCMs. The results presented in this study show however
clearly that the differences between different RCM experiments with the same driving AOGCM
can result in comparably high impact differences as the use of different AOGCMs to drive a
given RCM. This result suggests that the inter-RCM variability should always be considered in
climate change impact studies. Note than despite this large variability of results, all scenarios and
all models predict however changes of same trend; only amplitude and timing of these changes
differ.
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1 Introduction

The Alps are a key element of the hydrological regime of the Swiss river network (e.g. Braun,
1999) and they are the source of many of the Europe’s major river systems. The specific mean
annual discharge in mountainous areas is generally higher than in catchments located at lower
altitudes in the same climatic region. This results essentially from higher precipitation amounts
induced by orographic effects but also from low evapotranspiration rates induced to a large part
by the relatively low mean temperatures. Additionally, the hydrological regime of such
environments is strongly influenced by water accumulation in form of snow and ice and the
corresponding melt processes resulting in a pronounced annual cycle of the discharge. A
modification of the prevalent climate and especially of the temperature can therefore
considerably affect the hydrological regime and induce important impacts on the water
management (see, e.g., Burlando et al., 2002; Jasper et al., 2004; Schaefli, 2005). This could
have a significant impact on water uses highly dependent on the hydrological regime, such as
hydropower production and irrigation, but also increase water related risks such as flood and
droughts (see, e.g., Braun, 1999; Braun et al., 2000; Willis and Bonvin, 1995). The prediction of
climate change impacts has consequently an evident socio-economic interest.

The quantification of potential climate change impacts on a given water resources system is
conditioned by the availability of local or regional climate change predictions of different key
meteorological variables such as precipitation and temperature. Currently available regional
climate change projections are mainly based on the results of coupled Atmosphere-Ocean
General Circulation Models (AOGCMs) or on the results of Regional Climate Models (RCMs)
driven by outputs of the former. RCMs are supposed to describe the regional climatic variables
better than AOGCMs because of their higher spatial resolution (RCMs have a resolution of
around 0.5° of latitude and 0.5° of longitude whereas the resolution of AOGCMS is around 2.5°
of latitude and 3.75° of longitude). Regional climate change projections based on such climate
model outputs are however highly uncertain, mainly due to the unknown future greenhouse gas
emissions but also due to the highly simplified representation of reality encoded in these models.
As a consequence, different state-of-the-art AOGCMs generally simulate different climate
evolutions for the same emission scenario (see, e.g. Arnell and Hulme, 2000; Riisdnen, 2001;
Réiisdnen, 2002). For a given AOGCM experiment, the corresponding RCM experiment is also
subject to these modeling uncertainties. The results of several RCM experiments based on the
same AOGCM outputs can therefore also differ significantly (see, e.g., Frei et al.,, 2003;
Réisdnen et al., 2004). The uncertainty introduced by the RCM is generally considered to be
substantially smaller than the one inherited by the driving AOGCM (Jenkins and Lowe, 2003).
An analysis of the data of the EU project PRUDENCE (Prediction of Regional scenarios and
Uncertainties for Defining EuropeaN Climate change risks and Effects, (Christensen et al., 2002)
suggests however that RCM inter-model variability cannot be neglected (Hingray et al., 2005a,
submitted manuscript').

Climate change impacts on hydrological processes in the Swiss Alps have been assessed in
different studies (e.g. Braun et al., 2000; Etchevers et al., 2002; Jasper et al., 2004; Zierl and
Bugmann, 2005). All these studies show that the temperature increase strongly affects the

! Hingray, B., Mezghani, A. and Buishand, T.A., 2005a. Development of probability distributions for regional
climate change from uncertain global mean warming and an uncertain scaling relationships. Submitted to Hydrology
and Earth System Sciences.
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temporal evolution of the snowpack and accordingly the runoff regimes of the studied
catchments. However, only few studies exists that analyze different green house gas emission
scenarios or that take into account the prediction uncertainty due to the used climate model.
Jasper et al., (2004) and Zierl and Bugmann, (2005) show that for Alpine river systems, these
two sources of climate change prediction uncertainty lead to a wide range of possible future
states, demonstrating therefore that that the quantitative assessment of hydrological changes
based on a small number of climate change scenarios may yield misleading results. It is
noteworthy that these results are obtained for Alpine catchments that do not have any ice-
covered areas. Braun et al. (2000) and Schaefli (2005) however showed that for glacierized
catchments, the retreat of the glaciers could enhance the expected climate change induced
modifications of the hydrological regime. Another important drawback of the currently available
studies is that they do not consider the climate change prediction uncertainty inherent in the used
RCM.

Accordingly, the present study focuses on the assessment of climate change impacts on the
discharge regime of various rivers of the Swiss Alps considering the climate predictions of
multiple state-of-the-art regional climate models. The set of studied catchments is composed of
11 small-scale catchments that are representative of the different hydro-climatic regions and of
the hydrological regimes, and includes namely glacierized catchments. The impact of climate
change on the hydrological regime of a given catchment is analyzed through the simulation of
the system behavior for an observed control period (1961 to 1990) and for a future period (either
2020 to 2049 or 2070 to 2099) characterized by a modified (predicted) climate. The climate
predictions are derived from the result of a suite of RCM experiments produced in the
framework of the EU project PRUDENCE (Christensen et al., 2002) for the two green house gas
emission scenarios A2 and B2 as defined by the Special Report on Emission Scenarios (SRES,
(Nakicenovic and Swart, 2000)) of the Intergovernmental Panel on Climate Change (IPCC).

The paper starts with a description of the case studies, of the corresponding datasets and of the
models used for the discharge simulation and for the production of small-scale meteorological
time series scenarios (Section 2). The climate change impact prediction results are presented in
Section 3 followed by a detailed discussion and the main conclusions of this study.

2 Case studies: data and models

2.1 Catchment characteristics

The analyzed catchments have been selected to represent the different hydro-climatic zones of
the Swiss Alps and the different mountainous hydrological regimes occurring in these zones. A
number of 7 hydro-climatic regions (Figure 1) are traditionally considered for hydro-
meteorological analysis purposes in the Swiss Alps (Laternser and Schneebeli, 2002).
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Figure 1: Location of the 11 case study catchments in the 7 hydro-climatic
regions of the Swiss Alps (© Swiss Federal Office of Topography)

The choice of the case study catchments was however also conditioned by the data availability.
For the context of this study, at least 30 years of observed meteorological data are required for
the simulation of the reference situation (corresponding to the control period 1961 — 1990) and in
addition long series of discharge measurements and corresponding meteorological data are
necessary for the purposes of model calibration and validation.

Based on these considerations, 11 catchments have been selected. These catchments have
different glaciation rates (between 0 and 50 %) and altitude ranges (Table 1). Their catchment
areas vary between 39 to 185 km” and the mean altitudes vary between 1340 m a.s.l. for the
Minster catchment to 2940 m a.s.l. for the Drance de Bagnes catchment.

The catchments represent a large range of hydrological regimes observed in the Swiss Alps
(Table 1). The reference regime used here are the ones given by Aschwanden and Weingartner
(1985). These regimes are determined based on the dimensionless Pardé coefficient (Equation 1,
Pardé, 1933) that relates the mean monthly discharge of a given month to the total annual
discharge.

pC =122

>o (1

The distribution of these coefficients over the year, their minimum and maximum values and
their amplitude are the key criteria for the regime definition.
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Table 1: Characteristics of the case study catchments and corresponding
discharge regimes according to the regime definitions given by Aschwanden and
Weingartner (1985) for the Swiss Alps

Catchment Area  Glacier Mean altitude  Altitude range  Lapse rate Hydrological
km’ % m a.s.l. m a.s.l. °C/100m regime
Drance de Bagnes 166.6 39.0 2940 1960 - 4310 -0.50 a-glaciaire
Saaser Vispa 65.2 33.2 2840 1710 - 4190 -0.46 b-glaciaire
Lonza 77.8 32.8 2600 1520 - 3900 -0.57 a-glaciaire
Rhone at Gletsch 38.9 50.0 2710 1760 - 3610 -0.55 a-glaciaire
Weisse Liitschine 164.0 16.4 2150 650 - 4170 -0.60 a-glacio-nival
Minster 59.2 - 1340 880 - 2290 -0.54 nival de transition
Tamina 147.0 14 1810 550 - 3220 -0.61 nival alpin
Vorderrhein 158.0 2.8 2150 750 - 3310 -0.58 nivo-glaciaire
Dischmabach 433 2.6 2360 1670 - 3130 -0.56 b-glacio-nival
Rosegbach 66.5 27.2 2710 1760 - 4010 -0.43 a-glaciaire
Verzasca 185.2 - 1650 480 - 2880 -0.57 nivo-pluvial
méridional

All selected catchments (except the Verzasca catchment) show typical discharge patterns
characterized by a single-peak occurring between May and August. This peak is due to
snowmelt-induced high flows. For catchments with glacier, it is sustained by usually significant
ice-melt induced flows occurring later in the melt season. The amplitude of the monthly flows is
high between the low flows during the winter season and the high flows in late spring or
summer. The amplitude as well as the occurrence date of the discharge peak strongly depends on
the elevation range covered by the catchment. The higher the mean elevation of the catchment is,
the later the peak occurs and the higher the amplitude is (see the regimes simulated for the
control period, Figure 6). The Verzasca river has a typical regime of the Southern Alps and
shows therefore a quite different regime: A second discharge peak occurs in fall due to heavy
precipitation events usually observed in this period.

2.2 System models

The simulation of the system behavior for the different time periods requires setting up an
integrated simulation tool including a hydrological model for the precipitation — runoff
transformation and a land cover evolution model. For the present study, the only land cover
change that is included in the simulation approach is the modification of the ice-covered surface.
Land use changes related to the vegetation, namely the forest cover, could presumably have
significant impact on future hydrological regimes. Zierl and Bugmann (2005) found however for
5 Swiss Alpine catchments that land use changes related to afforestation and deforestation have
only a small impact on discharges under future climate change scenarios comparable to the ones
used here.

Hydrological model

The hydrological discharge simulation is carried out at a daily time step through a conceptual
reservoir-based model called GSM-SOCONT (Schaefli et al., 2005). The model has two levels
of discretization. The ice-covered part of the catchment is first separated from the not ice-
covered part. Next, both parts are subdivided into elevation bands. Each of the resulting spatial
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units is characterized by its surface and its hypsometric curve and is assumed to have a
homogenous hydrological behavior.

Enﬁw Potential ET Precipitation

Altitudinal interpolation

!

Rainfall - / snow fall
separation

Rain
Computation of snow- Computation of
and ice pack evoluuon snowpack
Snow height Melt Snow height Melt
Meltwater - runoff Meltwater - runoft
transformation transformation

Figure 2: Hydrological model structure (for one spatial unit) showing the
different submodels and the input and output time series (from Schaefli, 2005)

For each spatial unit, the meteorological data series are computed from data observed at
neighboring meteorological stations. For temperature, regional altitudinal gradients are estimated
based on the observed temperature series (see the estimated lapse rates in Table 1). Based on
these gradients, the temperature time series for a given spatial unit is interpolated according to its
mean elevation. Due to the considerable spatial variability of precipitation and to the scarcity of
precipitation data at high altitudes, no reliable altitudinal gradient of precipitation can be
identified based on the observations at raingauge stations within or close to the studied
catchments. As all raingauges are located in the lowest parts of these catchments, an altitudinal
correction of precipitation is however needed. To account for the enhancement of precipitation
with altitude, a mesoscale precipitation gradient of 80 mm per 100 m and per year, estimated by
Kirchhofer and Sevruk (1991) for the entire Swiss Alpine region, is applied. The resulting area-
average daily precipitation amounts are corrected by a constant multiplicative factor in order to
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respect the mean annual precipitation amounts estimated for each catchment by Schidler and
Bigler (2002) based on a long term water balance analysis.

Based on the meteorological time series, the temporal evolution of the snowpack and of the
glacier melt is computed. The aggregation state of precipitation (liquid, solid or mixed) is
determined based on a fuzzy temperature threshold approach (e.g. Klok et al.,, 2001) :
precipitation falls as snow (resp. as rain) when the temperature is below 0°C (resp. above 2°C)
and 1s a mixture of both for temperatures in between (Hamdi et al. 2005). Snow and ice melt are
simulated through a simple degree-day approach (see, e.g., Rango and Martinec, 1995). Ice melt
is supposed to occur only when the glacier surface of the considered spatial unit is not covered
by snow.

For each hydrological unit, a reservoir-based modeling approach is used to simulate the rainfall
and melt water — runoff transformation. For ice-covered spatial units, this transformation is
completed through two linear reservoirs, one for ice melt and one for the equivalent rainfall
defined as the sum of snowmelt and rainfall. For not ice-covered spatial units, the equivalent
rainfall is transformed into runoff through the conceptual model SOCONT (Consuegra and Vez,
1996). It is composed of two reservoirs, a linear reservoir for the slow contribution (accounting
for soil infiltration processes) and a non-linear reservoir for direct or quick runoff.

The model has eight parameters to calibrate (five for catchments without glacier) (Table 3): the
three degree-day factors necessary for the snow and ice melt computation (a. for ice, agomnigns
Agowiow TOT snow respectively for the highest and lowest altitudes of the catchment), the four time
constants of the linear reservoirs (Kyow,» Kgict> Kicer ksnoy) @and the maximum storage capacity of the
slow reservoir (A).

Calibration and validation

The calibration procedure is based on the multicriteria calibration procedure presented by
Schaefli et al. (2005). A special attention is paid to the reproduction of the observed mean annual
and the mean monthly discharges. Time periods used for the calibration and the validation
procedures are given in Table 2 and the final parameters sets are given in Table 3.

The calibrated model performs well for all catchments. The Nash values (Nash and Sutcliffe,
1970) calculated on daily discharge series are higher than 0.8 for the calibration and the
validation period except for the Minster and the Verzasca catchments, the two catchments
without glacier (Table 4). This result is due to the fact, that these two catchments have a less
strong annual discharge cycle and accordingly high Nash values are more difficult to achieve
(see (Schaefli et al., 2005) for a further discussion of this problem). The Nash values calculated
for the monthly discharges are all higher than 0.9 (Table 4). Though some biases were found for
four catchments, these will be kept in selection knowing that the study focus is on relative
changes in discharge regimes.

Visual comparisons of runoff regimes (calendar evolution of mean monthly discharges) yielded
good results (Figure 3a,b) as well as semi-monthly flow series and annual amounts (Figure 3c).
An illustration is given for the Rhone catchment (Figure 3). The same figures are given for all
catchments in appendix.
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Catchment Calibration Validation Control
Dranse de Bagnes  1987-1993 1993 -1999 1972 -1995
Saaser Vispa 1953 - 1960 - 1961 - 1990
Lonza 1976 - 1983 1983 -1990 1974 - 1998
Rhone at Gletsch 1973 -1980 1983 -1990 1961 - 1990
Weisse Liitschine 1973 - 1980 1963 -1970 1961 - 1990
Minster 1973 - 1980 1963 - 1970 1961 - 1990
Tamina 1961 - 1967 1968 - 1974 1961 - 1990
Vorderrhein 1953-1960  1945-1950 1961 - 1990
Dischmabach 1973 - 1980 1983 -1990 1961 - 1990
Rosegbach 1973 - 1980 1963 - 1970 1961 - 1990
Verzasca 1990 - 1996 1996 -2000 1961 - 1990

Table 3: Calibrated parameters for the eleven case study catchments

Table 2: Time periods used for the model calibration and validation and for the
control period

Catchment aic? asnow..high asnow:lnw A k.l kr kgl k.n
mm/j°C mm/j°C mm/;°C  mm J j J j
Dranse de Bagnes 5.5 23 4.8 100 56 35 24 43
Saaser Vispa 3.3 2.3 3.0 550 56 1.1 1.8 34
Lonza 9.0 3.0 4.5 500 56 4.5 1.7 3.1
Rhone at Gletsch 35 3.0 5.5 400 56 4.5 1.6 2.9
Weisse Liitschine 5.5 6.5 8.5 150 56 4.5 2.1 39
Minster - 2.8 3.6 50 56 2.0 - -
Tamina 5.0 4.3 54 150 56 3.8 1.9 3.6
Vorderrhein 6.0 3.2 4.8 250 56 2.6 2.2 4.0
Dischmabach 6.0 3.0 6.0 250 56 4.5 14 2.6
Rosegbach 3.5 1.5 3.0 250 56 4.5 1.7 3.1
Verzasca - 2.0 2.5 150 56 2.2 - -

study catchments

Table 4: Calibration and validation Nash criteria and bias for the eleven case

Calibration Validation
Nash on  Nash on Nash on  Nash on
Catchment . .
daily  monthly Bias daily ~ monthly  Bias
series series series series
Dranse de Bagnes 92% 97% 0% 92% 98% -4%
Saaser Vispa 86% 95% 4% - - -
Lonza 90% 96% 2% 91% 96% -1%
Rhone glacier 89% 94% 1% 87% 93% 0%
Weisse Liitschine 87% 94% 1% 88% 95% 0%
Minster 74% 92% 1% 73% 94% -3%
Tamina 86% 95% 3% 85% 94% 12%
Vorderrhein 85% 95% 2% 82% 94% 7%
Dischmabach 90% 96% -71% 90% 96% -1%
Rosegbach 86% 97% 2% 89% 96% -1%
Verzasca 76% 93% 1% 74% 91% -5%
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Figure 3: Calibration and validation results for the Rhone catchment at Gletsch.
a) Calibration: observed and simulated semi-monthly cycle for 1973 to 1980 (the
coloured zones correspond to the contributions of the different flow components
to the total discharge), b) Validation: observed and simulated semi-monthly cycle
for 1983 to 1990, c) Calibration: observed and simulated semi-monthly mean

flow series for 1973 to 1980

Glacier surface evolution model

Serni-monthly mean rainfall [rm/d]

In the hydrological model, the glacier surface is supposed to be constant for a given simulation
period of several years. For the future scenario simulation, the ice-covered surface has to be
updated. In the present study, this update is completed through the method presented by Schaefli
(2005). This method is based on the so-called accumulation area ratio (AAR) (Anonymous,
1969) and assumes that the mean annual AAR value estimated over a long time period is
characteristic for a given glacier system and that it remains constant for future climatic

conditions.
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The mean annual AAR value can be simulated for a given time period with known ice-covered
area through the presented hydrological model: For a given hydrological year (starting on the 1*
October), the AAR 1is computed from the sum of spatial units that experience snow
accumulation. Simulating the mean annual AAR value AAR,, for the control climatic conditions
(for which the total ice-covered area is known) and the mean annual accumulation area A,
[kmz] for the future climatic conditions, the future glacier surface A, [kmz] can be estimated
according to Equation 2.

A,

A TR, @

For a further discussion of the glacier surface evolution model, refer to Schaefli (2005).

2.3 Data

Data for the observed period

The glacio-hydrological model needs three input time series, namely daily precipitation, daily
potential evapotranspiration and mean daily temperature. For all catchments, the precipitation
and temperature data from nearby meteorological stations are obtained from the Swiss
Meteorological Institute. The potential evapotranspiration (PET) data are derived from the
monthly PET series estimated by New et al. (2000) for the control period according to the
Penman-Monteith version given by Burman and Pochop (1994). The series of mean daily
discharges for model calibration and validation are provided by the Swiss Federal Office for
Water and Geology.

The spatial discretization of the catchment is completed based on a digital elevation model with a
resolution of 25 m (SwissTopo, 1995) and on digital (vector-based) topographic maps with a
scale of 1: 25000 (SwissTopo, 1997).

Future periods

The climate change data used in the present study result from a suite of regional climate model
experiments conducted in the framework of the PRUDENCE EU project (Christensen et al.,
2002). Each RCM experiment consists of a simulation for the period 1961-1990 (control run)
and a simulation for the period 2070-2099 (future run). For each RCM experiment, the boundary
conditions were obtained from one of the three AOGCMs used in PRUDENCE: ARPEGE/OPA
(Royer et al., 2002), HadCM3 (Gordon et al., 2000; Pope et al., 2000) and ECHAM4/OPYC3
(Roeckner et al., 1999). In the case of HadCM3, a global model of the atmosphere alone
(HadAM3H) was used between the global coupled model and the RCMs. The use of this
intermediate model resulted in a much better simulation of the present-day climate (Hulme et al.,
2002). The AOGCM experiments were completed for the two SRES emission scenarios A2 and
B2 (Nakicenovic and Swart, 2000).

In the present study, 9 RCMs are included (see Table 5 for the list of models and institutions).
Note that one of these models, ARPEGE, is not a regional but a global atmospheric model with
variable horizontal resolution, from 50 km in the center of the Mediterranean Sea to 450 km in
the southern Pacific Ocean (Gibelin and Déqué, 2003). In PRUDENCE, the low boundary
conditions (sea surface temperatures, sea ice) were obtained from ARPEGE/OPA and HadCM3
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(Déqué, personal communication). For the 11 catchments analyzed in the present study, the
horizontal resolution is comparable to the other RCMs. Note that in the following, ARPEGE is
considered as a RCM. Some RCMs were run successively using the boundary conditions of
different AOGCMs. All RCMs were run at least for scenario A2 with one AOGCM. Some
RCMs were also run for scenario B2. 19 experiments are available in total, 12 for the scenario
A2 and 7 for B2. A synthesis of these experiments is given in Table 6.

Table 5: a) The 3 AOGCMs and b) the 9 RCMs used in the PRUDENCE project
(Christensen et al., 2002) and the corresponding institutions.

a) AOGCMs

Acronym Institution AOGCM Reference

CNRM Centre National de Recherches ARPEGE/OPA (Royer et al., 2002)
Meétéorologiques, Toulouse, F

HC Hadley Centre for Climate Prediction and HadCM3 (Gordon et al., 2000)
Research, Bracknell, UK (Pope et al., 2000)

MPI Max-Planck-Institut fiir Meteorologie, ECHAM4/OPYC3 (Roeckner et al., 1999)
Hamburg, D

b) RCMs

Acronym Institution RCM Reference

CNRM Centre National de Recherches ARPEGE (Gibelin and Déqué, 2003)
Meétéorologiques, Toulouse, France

DMI Danish Meteorological Institute, HIRHAM (Christensen et al., 2001)
Copenhagen, Denmark

ETHZ Institute for Atmospheric and Climate CHRM (Vidale et al., 2003)
Science, Zurich, Switzerland

GKSS Institute for Coastal Research, Geesthacht, CLM (Doms and Schittler, 1999)
Germany

HC Hadley Centre for Climate Prediction and HadRM3H (Hulme et al., 2002)
Research, United Kingdom

ICTP International Centre for Theoretical Physics, RegCM (Giorgi et al., 1993a),
Trieste, Italy (Giorgi et al., 1993b)

MPI Max-Planck-Institut fiir Meteorologie, REMO (Jacob, 2001)
Hamburg, Germany

SMHI Swedish Meteorological and Hydrological RCAO (Réisédnen et al., 2004)
Institute, Norrkoping, Sweden

UCM Universidad Complutense de Madrid, PROMES (Arribas et al., 2003)

Toledo, Spain
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Table 6: RCM experiments according to driving AOGCM and to emission
scenarios (all RCMs experiments were conducted in the framework of

PRUDENCE)
Scenario Name AOGCM Name N° RCM Name N°
A2 HADCM3-HADAM3H 1 CHRM 1
HADCM3-HADAM3H CLM 2
HADCM3-HADAM3H HadRM3H 3
HADCM3-HADAM3H HIRHAM 4
HADCM3-HADAM3H PROMES 5
HADCM3-HADAM3H RCAO(H) 6
HADCM3-HADAM3H RegCM 7
HADCM3-HADAM3H REMO 8
HADCM3-ARPEGE ARPEGE 9
ARPEGE/OPA 2 ARPEGE 10
ECHAM4/0OPYC3 3 HIRHAM 11
ECHAM4/OPYC3 RCAO(E) 12
B2 HADCM3-/HADAM3H 4 HadRM3H 13
HADCM3-/HADAM3H PROMES 14
HADCM3-HADAM3H RCAO(H) 15
HADCM3-ARPEGE ARPEGE 16
ARPEGE/OPA 5 ARPEGE 17
ECHAM4/OPYC3 6 HIRHAM 18
ECHAM4/0OPYC3 RCAO(E) 19

The RCMs are reported to reproduce well the regional features of meteorological surface
variables such as precipitation and temperature (e.g. Frei et al., 2003). Their reliability is
however not the same for each individual grid box, in particular in mountainous regions. As a
result, instead of considering only the grid box containing a given case study, several grid boxes
should be taken into account for hydrological applications (Frei, personal communication). In the
present study, for each analyzed catchment, the regional changes predicted by a given RCM are
averaged over 9 grid boxes encompassing the catchment of interest. The spatial resolution of
these area-averaged regional changes is too coarse for a direct use of the model outputs, namely
precipitation and temperature, as an input for hydrological models. Different methodologies exist
for the production of local scale climate change scenarios, using for example downscaling
models that connect the local meteorological variables directly to synoptic scale variables (see,
e.g., Xu, 1999 ; Wilby and Wigley, 1997 for a review). The development of reliable downscaling
relationships for the daily precipitation in Alpine areas should consider several explanatory
variables (such as atmospheric humidity, pressure fields at different geopotential heights) that are
not always available for the used RCM experiments. Jasper et al. (2004) have applied a
downscaling model to Alpine catchments that is based only on the generally available large-scale
mean sea-level pressure. But they come to the conclusion that this downscaling model has only a
modest performance for the reproduction of observed precipitations in the studied area.

The local scale meteorological time series are also frequently generated by perturbing the
observed times series for a control period based on the regional climate changes of the
considered mean variable as predicted by the climate models (see, e.g., Shabalova et al., 2003).
As the present study focuses on the impacts of climate changes on hydrological regimes and
mean annual or seasonal discharges, such a simple perturbation methodology is used for the
generation of daily temperature and precipitation time series.

The method used for temperature perturbation is the one presented by Shabalova et al., (2003). It
preserves the mean and variability given by the climate change scenario for each season. For a
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given RCM experiment, the climate change scenario is defined in terms of the absolute changes
of the mean temperature (XMT;) between the control and the future run and in terms of the
relative changes of the standard deviation of daily temperature (XSDT;) where s refers to the
season (s = 1: DJF, s =2: MAM, s = 3: JJA, s =4: SON). The future scenario temperature T, is
calculated according to Equation 3.

7’;‘(‘611,5‘ (t) = [nhs,x (t) - M’Z:)hs,s] * (XSDT:V + 1) + MT;)bs,s + XMT; (3)

where T.ns(f) [°C] is the local scale scenario temperature on a day ¢ in the season s, Typs(f) 1S
the local temperature on day ¢ observed during the control period and M7, the corresponding
mean daily temperature. The standard deviations of daily temperatures are not available for the
PRUDENCE RCM experiments that produced grids of 90-days temperature variances for each
season. In the present study, the standard deviations of daily temperatures are estimated based on
the observed linear relationships between the 90-days and the daily variances according to the
method presented by Hingray et al. (2005b, submitted manuscript®).

The future local scale precipitation time series are estimated based on a simple proportional
relationship (Equation 4).

P ()=P

scen,s o

MPf'ut,s
bs, s (t) G]F (4)

cont, s

where Pgcens(f) [°C] is the local scale scenario precipitation on day ¢ of the season s (s = 1, 2, 3,
4), Popss(1) s the precipitation observed on day ¢ during the control period, and MPjy s/ MPcon s 18
the ratio between the mean seasonal precipitation amounts obtained for the future and the control
run for a given RCM experiment.

Note that for the future scenarios, the potential evapotranspiration is estimated as a function of
the perturbed temperature based on the observed linear relationship for the control period,
assuming that this relationship remains constant in the future. In fact, Ekstrom et al. (submitted
manuscript’) have shown for the regional climate model HadRM3H that the calculated PET
values are unrealistically high for the future period.

As described above, the different available RCM experiments were run in PRUDENCE for the
period 2070-2099. In this study we are also interested in an intermediate scenario corresponding
to a +1°C global warming scenario. For the three AOGCM’s considered in this study, this global
warming is expected to be obtained for the period 2020-2049 under both A2 and B2 emissions
scenarios. The response pattern scaling approach introduced by Santer et al. (1990) and

2 Hingray, B., Mouhous, N., Mezghani, A., Bogner, K., Schaefli, B. and Musy, A.: Accounting for global warming
and scaling uncertainties in climate change impact studies: application to a regulated lakes system. Submitted to
Hydrology and Earth System Sciences.

3 Ekstrom, M., Jones, P. D., Buishand, A., Hingray, B., 2005. Regional climate model data used within the

SWURVE project 1: projected changes in seasonal patterns and estimation of PET. Submitted to Hydrology and
Earth System Sciences.
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developed by Hingray et al. (submitted a) was applied to generate intermediate climate change
scenarios for this global warming projection. The technique is currently widely used in climate
scenarios studies (e.g. New and Hulme, 2000; Jones, 2000; Hulme et al. 2002, Hingray et al.
submitted). It is based on the assumption that there is a linear relationship between the annual
global-mean warming (the so-called scaler) and the response pattern of regional climate changes
obtained from any global or regional climate model. In the work of Jones (2000) and of New and
Hulme (2000), the response pattern is expressed for each variable as a simple scaling ratio, i.e. a
constant regional temperature or precipitation change per degree of global warming. The
response pattern used by Mitchell (2003) is the spatial climate change pattern of a GCM. This
problem can be overcome by the technique of pattern scaling that combines SCMs and RCMs (or
GCMs) outputs to produce a number of climate change scenarios (Mitchell, 2003). In our work,
future climate scenarios for the period 2020-2049 - in terms of seasonal changes of the mean
value and of the variability of temperature and precipitation - are obtained for the period 2070-
2099 by scaling the meteorological response pattern from a RCM by the global warming
projection under consideration (47;=+1°C). The uncertainty inherent in the regional climate
response is taken into account through the use of the 19 different meteorological response
patterns derived from the 19 RCM experiments available trough the PRUDENCE project
(Christensen et al., 2002).

Given a RCM called r that has been run for the control period (1961-1990) and the future period
(2070-2099), the response pattern is defined as the following vector (Equation 5)

Yr = [Yv,s,r]v:1..3,s:1..4 (5)

where Y, , is the scaling ratio for one of the four key statistics used (Y;; = YMT;, X, = YSDT,
X35 =YMP;) for season s and RCM experiment r. For each variable, the scaling ratio is defined as
its regional change (absolute or relative) per degree of global-mean warming. For a given RCM
experiment, the scaling ratios can thus be estimated by the variable anomaly normalized with
respect to the scaler:

Y,. =X, /AT, (6)

where X, ;, is the change in variable V for season s predicted by RCM experiment r between

control and future periods and AT, is the global-mean warming value obtained for the AOGCM
used to drive RCM experiment r.

The pattern scaling technique is based on the critical assumption that there is a linear relationship
between the scaler (annual global-mean warming) and the response pattern of regional climate
changes obtained from the RCM. Mitchell et al. (1999) and Mitchell (2003) have examined this
assumption for spatial changes in mean temperature and precipitation from different GCM
scenarios. They found that that pattern scaling may be applicable to a wide range of variables.
For the present case study, this assumption seems to be reasonable (see Figure 4 for XMT and
XMP), even if some studies reported in the literature suggest that the response pattern may not be
linearly correlated with the global warming (e.g. Schneider and Thompson, 1981, Mitchell,
2003).

17/39



3 Results

3.1 Climate changes

The three AOGCMs ARPEGE/OPA, HadCM3/HadAM3H and ECHAM4/OPYC3 predict for
scenario B2 (2070-2099) a global-mean warming of +2.4 °C, +2.4°C respectively +2.8 °C and
for the scenario A2 (2070-2099) the predicted values are +3.0 °C, +3.3 °C and +3.6 °C
(Roeckner et al., 1999; Gordon et al., 2000; Gibelin and Déqué, 2003). The regional mean annual
temperature increase predicted by the 19 PRUDENCE RCM experiments is higher than the
corresponding predicted global-mean warming (Table 7). The mean temperature increase is
around 3.0°C for the B2 scenario and 4.0°C for the A2 scenario for the different catchments.
This enhanced regional warming has already been observed in the Swiss Alps over the 20th
century (see, e.g., Beniston et al., 1994; Weber et al., 1997). Note also that according to our
scaling approach the mean regional temperature increase is +1.2°C for the +1°C scenario.

Table 7: Minimum, median and maximum regional climate changes (annual
changes of mean temperature and precipitation and seasonal changes of mean
precipitation amounts for winter (DJF) and summer (JJA)) predicted by
PRUDENCE RCM experiments: a) for the +1°C scenario (2020-2049, 19
experiments), b) for the B2 scenario (2070-2099, 7 experiments), c¢) for the A2
scenario (2070-2099, 12 experiments)

a) Climate changes for the +1°C scenario (2020-2049)

Annual Annual Seasonal precipitation (%)
Catchment temperature (°C) | precipitation (%) DJF JJA
Min Med Max [Min Med Max | Min Med Max | Min Med Max
Dranse de Bagnes It 13 17 |-6 -3 0 0 4 8 |-19 -8 -1
Saaser Vispa 10 12 176 -3 0 0 5 9 |-18 -8 -1
Lonza 10 12 17| -6 -2 1 0 5 9 |-18 -8 -1
Rhone at Gletsch 10 12 17| -6 -2 1 -2 5 8 -16 -8 0
Weisse Liitschine 1.0 12 18 | -7 -2 0 2 5 8 -16 -8 -1
Minster 1.0 12 18 | -7 -2 0 -1 6 9 |-15 -7 0
Tamina 1.0 12 17 | -7 -2 0 0 6 8 |-16 -7 1
Vorderrhein 10 12 17| -6 -2 0 -1 6 8 |-17 -7 0
Dischmabach 1.0 12 17 | -7 -3 1 0 6 9 |-15 -7 1
Rosegbach 1o 12 17|-7 -3 1 3 8 11 |-18 -7 0
Verzasca 1.0 12 1.7 | -7 -3 1 1 7 10 | -19 -8 0
Median 1.0 1.2 1.7 -7 -2 0 0 6 9 -17 -8 0
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b) Climate changes for the B2 scenario (2070-2099)

Annual Annual Seasonal precipitation (%)
Catchment temperature (°C) | precipitation (%) DJF IJA
Min Med Max |Min Med Max |Min Med Max | Min Med Max
Dranse de Bagnes 25 30 47 |-11 -6 0 7 10 23 |46 -23 -3
Saaser Vispa 25 30 46 |-12 -6 0 3 12 23 |43 -26 -2
Lonza 25 30 46| -9 -5 1 3 12 23 |43 -26 -2
Rhone at Gletsch 24 30 46 |-10 4 0 -1 15 20 | -39 -32 -1
Weisse Liitschine 25 31 47 |-13 -6 -1 1 15 18 |-39 -31 -2
Minster 24 31 47 |-13 -5 0 0 16 22 |-37 28 O
Tamina 24 30 46 |-13 -8 1 2 15 20 |-39 -31 1
Vorderrhein 24 30 46 |-12 -5 0 0 15 21 |40 -32 O
Dischmabach 24 29 47 |-13 -9 2 3 15 21 |-37 -26 3
Rosegbach 24 30 46 |-15 -8 2 8 17 24 |42 -30 O
Verzasca 24 31 45 |-16 -8 1 3 13 29 |46 -34 -1
Median 24 3.0 46 | -13 -6 0 3 15 22 | 40 -30 -1
¢) Climate changes for the A2 scenario (2070-2099)
Annual Annual Seasonal precipitation (%)
Catchment temperature (°C) | precipitation (%) DIJF JJA

Min Med Max |[Min Med Max | Min Med Max | Min Med Max
Dranse de Bagnes 33 42 6.1 |-21 -8 0 0 14 28 |-52 -27 -10
Saaser Vispa 33 40 61 |22 -8 -1 | -1 15 28 |48 -27 -9
Lonza 33 40 6.1 |-19 -6 2 -1 15 28 | -48 -27 -9
Rhone at Gletsch 32 39 62 [-20 -6 2 6 16 28 |-51 -25 9
Weisse Liitschine 32 39 62 |-25 -7 -3 -5 14 26 |-49 -27 -12

Minster 32 38 63 |-25 -5 2 |4 14 24 |-55 22 -8
Tamina 32 39 62 |-24 -7 -1 -1 21 27 |-50 22 -6
Vorderrhein 32 39 61 |-22 -6 0 -4 19 28 |-52 -23 -7
Dischmabach 32 40 62 |-24 -7 0 1 22 29 |45 21 -3
Rosegbach 32 40 61 |26 -11 -2 |11 27 37 |-50 -23 -5
Verzasca 32 40 61 |-26 -11 -2 6 24 30 | -54 -26 -6
Median 32 40 6.1 | -24 -7 -1 -1 16 28 | -50 -25 -8

Note that the estimated regional temperature changes are quite similar for all catchments (Table
7). There is a clear gradation of the projected regional warming between the +1°C , the B2 and
the A2 scenario: Every percentile of the temperature distribution estimated based on the RCM
experiments for +1°C has a lower value than the one estimated for B2, which has lower value
than the one estimated for A2. The spread of regional changes obtained from the different RCM
experiments for a given emission scenario is however considerable (Table 7 and Figure 4),
ranging for example for the Rhone catchment between +3.2 °C and +6.2 °C for the A2 scenario
(the same data are given for all catchments in appendix). As a result, the prediction ranges
obtained for A2 and B2 are overlapping. The median regional temperature warming predictions
obtained for A2 are even smaller than the highest predictions obtained for B2. Note that the
predicted regional warming for the summer is higher and has a larger variability range than the
predicted regional warming for the other seasons (see an example in Figure 4 and Figure 5). For
the Rhone catchment, the maximum summer warming predicted for A2 is as large as +8.1 °C
(only around +5.2 °C to +6 °C for the other seasons). The same figures are given for all
catchments in appendix.
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Figure 4: Regional seasonal changes of precipitation and temperature as a
function of the annual global mean warming as predicted by the PRUDENCE
RCM experiments for the Rhone catchment at Gletsch for the period 2070-2099;
top: regional temperature changes; bottom: regional precipitation changes; the

bigger symbols identify the RCAO experiments.
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Figure 5: Box plots of regional changes in seasonal temperature (mean XMT and
standard deviation XSDT) and precipitation (mean XMP) for the scenario +1°C
global mean warming (2020-2049) (scaled from A2 and B2 PRUDENCE
experiments). Rhone catchment at Gletsch.

Except for a few experiments and catchments, a decrease of the annual precipitation is predicted
(Table 7). For the different catchments, the median relative change of annual precipitation under
the emission scenario A2 ranges between —11 % and -5 %. For B2, the median predicted
decrease is between —9 % and — 4 %. Finally, for the +1°C scenario it ranges between -3 % and -
2 %. Note that there is no clear gradation in the projected changes of the annual precipitation
between B2 and A2: The predicted median changes are similar for both scenarios.

During the winter, the precipitation is predicted to increase for all catchments and most RCMs
(Table 7, Figure 5 and Figure 4) whereas most RCMs predict a decrease during summer for both
scenarios. The relative change in winter and summer precipitation is globally smaller for the B2
than for the A2 scenario. For spring, the predictions of the different RCMs do not have a clear
tendency towards an increase or a decrease (for all catchments and both scenarios). Whereas the
relative change in fall precipitation is always predicted to decrease for the A2 scenario, the
direction of the change is uncertain for B2.

3.2 Glacier surface decrease

The predicted decrease of glacier surfaces is considerable (Table 8), even for the +1°C scenario
(2020-2049), where ice-covered areas shrank to approximately half of their present coverage.
For that period, the Dischmabach catchment seems even to loose all ice-covered surfaces.

For the A2 and B2 scenarios (2070-2099), there are almost no ice-covered areas left. For the
highest catchment, the Drance catchment, the median future predictions correspond to 2 % of
glacier cover for the B2 scenario and to around 1 % for the A2 scenario. This result is due to the
important annual temperature increase and especially to the strong increase during the summer.
The resulting enhanced melting of snow and ice is not compensated by additional precipitation
during the accumulation season. For the Drance catchment, the predicted median increase of
mean temperature of +4.2 °C corresponds to an upward shift of around 850 m of the 0 °C
isotherm. This shift cannot be directly translated into a reduction of the glacier surface as there is
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no linear relationship between the glacier surface and the 0°C isotherm. Consider nevertheless
that the mean altitude of the glacierized area for the control period is around 3150 m a.s.l. and
the highest point of the glacier is 4305 m a.s.l., only about 1150 m higher. For a further
discussion of the glacier surface simulation refer to Schaefli (2005).

Table 8: Predicted glaciation rate (%) for the +1°C scenario (2020-2049) and the
B2 and A2 scenarios (2070-2099): the minimum, median and maximum values of
the 7 respectively 12 PRUDENCE RCM experiments available for B2

respectively A2
Catchment Control +.1°C scenario BZ scenario AZ scenario

Min Med Max |Min Med Max | Min Med Max
Dranse de Bagnes 39.0 |12.1 18.1 22809 18 6.6 |00 1.0 1.7
Saaser Vispa 332 11.3 157 19006 37 70|00 14 34
Lonza 32.8 93 169 20910 25 51|00 16 23
Rhone at Gletsch 50.0 11.6 21.3 26900 02 6700 0.0 0.0
Weisse Liitschine 16.4 70 9.1 11.1]105 22 6200 09 26
Tamina 1.4 02 04 06|00 00 0100 00 00
Vorderrhein 2.8 00 01 0200 00 00]00 00 0.0
Dischmabach 2.6 00 00 00{00 00 00100 0.0 00
Rosegbach 27.2 52 11.1 156|100 13 23|00 03 13

3.3 Hydrological regime modifications

All simulations under the future regional climate scenarios for 2070-2099 show the same
significant changes of the hydrological regimes and the same trends of these changes: Summer
discharge is significantly reduced, winter discharge increases, the snowmelt induced peak is
shifted to earlier periods in the year and decreases for most case studies (Figure 6). Due to the
important reduction of the glacierized areas, pure glacial discharge regimes tend to disappear.

The results are however highly variable for the different RCM experiments. A gradation of
changes is observed between the B2 and the A2 scenario: The changes predicted for B2 tend to
be enhanced for A2. The median shift of the maximum monthly or semi-monthly discharge is for
example around half a month for B2 and an entire month for A2. The changes are very similar
for catchments having the same present regime, independently of their geographical situation.
Figure 6 illustrates the simulated regime modifications for the Rhone catchment (a-glacial
regime), the Weisse Liitschine (a-glacio-nival regime), the Verzasca (nivo-pluvial meridional
regime) and the Minster catchment (nival of transition regime). The same figures are given in
colors for all catchments in appendixes.

For the +1°C scenario (2020-2049), changes show the same trend, but are smaller. Summer
discharge is still significantly reduced for most catchments but winter discharge increase is not
more significant (Figure 7). The resulting shift of the snowmelt induced peak is around half a
month earlier in the year. The same figures are given in colors for all catchments in appendix.
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Figure 6: Changes of the hydrological regimes obtained by the 19 PRUDENCE
RCM experiments for the period 2070-2099; left panel: B2 scenario (7
experiments); right panel: A2 scenario (12 experiments); regime simulated for the
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Figure 7: Changes of the hydrological regimes obtained by the 19 PRUDENCE
RCM experiments for the +1°C scenario (2020-2049); regime simulated for the
control period (1961-1990) in bold dashed line.

For both A2 and B2 scenarios, the Rhone catchment and the Weisse Liitschine catchment tend to
have a future regime essentially driven by spring snowmelt. The variability of the results
obtained for the different climate models is however high and the corresponding regimes can be
quite different (Figure 6). The snowmelt-induced peak occurs for example between late May and
July. The attenuation of this maximum monthly discharge is also highly variable from one
scenario to the other (Figure 6). The changes obtained for the Verzasca catchment are slightly
less variable. The shift of snowmelt is about half a month for all experiments. The rainfall
response peak in fall does not shift, but varies in amount. This catchment is thus still expected to
exhibit the same nivo-pluvial meridional regime as for the present. For the Minster catchment,
the peak observed for the control run in May-June is shifted to April-May under B2 and to even
earlier periods for A2. The seasonality of discharges is still significant but much less pronounced
than for the control period; for A2, it tends to disappear. For both emission scenarios, the
predicted changes vary significantly between the RCM experiments. For the two extreme climate
experiments (RCMs driven by ECHAM4/OPYC3), the Minster regime even becomes
exclusively driven by rainfall.

We tried to classify the new discharge regimes on the basis of the official Swiss classification
(Aschwanden and Weingartner, 1985), but the future regimes differ to some extent from the
presently occurring regimes. As the meteorological conditions of the present hydro-climatic
regions will change, the characteristics of the typical regimes are not preserved. For many
catchments, the main difference compared to the present regime types is the appearance of a
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small secondary peak in fall that does not exist in present intra-Alpine regimes, but only in
South-Alpine regimes.

Median changes in the key Pardé coefficients used for hydrological regime identification are also
given in Table 9. If there is no significant change on maximum Pardé coefficients, the significant
increase of minimum Pardé coefficients leads to much lower amplitudes between months. The
smallest median amplitude changes occur for the Verzasca for the +1°C scenario (-10%) and for
the Weisse Liitschine for B2 and A2 scenarios (-20 % reduction under B2 and -44 % under A2).
The largest median amplitude decrease is obtained for the Dranse de Bagnes for the +1°C
scenario (48 % reduction ) and for the Rosegbach for B2 and A2 (-69 % reduction under B2
down to -84 % for A2)

Table 9: key Pardé coefficients (maximal and minimal Pardé coefficients,
amplitude) for the control period, for the +1°C (2020-2049) and for B2 and A2
scenarios (2070-2099) (Mean values).

Control +1°C B2 A2
Catchment . . . .

Min Max Ampl | Min Max Ampl | Min Max Ampl | Min Max Ampl
Dranse de Bagnes [0.04 3.49 91 |0.07 349 48 |0.10 3.74 37 |0.29 3.21 11
Saaser Vispa 0.06 286 46 |0.10 266 26 |0.15 2.69 17 [0.29 241 8
Lonza 0.07 293 40 |0.11 281 25 |0.17 278 16 [0.32 2.65 8
Rhone at Gletsch  [0.05 2.97 58 [0.09 3.00 35 |0.13 292 22 |0.27 268 10
Weisse Liitschine |0.32 2.33 7 1035 218 6 |044 247 6 |0.51 2.06 4
Minster 034 200 6 |046 1770 4 ]0.64 1.45 2 1058 146 2
Tamina 027 230 9 |034 218 6 (043 207 5 [0.61 2.03 3
Vorderrhein 0.17 255 15 |0.25 2.63 11 |0.32 2.61 8 1047 247 5
Dischmabach 0.09 278 32 |0.12 287 24 |0.16 2.76 17 (035 232 7
Rosegbach 0.04 3.06 75 |0.07 284 39 |0.12 292 23 023 251 11
Verzasca 0.16 2.14 14 |0.19 230 12 024 209 9 (029 222 8

3.4  Contribution of seasonal runoff to annual discharge

Seasonal discharge distribution is of high importance for hydropower production strategies.
Table 10 gives this distribution for the control period and for the three considered scenarios. The
same tendencies as previously depicted can be seen in this table.

As a consequence of an earlier snowmelt, winter and spring relative contributions to annual
discharge generally increase (Table 10). This increase is enhanced by the increase of winter
precipitation. The largest winter contribution increase, given in terms of ratio between the
median future winter contribution and the present one, occurs for the Rhone under the B2
scenario (2.5) and for the Dranse de Bagnes under the A2 scenario (4.8) and under the +1°C
scenario (1.7). The smallest winter contribution increase occurs for the Weisse Liitschine under
the A2, B2 and +1°C scenarios (the ratio between future and control contribution is respectively
1.9, 1.3 and 1.0). For the three scenarios and most case studies, the increase of the spring
contribution to annual discharge is usually smaller than the increase in winter contribution. The
largest increase in spring contribution is always obtained for the Dranse de Bagnes catchment
(4.2 for A2, 2.8 for B2 and 1.7 for scenario +1°C). In summer, smaller snow and ice-melt
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amounts leads to reduced discharges usually enhanced by fewer summer precipitation. The
largest decrease in summer contribution to annual discharges occurs for the Verzasca for the A2,
B2 and +1°C scenarios, (the ratio between future and control contribution is respectively 0.5, 0.6
and 0.8). Fall is also usually characterized by a decrease of its contribution for most catchments,
but in a slighter way.

Table 10: Seasonal discharge distribution (in % of mean annual discharge) for the
control period, the +1°C scenario (2020-2049) and the B2 and A2 scenarios
(2070-2099). Each value is the 50th percentile of the reslts obtained from the
different runs.

Catchment Control +1°C scenario B2 scenario A2 scenario

DJF MAM JJA SON |DJF MAM JJA SON |DJF MAM JJA SON [DJF MAM JJA SON
Dranse de Bagnes 2 6 72 21 3 10 70 16 4 16 65 13 9 24 54 14
Saaser Vispa 4 9 64 23 |5 11 60 23 | 7 16 56 22| 9 23 46 22
Lonza 3 10 66 21 5 13 62 20 7 17 58 18 | 10 22 51 18
Rhone at Gletsch 2 8 65 25 4 11 64 21 6 16 61 18 8 22 52 18
Weisse Liitschine 9 17 53 21 9 21 51 19 | 11 27 46 15 16 31 40 15
Minster 11 35 36 18 | 14 36 32 17 | 20 34 22 18 | 25 32 26 17
Tamina 7 27 47 19 9 31 41 19 | 11 37 32 19 | 16 383 29 19
Vorderrhein 6 22 52 20 7 29 46 18 9 36 38 18 | 13 40 32 18
Dischmabach 4 16 60 20 5 22 54 20 6 29 46 20 | 10 33 40 20
Rosegbach 2 8 68 22| 4 11 63 23| 6 16 56 23| 7 21 49 24
Verzasca 5 31 38 27 6 35 32 28 7 40 22 30 9 40 20 30

3.5 Annual discharge

The simulated annual discharges show a significant decrease compared to the control period, for
all catchments and for all climate experiments (Table 11). The median decrease ranges between -
15 % (Drance de Bagnes) and -5 % (Saaser Vispa, Minster and Tamina) under the +1°C scenario
(2020-2049), between — 26 % (Drance de Bagnes) and — 12 % (Vorderrhein) under the B2
scenario (2070-2099), and between — 30 % (Drance de Bagnes) and — 14 % (Vorderrhein) under
scenario A2 (2070-2099).
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Table 11: Predicted change of the annual runoff for the +1°C, the B2 and the A2
scenarios: the minimum, median and maximum values of the 7 respectively 12
PRUDENCE RCM experiments available for B2 respectively A2

+1°C scenario B2 scenario A2 scenario
Catchment . . .

Min Med Max | Min Med Max | Min Med Max
Dranse de Bagnes 22 -15 -11| 36 26 -19| 49 -30 -24
Saaser Vispa -10 -5 2| 21 -13 -S| 34 -17 -9
Lonza -13 -8 41 -19 -14 -7 -32  -16 -8
Rhone at Gletsch -19  -12 9| -28 20 -15] -40 -23 -16
Weisse Liitschine -16 -9 -6| -33 23 -12| 47 25 20
Minster -13 -5 30 26 -14 6| 42 -16 -11
Tamina -12 -5 20 24 -16 51 -39 -16  -10
Vorderrhein -12 -6 300220 -12 6| -35 -14 -8
Dischmabach -12 -7 3 24 -17 4| -39 -16 -10
Rosegbach -16  -10 4| -28 -18 6| -41 -22 -13
Verzasca -12 -6 2| 27 -16 30 40 -19  -10
Min 22 -15  -11| 36 -26 -19| -49 -30 -24
Med -13 -7 31 26 -16 -6 40 -17 -10
Max -10 -5 20 -19  -12 30 32 -14 -8

The considerable decrease of the mean annual discharges has several reasons: The most evident
is the mean annual precipitation decrease. For the currently glacierized catchments, the important
decrease of the glacier surface (Table 8) also contributes to the discharge reduction. The long-
term reduction of discharge as a result of glacier surface decrease is discussed by several authors
(see, e.g., Braun et al,, 2000; Chen and Ohmura, 1990). Note however that this discharge
reduction is not exclusively due to a reduction of the ice melt contribution (for the studied
catchments, the present ice melt contribution resulting from the currently observed negative
glacier mass balances is small compared to the total precipitation). An essential part of the
discharge reduction is due to evapotranspiration: For ice-covered catchment parts, the loss of
annual precipitation through evaporation is negligible (and not simulated in the hydrological
model), occurring sublimation processes at the glacier surface only influence the long-term
glacier mass balance. As a result, the simulated reduction of the glacier surfaces induces an
important increase of evapotranspiration through the increase of the catchment area subject to
evapotranspiration.

Additionally, the substantial temperature increase throughout the seasons enforces the total
evapotranspiration on ice-free areas and accordingly, all catchments show a strong increase of
total evapotranspiration (Table 12). The increase is less important for the dry summers than for
the winters. For both seasons potential evapotranspiration is higher but summer precipitation is
expected to decrease conversely to winter precipitation. Actual evapotranspiration does not
necessary increase in summer conversely to winter.
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Table 12: Simulated actual evapotranspiration for control and future period
(median value) for the B2 and A2 scenarios; the values are specific values for
either the entire catchment or only the ice-free part

Catchment Relative to the ice-free part (mm) Relative to the entire catchment (mm)

Control +1°C  B2sc. A2sc. | Control +1°C  B2sc. A2sc.
Dranse de Bagnes 296 333 377 416 181 271 359 412
Saaser Vispa 243 272 305 328 163 230 290 321
Lonza 269 300 338 371 181 250 328 363
Rhone at Gletsch 294 337 373 414 147 266 365 414
Weisse Liitschine 391 452 502 533 327 410 478 528
Minster 507 555 610 646 507 555 610 646
Tamina 274 305 341 376 270 304 340 376
Vorderrhein 274 295 333 363 266 295 333 363
Dischmabach 255 277 313 341 249 277 313 341
Rosegbach 229 250 276 298 167 223 270 296
Verzasca 380 420 462 494 380 420 462 494
Median increase - 31 69 102 - 56 103 139

The maximum predicted discharge decrease for the A2 scenario is significantly higher than for
the B2 scenario (for all catchments) but the ranges of predicted decreases are overlapping and the
median and minimum decreases are quite similar. This means that the variability of the results
due to the different RCM experiments is as large as the difference of the results obtained for
different emission scenarios.

Note that for the +1°C scenario (2020-2049), the mean interannual discharge decrease estimated
from our simulations may be overestimated as a result of the highly simplified simulation of the
glacier retreat. The way the glacier surface is updated for a future climate scenario, is based on
the assumption that the glacier has reached a stationary state for the considered future climate
situation. This will probably not be exactly the case due to the non-negligible reaction time of the
considered glaciers (from several years to a few decades depending on the glacier configuration).
The real glacier state for a given future climate scenario will thus correspond to a time period
preceding the future time period under consideration. The amount of glacier available for ice
melt during this future period will thus be larger than the one simulated with our model. The
simplification on the glacier evolution simulation will not have the same impact for the A2 and
B2 scenarios. The glacier retreat for these scenarios is expected to be as large that the
contribution of glacier melt to the future hydrological regime will be negligible. Even a 50%
error on the future glacier surface can be expected to have only little influence on the estimated
glacier contribution.

4 Discussion

The large range of climate change impacts predicted by the 19 RCM experiments is worth of
further analysis. First, we would like to highlight how this variability acts on the discharge
regime prediction. The regime modifications of catchments with high elevations are highly
conditioned by the changes of the seasonal temperatures. The simulated maximum monthly
discharge is for example highly correlated to the change in mean spring temperature (Figure 9).

28/39



The main reason is that the higher the mean spring temperature is, the higher the volume of snow
melt during this period is and as a consequence, the lower the volume of the remaining snowpack
at the beginning of the summer period is. Accordingly, the high variability of the regional
temperature prediction has a strong influence on the range of predicted future regimes (Figure 8).
For catchments at lower altitudes the influence of precipitation modification is more pronounced
and the variability of the predicted climate change impact is mainly due to the large range of
predicted regional precipitation changes (Figure 8). This general mechanism of discharge regime
modification induced by climate change has already been highlighted by Braun et al. (2000) for
comparable discharge regimes and for a doubling CO, climate change scenario.
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..................
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Figure 8: Sensitivity of the hydrological regimes to temperature and precipitation
variability of the PRUDENCE RCM experiments (for the Rhone and the Verzasca
catchment, scenario A2, period 2070-2099); left panel: regime variability induced
by the precipitation variability under median predicted seasonal temperature
increase, right panel: regime variability induced by temperature variability under
median predicted precipitation change.

The main question we would finally like to answer is whether this variability is induced by the
driving AOGCMs or whether the different RCM contribute substantially to this variability. A
plot of the regional temperature and precipitation changes predicted by the RCMs as a function
of the global-mean warming predicted by the driving AOGCMs highlights the two different
sources of prediction variability: i) Considering a given RCM (for example the RCAO in Figure
4), the driving AOGCM induces a so large variability that the predicted regional warming for the
scenario A2 and B2 can be overlapping. ii) Considering a given AOGCM, the inter-RCM
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variability represents an important additional source of prediction uncertainty (see an example
for winter and summer changes for the Rhone catchment in Figure 4). While for each AOGCM
the predicted global-mean warming is clearly distinct for the B2 and A2 scenarios, the ranges of
regional changes predicted by the different RCMs for each of them are overlapping. As
illustrated in Figure 4, these two levels of prediction variability are also observed for the regional
precipitation changes.

In terms of impact on the hydrological regime, this substantial contribution of the inter-RCM
variability to the total prediction variability can also be pointed out. We use the relationship
between a characteristic regime modification and a characteristic regional climate change as an
indicator.

The regime modification considered here is the maximum monthly discharge. As mentioned
before, for the high mountainous catchments, it is highly correlated to the change in mean spring
temperature (Figure 9). For a rainfall driven regime (the Verzasca catchment in Figure 9), the
relationship between the maximum monthly discharge and the increase of spring temperature is
still significant but much weaker. The changes of spring precipitation become conversely a more
relevant explanatory variable (Figure 9). The plots of these relationships highlight clearly the
two levels of prediction variability that have been identified for the regional climate change
prediction and that propagate to the impact prediction. The results suggest that the driving
AOGCM may induce more impact prediction variability than the inter-RCM variability for a
given AOGCM. For the RCAO model, the maximum monthly discharge predicted for the
Verzasca catchment for A2 with HadCM3/HadAM3H as a driving model is around twice as high
as with ECHAM4/OPYC3 as a driving model. Nevertheless, the results show that the inter-RCM
variability is far from being negligible as for example illustrated in Figure 9 by the spread of the
predicted maximum monthly discharges for HadCM3/HadAM3H under scenario A2. Note that a
quantitative evaluation of the uncertainty induced by each of the two climate modeling levels
would require more RCM experiments.
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Figure 9: Maximum mean monthly discharge (Qmax) as a function of regional
changes of either mean spring temperature or mean spring precipitation; top left:
Rhone at Gletsch, top right: Weisse Liitchine, bottom, left: Verzasca, bottom,
right: Verzasca (the bigger symbols identify the RCAO experiments, the cross
indicates the value for the control period, R is the coefficient of determination of

the linear regression)
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5 Conclusion

The presented study focuses on the impacts of climate change on mountainous discharge
regimes. Impacts were analysed for the 2070-2099 future period under the two SRES A2 and B2
emission scenarios and for a +1°C global warming scenario corresponding in first approximation
to the 2020-2049 future period. The studied catchments are representative of the different hydro-
climatic regions of the Swiss Alps and accordingly some general conclusions can be drawn for
the studied Alpine area. The analysis is based on a classical simulation approach using the
outputs of 19 climate model experiments to drive a hydrological model and a land cover
evolution model. The underlying modeling framework has been developed for a fully
probabilistic analysis of climate change impacts on Alpine catchments (see Schaefli, 2005).,The
present study highlights the climate change prediction uncertainty induced by the use of different
climate models. For this purpose, a suite of 19 climate experiments done within the PRUDENCE
EU project was used. They were obtained under emission scenario A2 and B2 from 9 different
regional climate models respectively driven by one of the three coupled atmosphere-ocean
general circulation models applied within PRUDENCE. 19 additional scenarios were obtained
from a classical pattern scaling approach for the +1°C global warming scenario.

Considering the various hydrological regimes and the predictions given by the different climate
models, there is a general trend in the simulated climate change impact for the three considered
scenarios: The predicted climate change results in a significant decrease of the total annual
discharge and in a shift of the monthly maximum discharge to earlier periods of the year due to
the temperature increase and the resulting impact on the snow melting processes. As illustrated
in Figure 10, two main impacts on hydroelectricity production in the Swiss Alps are next
expected. They are:

0 Reduction of the mean annual hydroelectricity potential (for hydropower production
systems such as those existing today) due to a significant decrease of mean annual
discharges. Note that for the +1°C scenario (2020-2049), the mean interannual discharge
decrease estimated from our simulations may be overestimated as a result of the highly
simplified simulation of the glacier retreat.

0 Reduction of the amplitude between summer and winter discharges. Larger amounts
of water are expected in winter and spring, slightly lower discharges are expected in
summer. These changes are not really significant for the +1°C scenario (2020-2049) but
may take place later. This more regular contribution of discharges over the year is
expected to make the management of water storage easier. Note that this change in
seasonality is expected to have another consequence. The future hydrological regimes are
actually expected to be less driven by snow-melt and glacier melt processes but more by
the regimes of precipitation. As a result, the interannual variability of mean annual
discharges is expected to increase. These future variations of the year-to-year
hydroelectricity potential are worth of further investigations.
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Figure 10: Changes of the cumulative discharge obtained by the 19 PRUDENCE
RCM experiments for the Rhone catchment at Gletsch; left panel: +1°C scenario
(2020-2049) (19 experiments); central panel: B2 scenario (2070-2099) (7
experiments); right panel: A2 scenario (2070-2099) (12 experiments); regime
simulated for the control period (1961-1990) in bold dashed line.

Note that all scenarios and all models predict changes of same trend; only amplitude and timing
of these changes differ. As a clear gradation exists between the three considered scenarios, one
can consider the corresponding potential impacts in a chronological manner: assuming that
climate models are reasonable representations of the real climate system, impacts simulated for
the +1°C global warming scenario are very likely to occur in a nearby period, impacts simulated
for the B2 (2070-2099) scenario are expected to be observed later but eventually before the
2070-2099 period if the real time evolution of emissions is close to that defined for the A2
emission scenario (2070-2099). If impacts simulated for these scenarios are likely to occur, the
uncertainty on emission scenario may be transferred to the uncertainty on the occurrence time of
these changes.

For each climate change scenario analyzed in this work, the modifications of annual discharges
and hydrological regimes simulated for the different RCM runs are significantly variable. For a
given RCM experiment, the hydrological regimes associated with each of the two A2 and B2
emission scenarios are clearly distinct but considering all RCM experiments, the resulting ranges
of hydrological regimes for both emission scenarios are overlapping and accordingly an
unambiguous prediction of the climate change impacts associated with a given green house gas
emission scenario is not possible. The large prediction variability induced by the 19 RCM
experiments considered here is partly induced by the underlying driving AOGCMs. This source
of climate change impact uncertainty as already been highlighted by Zierl and Bugmann (2005)
for Alpine catchments. The results presented in this study show however clearly that the
differences between different RCM experiments with the same driving AOGCM can result in
comparably high impact differences as the use of different AOGCMs to drive a given RCM. This
result suggests that the inter-RCM variability should always be considered in climate change
impact studies.

The presented results are conditioned on the different models, data and assumptions used in this
study. The reliability of climate change data is first conditioned by the different hypotheses and
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simplifications used for climate models elaboration (AOGCM’s and RCM’s). The possibility
that AOGCM’s and RCM’s share the same errors in their response to emission scenarios cannot
be excluded. The possibility of a climatic surprise is not accounted for either. The perturbation
methodology applied in this paper for the generation of local-scale temperature and precipitation
time series has the advantage of simplicity but has also some drawbacks that are important to
point out. Climate changes in weather frequency or persistence are not accounted for (see
Mearns et al. 1996 for an illustration of possible related impacts). This is especially critical when
extreme events are analysed (floods, droughts). Even on a seasonal time step, the risk of extreme
events in a future climate is not negligible (Palmer and Réisédnen, 2002; Schaer et al., 2004).
Possible long-term droughts such as the year 2003 drought experienced over whole Europe or
possible n-days extreme rainfall events can however not be simulated with a simple scaling
approach whatever the number of generated scenarios is. The improvement of downscaling
methodologies is thus essential to give more reliable estimates of climate change impacts.

The present study does not consider the modeling uncertainties associated with the hydrological
model. Schaefli (2005) showed that the uncertainty induced by the parameter uncertainty and the
total modeling error for a given model structure is far less important than the uncertainty due to
the climate predictions. However, as for the climate models, it is not possible to design a unique
best hydrological model for a given catchment. The one that has been retained for this study
represents just one possible model structure. The analysis of several equivalent hydrological
models would complete the current results. The multi-model approach presented by Schaefli
(2005) suggests that different hydrological models could increase considerably the uncertainty of
the future discharge predictions. An important additional source of uncertainty is namely the
estimation of the potential evapotranspiration and the simulation of the corresponding actual
evapotranspiration through the hydrological model. Further research in this area is crucial for a
detailed analysis of the climate change impact uncertainty inherent in the system response
modeling.
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Appendices

Appendices contain detailed results for every catchment of the impacts predicted by the 27 EU
PRUDENCE climate experiments. The Appendices list is given hereafter.

App. 1. Dranse de Bagnes
App. 2. Saaser Vispa
App.3. Lonza

App. 4. Rhone at Gletsch
App. 5. Weisse Liitschine
App. 6. Minster

App.7. Tamina

App. 8. Vorderrhein
App.9. Dischmabach
App. 10. Rosegbach

App. 11. Verzasca
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