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Abstract. Over the recent years, several research efforts in-1  Introduction
vestigated the impact of climate change on water resources
for different regions of the world. The projection of future The study of climate change impact on water resources has
river flows is affected by different sources of uncertainty in improved our understanding of the interactions between cli-
the hydro-climatic modelling chain. One of the aims of the mate and hydrological processes. Water availability will be
QBic? project (Qebec-Bavarian International Collaboration affected at various levels by the anticipated changes in tem-
on Climate Change) is to assess the contribution to uncerPerature, precipitation, atmospheric and oceanic circulations
tainty of hydrological models by using an ensemble of hy-and other climate variables depending on the scenarios and
drological models presenting a diversity of structural com-the investigated regions. The climate change impact on evap-
plexity (i.e., lumped, semi distributed and distributed mod- otranspiration, rainfall, runoff and water aV&I'ablllty has been
els). The study investigates two humid, mid-latitude catch-shown to be affected by the uncertainty associated to cli-
ments with natural flow conditions; one located in Southernmate scenarios (Xu, 1999). The advent of regional climate
Québec (Canada) and one in Southern Bavaria (Germany)Nnodels (RCMs) as a physically based and dynamical way
Daily flow is simulated with four different hydrological mod- of downscaling global climate model (GCM) outputs makes
els, forced by outputs from regional climate models driventhe combined GCM-RCM uncertainty more challenging to
by global climate models over a reference (1971-2000) andPe assessed @gLe et al., 2007). The uncertainty is not only
a future (2041-2070) period. The results show that, for ourdue to imperfections in the models and geophysical datasets
hydro|ogica| model ensemble, the choice of model Strong|yreqml’ed to describe the land surface components, but also
affects the climate change response of selected hydrologicdlecause anthropogenic greenhouse gas emissions as well as
indicators, especially those related to low flows. Indicatorssome climate change effects and feedbacks cannot be pre-
related to high flows seem less sensitive on the choice of thélicted in a deterministic way (Foley, 2010). Nevertheless, hy-
hydrological model. drologists have to work with these uncertain projections, tak-
ing into account the underlying assumptions on climate sce-
narios in their investigation on how and why runoff and hy-
drological responses are changingd®&thl and Montanari,
2010).
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Teutschbein and Seibert (2010) review applications ofmodel results occur when comparing the simulated hydro-
RCM output for hydrological climate change impact stud- logical impact of climate change.
ies. Graham et al. (2007) and Horton et al. (2006) both used Ludwig et al. (2009) investigated the response of three
a large set of RCM projections based on different GCMshydrological models to change in climate forcing: the dis-
and greenhouse gas emissions scenarios provided by thtdbuted model PROMET, the semi-distributed model Hydro-
PRUDENCE project (Christensen and Christensen, 2007) tael and the lumped model HSAMI over one alpine catchment
quantify the uncertainties in hydrological model output whenin Bavaria in southern Germany. Climate data was generated
forced by climate model projections. In the analysis of theby one RCM run. The hydrological model performance was
impacts on future simulated runoff, Graham et al. (2007)evaluated looking at the following flow indicators; flood fre-
found that the most important source of uncertainty comesjuency, annual low flow and maximum seasonal flow. Re-
from GCM forcing, which has a larger impact on projected sults showed significant differences in the response of the
hydrological change than the selected emission scenario dnydrological models (e.g., estimation of the evapotranspira-
RCM used for downscaling. Horton et al. (2006) stress thetion or flood intensity) to changes in the climate forcing. The
fact that using different RCMs forced with the same global authors mentioned that the level of complexity of the hydro-
dataset induces a similar variability in projected runoff as us-logical models play a considerable role when evaluating cli-
ing different GCMs, and also that the range of hydrological mate change impact, hence they recommend the use of hy-
regimes associated with two considered emission scenariodrological model ensembles.
are overlapping. Gosling et al. (2011) presented a comparative analysis of
Regarding the uncertainty related to the emission scenarigprojected impacts of climate change on river runoff from two
the study of Hawkins and Sutton (2009) for decadal air sur-types of distributed hydrological models (a global hydrolog-
face temperature reveals that, in regional climate predictionsical model and different catchment-scale hydrological mod-
this kind of uncertainty makes a small contribution to the to- els) applied on six catchments featuring important contrasts
tal uncertainty for the next few decades. in spatial variability as well as in climatic conditions. The
The studies found in literature vary regarding the construc-authors conclude that differences in changes of mean annual
tion of an ensemble of hydrological models. Prudhommerunoff between the two types of hydrological models can be
and Davies (2008) used two different versions of the samesubstantial when forced by a given GCM.
lumped model. Wilby and Harris (2006) used two hydrolog- Poulin et al. (2011) investigated the effects of hydrologi-
ical model structures (CATCHMOD, a water balance modelcal model structure uncertainty using two models: the semi-
and a statistical model). Kay et al. (2009) investigated the undistributed model Hydrotel and the lumped model HSAMI
certainty in the impact of climate change on flood frequencyover one catchment located in the province oféQec,
using two hydrological models: the Probability Distributed Canada. The delta change approach was used to build two
Model (PDM) and the grid-based runoff and routing model climate scenarios. Model structure uncertainty was analysed
G2G. Crosbie et al. (2011) quantified the uncertainty in pro-for streamflow, groundwater content and snow water equiva-
jections of future ground water recharge contributed by mul-lent. The authors suggested that the use of hydrological mod-
tiple GCM simulations, downscaling methods and hydrolog- els with different levels of complexity should be considered
ical models. The hydrological models were two versions ofas contributors to the total uncertainty related to hydrological
WAVES (a physically-based model), HELP (a bucket model) impact assessment studies.
and SIMHYD (a lumped conceptual model). Dibike and Our abilities to predict the future hydrological effects to
Coulibaly (2005) used two conceptual runoff models (HBV the changes in climate are necessarily limited, even if we
and CEQUEAU) to project future runoff regimes based onhad perfect hydrological models (Beven, 2001). Jones et
one GCM scenario and two different statistical downscalingal. (2006) suggest that conceptual and physical based models
technigues. Most of these studies conclude on the fact thabave a different role in impact assessment, where the for-
the uncertainty related to different hydrological models or mer can be used to rapidly assess the impact of different
their parameterisation is significantly less important than un-climate scenarios, while the latter can assess the joint im-
certainty from multiple GCMs. pacts of land-use and climate change. Nowadays, the most
Few studies have focused solely on the effect of the choicaised approach is to calibrate a hydrological model on cur-
of hydrological model on hydrological changes or the modelrent day data and then use the calibrated model to predict
structural uncertainty (i.e., the uncertainty related to the in-the response under changed conditions (e.g., Ludwig et al.,
ternal computation of hydrological processes). For instance2009; Poulin et al, 2011). However, for example, Mauser and
Jiang et al. (2007) used six monthly water-balance modeldBach (2009) have pointed out that any calibration of a model
(models based on the water balance equation at the monthlgn present conditions may become invalid for the evaluation
time step) for one Chinese catchment. Results show that abbf climate change impacts. On the other handjsBhl and
models have similar capabilities to reproduce historical wateMontanari (2010) argue that we cannot hope to reduce un-
balance components. However, larger differences betweenertainty by including more detail into the models (as in the
case of physical, process-based models).
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As mentioned before, most studies on climate change imin April). High flows mostly occur in spring (driven by
pact have found that the largest source of uncertainty comesnowmelt) and fall (driven by rain).
from GCM forcing (e.g., Kay et al., 2009). However, hydro-  The LoisachRiver is an important tributary of the Upper
logical modelling is an important part of the evaluation of Isar River. The catchment upstreamSuhlehdorfgauge (el-
the impact of change because it allows us to understand howvation 600 m) is located in the Bavarian Limestone Alps
the hydrological process would react to climate change. Thewith a smaller portion in the northwest in a region com-
aim of the present study is to assess the contribution of hyposed of marshland. The dominant soils are limestone in the
drological models to uncertainty in the climate change sig-mountains and loam with some gravel in the plain sections.
nal for water resources management. To achieve this, fouConiferous forests with small areas of marshland, pasture
hydrological models with different structure and complexity and rocky outcrops dominate the land use. The highest point
are fed with regional climate model outputs for a referencewithin the catchment is the Zugspitze (2962 m). The runoff
(1971-2000) and a future (2041-2070) period. The impactegime of thd_oisachis controlled by snowmelt in late spring
on the hydrological regime is estimated through hydrologi- and rain events in summer. Mean annual runoff is 32}
cal indicators selected by water managers. In our analysisyith a minimum in January (12#s-1) and a maximum in
the uncertainty from the hydrological model is compared toJune (34 ris™1).
uncertainty originating from the internal variability of the cli- ~ The meteorological observation datasets used for calibra-
mate system. This internal variability induces an uncertaintytion and validation of hydrological models and to correct cli-
that is inherent to the climate system and that is the low-mate simulations are gridded datasets already available for
est level of uncertainty achievable in climate change studiedoth regions. For Southern Bavaria this has been generated
(Braun et al., 2012). It is, therefore, used as a threshold to defrom sub-daily data of 277 climate stations on a 1km grid
fine the significance of the hydrological modelling induced with the PROMET model (Mauser and Bach, 2009), while
uncertainty. However, the evaluation of the uncertainty as-the project parther CEHQ provided its reference dataset of
sociated with the calibration method or model parameters iglaily precipitation and minimum and maximum air tempera-
out of the scope of this study and is covered in many articlegures with a resolution of 0°Ifor Southern Q&bec.
(e.g., Poulin et al., 2011; Teutschbein et al., 2011; Kay et al.,
2009). 2.2 The hydro-climatic model chain

Figure 2 illustrates the chain of models used to generate the
flow simulations. This chain consists of an ensemble of cli-

2 Data and methods mate simulations feeding an ensemble of hydrological mod-
els of various structural complexities. The upper half of the
2.1 Description of the investigated catchments diagram in Fig. 2 depicts the two climate data ensembles

used in the study while the lower part represents the hydro-

The present study looks at two contrasted catchmentsitthe logical ensemble and the associated scaling and bias correc-
Saumoncatchment (738kA) located in Southern Gbec  tion tools required to adjust the climate model data to the
(Canada) and théoisach catchment (640kR) located in  hydrological models. These tools connect the top and bottom
Southern Bavaria (Germany). Both are head catchments gbarts. The combination of climate and hydrological models
larger river basins: thélaut-Saint-Francois(Québec) and generates the hydro-climatic ensemble that is analysed to
the Upper Isar (Southern Bavaria). The catchments’ loca-quantify the contribution to uncertainty induced by the hy-
tions and topography are presented in Fig. 1. Since they ardrological models with respect to the climate natural vari-
not regulated by dam operations nor significantly influencedability estimated from the climate models.
by anthropogenic activities, flow regimes from both catch-
ments can be considered as natural. Downstream of the ir2.2.1 The climate simulation ensemble
vestigated sub-basins, the tributary rivers join managed river
systems where complex water transfers and reservoirs affedfive members of the Canadian Global Climate Model
the river flow. These anthropogenic influences to the flows(CGCM3) under the SRES A2 emission scenario are dynam-
are not considered in the present study, but they are, howeveigally downscaled by the Canadian Regional Climate Model
covered in other activities within the QBiproject (Ludwig ~ CRCM version 4.2.3 (de B and ®té, 2010) to generate
etal., 2012). the required climate data for the province ofé&ec, while

Theau Saumorcatchment presents a moderately steep to-three members of the German global model ECHAMS5 un-
pography in a northern temperate region dominated by deder the SRES A1B emission scenario are downscaled by the
ciduous forest. Slopes range from 0.171 upstream to 0.034KNM!I’s regional model RACMO2 (van Meijgaard, 2008) to
at the outlet; the highest point (1100 m) in the catchment issupply the climate data over Bavaria. These two climate-
Mont Mégantic. The annual overall mean flow at the outlet issimulation ensembles allow the exploration of the natural
18nPs~! (ranging from 10s~! in August to 54ms 1  variability (the unforced variability) in the climate system.
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Fig. 1. Location ofau SaumorandSchlehdorfcatchments.
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on the difference between the ensemble-mean of the 30-yr
3x ECHAMS mean monthly minimum and maximum air temperature for
me“ibe“ the reference period and the 30-yr monthly means of daily-

observed minimum and maximum air temperature. The cor-
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l l l The resulting seasonal climate change signals from the cli-

mate simulations ensemble (after bias correction and down-
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scaling) are presented in Fig. 3 for both catchments. The

Scaling
1 mean annual projected change in air temperature faf ehe
Hydrological HSAMI, HYDROTEL, HSAMI, HYDROTEL, Saint-Francoisarea between the reference and future period

Model Ensemble WASIM, PROMET WASIM, PROMET

) ) )

is about 3.0C. However, the winter months (December to
r——— PTy—— PTP—— February, DJF) show a stronger warming and a stronger inter-
Ensemble gauge Saumon gauge Schlehdorf member variability. The average change in precipitation is
1 ) ] positive for all seasons but summer (JJA). In the Upper Isar
100 CC results for 36 CC results for region annual warming is estimated to be 22 Precipita-
gauge Saumon gauge Schiehdorf tion are projected to be roughly the same as in the past in
autumn (SON) and winter, but to increase in spring (MAM)
and decrease in summer (JJA). Similarly, precipitation is
corrected with the local intensity scaling method (LOCI,
) o ] ) ~ Schmidli et al., 2006), which adjusts 30-yr average monthly
This natural variability can be estimated by repeating a C“'wet-day frequency and intensity, with a wet-day precipitation
mate change experiment using a given GCM several timegeshold of 1 mm (e.g., Chen et al., 2011). Since the LOCI

th_—:‘n only the initial conditions are changed by small pertur- athod was developed for daily data, the resulting daily pre-
bations (Murphy et al., 2009; Braun et al., 2012). Although ¢initation is redistributed to the sub-daily timescale propor-
the natural variability is just a fraction of the total climate tionally to the original RCM precipitation for each day in
simulations uncertainty, it is irreducible even if perfect mod- . qer to accommodate for a finer temporal resolution of the
els would be available. Therefore, natural variability is used,o4e| data (Muerth et al., 2012). The SCALMET (Marke
in this study to compare the significance of the uncertainty,ong) model output statistics (MOS) algorithm then scales
induced by the hydrological models compared to the irre-5| meteorological variables (including also the following
ducible baseline uncertainty. _ uncorrected variables: humidity, wind speed, radiation and
Driving hydrological models of different structural com-  ¢joud cover) from the RCM grid scale to the hydrological
plexity over small, heterogeneous catchments with an enqqels’ grid scale using topography as the main predictor
semble of climate scenarios requires further (statistical) adtq, small-scale patterns. SCALMET conserves energy and
just'ment to thg forcing variables in order to suit the hydro— mass within each RCM grid cell once downscaled on the hy-
logical modelling scale (e.g., 4 1kn?). A post-processing drological model fine scale grid (Further details on the post-

is applied to correct biases in RCM temperature and prépgcessing of climate simulations can be found in Muerth et
cipitation before downscaling the fields to the hydrological 5 2012).

model scale. Monthly correction factors are computed based

Permutation of
results

Fig. 2. The hydro-climatic model chain.
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40 40

a lumped characterisation of soils at the subcatchment scale
and considers the soil column properties as being vertically
homogenous.

The computation of snow accumulation and melting is also
treated differently in each model; the snow pack evolution
in PROMET respects the energy balance in the snow pack,
while the other models use simpler temperature-index ap-
proaches.

In all four hydrological models, calibration has been made
on the 1990-1999 period. In order to evaluate the predictive
capacity of each hydrological model, a simple split sample
test has been applied using the 1975-1989 period for valida-
tion. Automatic calibration is applied for HSAMI and HY-
DROTEL by using the Shuffled Complex Evolution optimi-
sation method (Duan, 2003) with the sum of squared errors
between observed and simulated runoff as objective func-
An ensemble of four hydrological models displaying a rangetion. WASIM is manually calibrated by adjustment of land
of structural complexity has been constructed. The mod-use specific minimal resistance parameters for evapotranspi-
els range from lumped and conceptual to fully distributed ration and four recession parameters for runoff. PROMET is
and physically based. Both spatial and temporal resolutiongalibrated by changing the soil parameters.
differ within the hydrological model ensemble. The model The Nash-Sutcliffe (1970) efficiency coefficient (NS) is
HSAMI (HSA,; Bisson and Roberge, 1983; Fortin, 2000) is computed in order to evaluate the performance of the hy-
a conceptual and lumped model that uses a set of parandrological models (Table 2). For the validation period in the
eters to describe the entire catchment. The conceptual angu Saumortatchment, the daily NS has values of about 0.6
process-based semi-distributed model HYDROTEL (HYD; for all models, with the exception of PRO, which achieves
Fortin et al., 2001; Turcotte et al., 2003) defines a drainagea value of 0.2. In theschlehdorfcatchment, the daily N.S
structure based on unitary catchment units and derives behas values of 0.75 for HSA and HYD, but for PRO it is only
havioural information for each RHHU (relatively homoge- 0.12. Despite the low performance of PRO for daily NS, it
nous hydrological units). The conceptual and process-baselas a comparable performance in the evaluation of hydrolog-
fully-distributed model WASIM-ETH (WAS; Schulla and ical indicators on the reference period (see Sect. 3.1). Cali-
Jasper, 2007) and the process-based and fully distributelration and validation processes are more widely described
model PROMET (PRO; Mauser and Satlich, 1998) are in Ludwig et al. (2012).
distributed on a grid with a mesh of 1 km. The temporal reso-
lution for all hydrological models is daily with the exception 2.3 Hydrological indicators
of PROMET that requires hourly forcing. PROMET simu- . . , ,
lation results are, thus, aggregated to daily means after th& "€ analysis of the impact of climate change on hydrology is
simulation is completed. Table 1 presents the characteristicEva!uated on the following four hydrological indicators:
of each of the hydrological models.

Meteorological inputs were processed to fit each model’'s
potential evapotranspiration formulation requirements. For
theau Saumoratchment, HSAMI and HYDROTEL use the
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Fig. 3. Climate change signals ovelaut-Saint-Francoigleft) and
Upper Isar (right) regions.

2.2.2 The hydrological model ensemble

1. The overall mean flow (OMF), defined as the mean daily
runoff over the entire period of the investigated time se-
ries.

2.

empirical formulation developed by Hydro-&pec (Fortin,
2000). For Bavaria, HSAMI uses the Hydro-€hec for-
mulation while the Thornthwaite formulation (Thornth-
waite, 1948) is used in HYDROTEL. Both formulations
use daily minimum and maximum temperatures. WASIM
and PROMET use the Penman-Monteith equation which re-
quires additional meteorological inputs for relative humidity,
wind speed and net radiation. The soil hydrodynamic for-
mulation is also different within the ensemble. In HSAMI,
vertical flows in the soil column are represented by two
conceptual and linear reservoirs that represent the unsatu-
rated and saturated zones, while HYDROTEL, WASIM and
PROMET compute soil water fluxes and storage with param-
eters adjusted to different soil layers. HYDROTEL provides

www.hydrol-earth-syst-sci.net/17/565/2013/

The 2-yr return period 7-day low flow (7LF2), calcu-
lated from a 7-day moving average applied on daily
runoff data. The lowest value over a year is kept as the
yearly low flow. A statistical distribution is fitted to the
series of yearly low flows to compute the low flow that
occurs statistically every 2 yr (DVWK, 1983).

3. The 2-yr return period high flow (HF2) is the flow that is

statistically exceeded every two years or, in other terms,
that has a 50 % chance of being exceeded in any given
year. It is evaluated from the time series of each year’s
maximum daily runoff (DVWK, 1979).

Hydrol. Earth Syst. Sci., 17, 56578 2013
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Table 1. Characteristics of the hydrological model ensemble.

HSAMI HYDROTEL WASIM-ETH PROMET
(HSA) (HYD) (WAS) (PRO)
Spatial reference Lumped Semi-distributed Fully distributed Fully distributed
Model type Conceptual Process based, Process based, Process based
Conceptual Conceptual

PTS 24h 24h 24h 1h

Meteorological Input T (minand max),P, T (minand max)P? T (mean),P, RH, T (mean),P, RH,

wind, Rad wind, Rad

PET calculation Empirical formula Hydro-@bec or Penman-Monteith Penman-Monteith
developed par Thornthwaite (Monteith, 1975)

Hydro-Quebec (Thornthwaite,
(Fortin, 2000) 1948)

Soil hydrodynamic formulation 2 reservoirs, 3 layers, Multilayer, 4 layers,
(unsaturated and Brooks and Corey Richards’ equation, Eagleson (1978)
saturated zones) (1966) (Richard, 1931) Brooks and Corey

Van Genuchten (1966)
(1976)

Snow model Temperature-index Temperature-index Temperature-index  Energy balance of a

approach approach in approach one-layer snow pack

combination with
energy-balance
approach

Note: P (precipitation), PET (potential evapotranspiration), PTS (processing time step), Rad (radiation), RH (relative humiditgeamuerature).

Table 2.Daily Nash-Sutcliffe efficiency coefficient (NS) forthe cal- 2.4 Permutations and statistical test
ibration (1990-1999) and validation (1975-1989) periods.

At the very end of the modelling chain (Fig. 2), the present

HSA HYD WAS PRO : : H : :
SVl =2l V. ) =Vl and future cllmatgloglcal value?3 of the'hydrolog|cr:1al |nd|ceI1- f
uSeumo 074 067 060 064 o048 060 o3 oo lorsare permuted across members to increase the sample o

Schiehdorf 0.83 075  0.80 076 087 082 034 o012 OUr climate change signals dataset (e.g., Bourdillon et al.,
2011). This operation is based on the assumption that each
member is considered as an independent realisation of cli-

To calculate 7LF2 and HF2, it is assumed that the timeMate, both in the reference and the future periods. With per-

series follow the log Pearson IIl probability density mutation, the future of a given member is not only com-
function, following the German Association of Water Pared with the present of the same member, but also with the
(DVWK, 1979, 1983). present of all other members. For instance, five GCM mem-
bers used in a single branch of the modelling chain (i.e., used
4. The Julian day of spring-flood half volume (JDSF) iden- to drive only one RCM and one hydrological model) produce
tifies the date over the hydrological year at which half five present and five future hydrological outputs. With per-
of the total volume of water has been discharged at themutation, 25 future versus present differences are obtained
gauging station (Bourdillon et al., 2011). This indicator for the hydrological indicators, as shown in Fig. 4. There-
targets the spring flood peak, from February to June infore, using the permutations, 25 values of relative differences
Québec and from March to July in Bavaria. are obtained with five reference and five future hydrologi-
Both catchments show an important annual cycle in the hy_cal indicators at thau Saumorcatchment. FoSchlehdorf
: . L . . nine values are obtained with the three-member ECHAM5
drolog!cal regime. Two d'Stht_pe”OdS representln_g SUMMETe hsemble. The median of the change values gives the climate
anq winter are, therefore, defined for the anal_y3|s. For thechange signal while the variability gives an estimation of the
Quéebec catchment, the_summer covers the period from Jynﬁncertainty associated to that signal.
to November and the winter covers December to May while

in Bavaria th mmer trom March to A t and th The Wilcoxon rank sum test (Wilcoxon, 1945) is used to
 bavaria In€ summer goes 1ro arch to Augusta ecompare the climate change signals obtained with two differ-
winter from September to February.

ent hydrological models. It performs a two-sided rank sum
test of the null hypothesis that two series of data are in-
dependent samples from identical continuous distributions

Hydrol. Earth Syst. Sci., 17, 565578 2013 www.hydrol-earth-syst-sci.net/17/565/2013/
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Fig. 5. Performance of the hydrological models over the reference
period. The left panels show the relative error as computed with
Fig. 4. Schematic representation of the permutation process. Eqg. (1), while the right panels show the absolute error #sm or
days.

with equal medians, against the alternative that they do not

have equal medians (Wilks, 2006). For instance, for a giverB.1 Performance of the hydrological models

hydrological indicator (e.g., OMF), we have four climate

change signal samples, which have been obtained with thé order to evaluate the hydrological models when forced by
four different hydrological models. The Wilcoxon rank-sum observed station data, the simulated hydrological indicators
test tells us, if two samples, obtained from two distinct mod- are compared to the hydrological indicators computed from
els (e.g., HSAMI and HYDROTEL), are independent or not the gauging station data for both catchments. Figure 5 (left)
(see Sect. 3.3). It should be noted that the climate change sighows relative error€; between indicators computed from
nals from the same model are considered as independent, &émulations and from observed flows as computed following
they come from independent climate simulations. Eq. (1):

B — I(sim)i — Iobs 1)
3 Results and discussion "7 Iobs

The aim of the present study is to assess the contribution oWhere,opg is the value of the indicator as computed from
hydrological models to uncertainty in the climate change sig-observed flows]sim); is the indicator calculated from the
nal for water resources management. First, the performancsimulated flows with the hydrological modelforced by
of the hydrological models is evaluated over the reference pestations data over the validation period. The right panels in
riod by validating the simulated indicators when the model Fig. 5 show the absolute error (i1 or days for JDSF).
is forced with station data against the observed flow at the Errors related to the OMF over the whole period are rela-
gauging station. The differences from observations are usetlvely small for both catchments (less than 10 %). The hydro-
to assess the performance of the hydrological model ensenegical models underestimate the OMF for the Saumon
ble (Sect. 3.1). Second, the impact of forcing the hydrolog-catchment while they overestimate it f&chlehdorf.This
ical models with the climate model projections is assessedighlights the fact that biases are site specific and cannot be
through the hydro-climatic simulations using the ensemble ofgeneralised. However, in both catchments the OMF is well
calibrated hydrological models forced by the ensemble of cli-captured by the various hydrological models. Larger rela-
mate simulations (Sect. 3.2). Finally, the relative differencetive errors affect the low flows with a wider dispersion be-
in the hydrological indicators between the reference (1971-tween models than for the OMF. These errors show that low
2000) and future (2041-2070) periods is calculated to evalflows are challenging for surface hydrological models. One
uate the climate change signals. A statistical test is used foof the major problems with low flow simulations is related
all given indicators in order to compare the series of relativeto surface-groundwater interactions which are poorly repre-
change of hydrological indicators obtained with the different sented by the hydrological models. During low flow periods,
hydrological models. water exchange occurs through the riverbed and the river may
be fed by groundwater or may leak to feed the aquifer (Push-
palatha et al., 2011). However, the absolute error in low flow
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is small. For instance, fau SaumonHYD, PRO and WAS

au Saumon

Schlehdorf
60 ———— T

60—

have a mean error of 23 % in 7LF2-SUMMER, which repre- —oss ‘ '
sents only 0.3 s 1. HSA presents a large relative error for e "

this indicator (about 260 %) which reaches 33snt. Over ul —=—PRo ]
Schlehdorfthe more complex and physically based model “
PRO that could be thought to better handle low flows show _*|
similar performance as the others models in 7LF2-WINTER. &=

For high flows, WAS and PRO have small relative er-
rors forau Saumorbut these small relative errors can rep-
resent a large amount of water as it can be seen in the right 2
panel of Fig. 5. Fo6chlehdorfthe best performance in HF2- /
SUMMER is obtained with WAS while PRO has the largest 10—
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deviation.
Figure 6 shows the observed and simulated (Wlth the hy- Qe e gL iyttt fe Lt
drological models forced by meteorological station data) Month Month

mean hydrographsAu Saumonpresents two high-flow g opserved and simulated (forced by stations data) hydro-

events. The first one in spring (driven by snowmelt) is well 4raphs forau SaumorandSchlehdorfover the reference period.
simulated by HYD and PRO, but underestimated by HSA

and WAS. A second but smaller high-flow event occurs in

summer (driven by rain) which is not captured by HSA. The

au Saumorsummer low flows are overestimated by HSA days, while the overall range goes frorB to —19 days.
and WAS.Schlehdorfis characterised by one summer peak- The increase in temperature projected by the climate mod-
flow which results from both snowmelt and precipitation. els (Fig. 2) simulates an earlier melt in the future simulated
The peak is overestimated by PRO and is simulated earliesnow cover. The change in the low flow indicators depicts
by most hydrological modelsSchlehdorfwinter low flows  a larger variability between the hydrological models. For

are overestimated by HYD. the 7LF2-SUMMER, the median change values vary from
_ _ —59% to —40%. The reduction in the precipitation and the
3.2 Climate change impact on water resources increase of the potential evapotranspiration (PET not shown)

. . ) explain this overall decrease in 7LF2-SUMMER. For 7LF2-
Figures 7 and 8 show the impact of climate change on hydronTER, HSA has a significantly larger median change

logical indicators foau Sat_JmorandSchIehdo_rfcatchments,_ value (+70%), while the other three models show values
respectively. The change is expressed as differences of simuys about+40%. The change in the summer high flow in-

lated hydrological indicatorsy7;;) from the referencelgef) dicator (HF2-SUMMER) ranges from3 % to 18 %. PRO is
to the future period ). more sensitive to the range in climate forcing and shows the
largest spread in the indicator from10% to+80%. The
median change values of HF2-WINTER are arour8%
with a range from-18 % to+23. The overall trend shows an
increase in high flows.
wherei and; represent the member of the climate simulation  Schlehdorf(Fig. 8) shows a general, but smaller diminu-
from which the hydrological indicator was taken. For eachtion of the OMF, the median change value varies between
hydrological model, the boxplots present the change values-1% and—6 %. The spring flood discharge happens sooner
obtained by the permutations (25 values for each boxplot atn the simulations with the median difference ranging be-
au Saumorand 9 values abchlehdorfas seen in Fig. 4). In  tween—4 and—6 days. The median of summer low flow
both figures, the change of each hydrological indicator (fol-(7LF2-SUMMER) ranges between5 % and—8 %. In win-
lowing Eq. 2) is shown. The two extreme indicators 7LF2 andter the relative uncertainty about the potential changes is
HF2 are calculated for the two seasons (summer and winterimuch larger, so the relative change of 7LF2-WINTER varies
The change in JDSF is only expressed as the absolute diffefrom —20 % to+20 %. The signal for this indicator seems to
ence between the present and future values in days. be very model specific. The models HSA and HYD present
In Fig. 7, the hydro-climatic ensemble suggests a generah negative change signal (median-e15 % and—5 %, re-
increase in the overall mean flow fau SaumonThe change  spectively) while the more complex models WAS and PRO
of the OMF median values varies between 3% and 11 % forpresent a positive change signal4d % and-+12 %, respec-
the different hydrological models. The extremes of the ex-tively). The summer 2-yr return period high flow (HF2-
pected changes range betwee6 % and 22 %. The whole SUMMER) has median values ranging betweeh% and
hydro-climatic ensemble predicts an earlier spring flood. The—8% and the overall relative uncertainty ranges between
median change value of the JDSF varies freihl to —13 —18% and+25 %. In HF2-WINTER, HSA has a negative

fut ref
L= — Ij

Aljj = Ijljef

()
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Fig. 7. Changes of hydrological indicators from reference to future
period atau Saumor(Haut St-Frangois Quebec) of overall mean
flow (OMF), the Julian day of spring-flood half volume (JDSF), the
2-yr return period 7-day low flow (7LF2) in summer and winter, and
the 2-yr return period high flow (HF2) in summer and winter. For 3.3 Hydrological models contribution to uncertainty
each hydrological indicator, the relative change (as calculated with
Eq. 2) is presented. On each box, the central mgrk is the media_n, they the present section, we explore the uncertainty induced
edges of the box are the 25th and 75th percentiles, and the whlskerﬁom an ensemble of hydrological models in the impact as-
extend to the most extreme value. sessment of climate change on water resources. Complex
models are usually more demanding to configure over a given
relative difference (median 6f5 %), while the other mod- catchment and they also demand more computing power.
els show a median value of abo#8 %. The total change Hence, it is of interest to know if they provide more infor-
in HF2-WINTER ranges between8 % and+30% where a mation in a climate change analysis compared to what is
general increase in high flows is expected for all hydrologi- obtained from simpler models. If all models within the en-
cal models but HSA. Table 3 shows the mean and standardemble provide different signals for some indicators, then an
deviation (std) from the relative change series presented irrnsemble could be considered required to fully assess the im-
Figs. 7 and 8. pact of climate change on water resources.

Fig. 8. Same as Fig. 7 but f@chlehdorf
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Table 3.Mean and standard deviation (std) from the change series presented in Figs. 7 and 8.

au Saumon Schlehdorf
HSA HYD WAS PRO HSA HYD WAS PRO
OMF mean (%) 6.7 4.1 11.7 11.8 -64 -49 -17 -38
std 5.2 5.6 5.7 4.8 2.4 2.2 2.0 2.6
JDSF mean (days) —13.9 -13.3 -10.7 -12.6 -33 47 -—-47 -43
std 2.6 2.4 3.8 4.0 3.2 2.7 3.0 1.8
7LF2 SUMMER mean (%) -6.6 —-39.1 -31.2 -236 -54 -81 -46 -57
std 7.5 5.4 8.7 4.8 6.4 2.9 4.3 4.0
7LF2 WINTER mean (%) 75.7 38.3 40.1 473 -125 -53 2.8 13.8
std 17.8 9.9 14.0 20.4 7.4 2.1 1.9 4.0
HF2 SUMMER mean (%) 13.5 1.3 5.6 21.1 0.4-5.1 35 -52
std 12.8 9.3 10.5 24.5 14.3 7.6 12.4 8.5
HF2 WINTER mean (%) 4.3 7.9 3.7 3.6 0.4-5.1 35 -52
std 7.7 8.1 8.4 11.2 7.2 8.2 10.2 14.0

The rank-sum Wilcoxon test is used in order to compare The low flow shows greater differences between models.
pairs of climate change signal ensemble obtained from twoThe season when low flows are most severe is different; it
distinct hydrological models. For each hydrological indica- happens in summer fau Saumonand in winter forSchle-
tor, we evaluated if two samples (one sample from each hyhdorf. In au Saumonthe null hypothesis is rejected for all
drological model) have been drawn from the same distribu-models pairs for the 7LF2-SUMMER, but it is the concep-
tion (the null hypothesis) with a significance level of 5%. If tual model HSA which presents the largest difference with all
the null hypothesis is not rejected, it could be an indicationother models (see Fig. 7). Bchlehdorf the null hypothesis
that the climate change signals from two hydrological mod-for 7LF2-WINTER is rejected for all model pairs except for
els provide similar information. Note that this does not verify the pair HSA-HYD. However, a very different behaviour is
the null hypothesis, but only says that it cannot be rejectedshown between lumped and distributed models for low flows.
from the available information. This test was applied to the The lumped and semi-distributed models predict a negative
relative differences (except for IDSF where it was applied tochange, while the fully distributed models predict a positive
absolute differences in days), as specified in Figs. 7 and 8. change (Fig. 8). Th&chlehdorfcatchment is very steep and

The Wilcoxon test results are shown in Table 4 &ar  this could affect the baseflow simulation, which is better rep-
Saumorand Schlehdorfwhere the series of climate change resented in the semi-distributed and fully distributed models.
impact on hydrological indicators are compared for all theIn the less severe low flow periods (winter fam Saumon
pairs of models. The OMF a&u Saumonthe null hypothe-  and summer fo6chlehdorj, groundwater recharge is larger,
sis is not rejected when comparing the pairs HSA-HYD, andso this leads to a more stable baseflow and smaller differ-
WAS-PRO. For OMFSchlehdorfthe only pairs of model ences in the simulated low-flow guantities between hydro-
that lead to rejection are WAS-HSA and WAS-HYD. The logical models. These differences may also be influenced by
large difference in the Wilcoxon test results over the twothe PET formulation.
catchments might originate from the formulation of potential ~ The highest flows are seen in winter for Saumorand in
evapotranspiration (PET); PRO and WAS use the complexsummer forSchlehdorf The null hypothesis is not rejected
Penman-Monteith while HYD and HSA use temperature- when comparing all pairs of hydrological models for the HF2
based empirical approaches. However, the model pairs HSAin these periods. However, a large uncertainty is present in
PRO and HYD-PRO do not reject the null hypothesis for this indicator, but it is more related to the natural variability
SchlehdorfBormann (2011) reported that different PET for- simulated by climate models than to choice of the hydrologi-
mulations following different approaches show significantly cal model (Figs. 7 and 8). Nevertheless, the choice of the hy-
different sensitivities to climate change. drological model affects the HF2-SUMMER &u Saumon

The change in the JDSF is similarly predicted with all It is important to note that results for the rank-sum
hydrological models oveBchlehdorfOver theau Saumon  Wilcoxon test differ for the two sites and also differ from
only WAS behaves differently to the less complex HSA and one indicator to another. Analysis fau Saumornndicates
HYD. So in this case the signal is more robust because thishat the hydrological models generate a significantly differ-
indicator depends mostly on temperature. ent signal for most indicators (except HF2-WINTER). The
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Table 4. Results of Wilcoxon test comparing pairs of hydrological models foagpaumonand (b)SchlehdorfThe p-value is shown and
the shaded area indicates a rejection of the null hypothesis at significance level of 5 %.

(a) au Saumon HSA-HYD HSA-PRO HSA-WAS HYD-PRO HYD-WAS PRO-WAS

OMF 0.140 0.001 0.003 <0.001 <0.001 0.816
JDSF 0.421 0.362 0.003 0.641 0.008 0.064
7LF2 SUMMER <0.001 <0.001 <0.001 <0.001 0.001 0.001
7LF2 WINTER <0.001 <0.001 <0.001 0.107 0.641 0.237
HF2 SUMMER 0.001 0.449 0.020 0.002 0.222 0.024
HF2 WINTER 0.130 0.923 0.954 0.200 0.107 0.938
(b) Schlehdorf HSA-HYD HSA-PRO HSA-WAS HYD-PRO HYD-WAS PRO-WAS
OMF 0.297 0.063 0.001 0.436 0.006 0.094
JDSF 0.241 0.372 0.248 0.422 0.879 0.423
7LF2 SUMMER 0.258 0.730 0.931 0.258 0.077 0.730
7LF2 WINTER 0.077 <0.001 <0.001 <0.001 <0.001 <0.001
HF2 SUMMER 0.340 0.436 0.863 0.863 0.094 0.113
HF2 WINTER 0.0503 0.063 0.0503 0.666 0.730 >0.999

use of a hydrological model ensemble would, thus, be recof climate change impacts on river runoff in €aec and
ommended in order to fully assess the uncertainty on hy-Bavaria. The complexity of these models ranges from con-
drological indicators due to climate change. Bahlehdorf  ceptual and lumped to process-based and fully distributed.
only OMF and 7LF2 seem to be sensitive to the selection The principal objective of the paper is to assess the con-
of hydrological model. To analyse the high-flow indicator or tribution of hydrological models’ uncertainty in the climate
springflood timing indicator, the recommendation to use achange signal for water resources management. The results
simple conceptual model can be made with a certain levebf our study suggest that the added value depends on the hy-
of confidence. Another important aspect is that the analysisirological indicator considered and on the region of interest.
of the uncertainty from the hydrological models cannot be Regarding hydrological indicators, @chl and Monta-
transferred from site to site and seems to have to be repeatathri (2010) suggest that that we can have reasonable con-
for every catchment. A regional analysis would be requiredfidence in predicting hydrological changes that are mainly
to see if the conclusions present a regional behaviour. driven by air temperature (e.g., snowmelt and low flows
through evapotranspiration) as opposed to rainfall-driven
events like floods. Similarly, Bo et al. (2009) have more
confidence to projected changes of low and mean flows. Our

The present study looked at the uncertainty in projecting fu_restultls Sltjr?giszth?t notl onl;zjtklle lforcmgkchmalte_vatrr:ables,
ture changes in runoff characteristics induced by the choicé’u a'so the nydrological model plays a key role in the un-
of hydrological models for two distinct natural flow catch- certainty of projected climate change signal of hydrological

ments. A hydro-climatic ensemble is constructed with a Com_lndlcators. . .

bination of an ensemble of climate scenarios and an ensem- In the case of high flows, mgst of the hydrological mod-
ble of hydrological models. The major strength of the hydro- e!s Igad to comparable results; therefore, both lumped and
climatic ensemble approach is that the ability of the hydro-d'smbme‘j m0(_je|s can be used. . .
logical models to reproduce hydrological characteristics ca The evaluation of the overall mean flow is more sensi-

be compared and the uncertainty of future changes in runo;}'ve on the type of model in the @bec catchment than

behaviour can be assessed. Although the selected models ih Bavaria. Therefore, an ensemble of hydrological models

our study cover a wide range of complexity, a limitation of should be employed in order to evaluate the range of cli-

this approach is that the selection of hydrological models wilmate change impacts due to the differences in the process

never cover the full space of plausible models and conceptugescrlptlon in different hydrological models. However, the

alisations. By not including some plausible models that aredlfferences n catchment properties (e.g., son't)'/pe and to-
substantially different from the selected models, can result i’_ﬁography) can also influence the uncertainty arising from the
underestimated model uncertainty. A complete evaluation o yd{o:joglczéltm%?el S(;“I\J/ICtu:e (e.g.,zléi\)(/) ettf: L d2009)aAs SUQ;
this component of the uncertainty in hydrological projections gested by Ebschl and Vontanarl ( ) the dependence o
represents a research challenge (Refsgaard et al., 2012). local conditions is a distinguishing feature of hydrology that

In this study, four hydrological models have been chosenS@n make the effect of climate change less predictable and

X L o . re diversified.
from those used in scientific or administrative asses:smenEnO e diversified

4 Discussion and conclusions
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