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Abstract This study presents an analysis of climate-change impacts on the water resources
of two basins located in northern France, by integrating four sources of uncertainty: climate
modelling, hydrological modelling, downscaling methods, and emission scenarios. The
analysis focused on the evolution of the water budget, the river discharges and piezometric
heads. Seven hydrological models were used, from lumped rainfall-discharge to distributed
hydrogeological models, and led to quite different estimates of the water-balance compo-
nents. One of the hydrological models, CLSM, was found to be unable to simulate the
increased water stress and was, thus, considered as an outlier even though it gave fair results
for the present day compared to observations. Although there were large differences in the
results between the models, there was a marked tendency towards a decrease of the water
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resource in the rivers and aquifers (on average in 2050 about —14 % and —2.5 m, respec-
tively), associated with global warming and a reduction in annual precipitation (on average
in 2050 +2.1 K and —3 %, respectively). The uncertainty associated to climate models was
shown to clearly dominate, while the three others were about the same order of magnitude
and 34 times lower. In terms of impact, the results found in this work are rather different
from those obtained in a previous study, even though two of the hydrological models and
one of the climate models were used in both studies. This emphasizes the need for a survey
of the climatic-change impact on the water resource.

1 Introduction

Global warming is unequivocal (IPCC 2007; Meehl et al. 2007), and is expected to lead to an
increase in the use of water for cooling, energy production and irrigation, and to increased
evapotranspiration (D611 2002; Parry et al. 2007). This increased water use may be achieved by
increased pumping from groundwater, rivers or dams, depending on the availability of the
resource, which is also directly affected by climate change. In Europe, increased precipitation is
likely to occur in winter in the northern areas, while southern Europe is expected to suffer a
decrease in precipitation (Arnell et al. 2001; Christensen et al. 2007). Northern France is located
on the border of these two zones and is therefore subject to considerable uncertainty, partly
connected with the fact that the precipitation regime is linked to both the large-scale circulation
and the regional pattern of soil moisture, with a signal that varies depending on the season
(Vautard and Yiou 2009; Boé 2013). These variables have a large spread in the climate
projections for Europe (Boé et al. 2009b), as confirmed by the analysis of the ENSEMBLE
projections, which used several global and regional climate models over Europe and showed
that the uncertainty was associated with both scales (Déqué et al. 2012).

Although it has a mid-latitude oceanic climate, northern France can suffer from water-
resource issues, mainly because of the anthropogenic water demand. The high population
density (above 200 inhabitants/km?®) particularly in the Paris area, together with intensive
agriculture (for instance in the Beauce region) and a dense industrial fabric lead to high water
demand for drinking, irrigation and cooling. Such pressures affect water resources in terms of
quality (Meybeck et al. 1998; Verjus 2008), and in terms of quantity since excessively low
groundwater levels have led to restrictions on use in some areas for several years. In such
conditions, the evolution of the climate is causing concern about the availability of water
resources, especially in the context of regional development, which is tending to increase the
population density.

To gain better insight into the impact of climate change on the water resources of the
Seine and Somme basins of northern France the RExHySS project included several sources
of uncertainty: it used two emissions scenarios, seven climate models, three downscaling
methods and seven hydrological models ranging from simple rainfall-discharge models to
more complex hydrogeological models. Few previous studies have addressed the uncertainty
connected with the combination of emissions scenarios, climate models, downscaling
methods and hydrological modelling (Wilby and Harris 2006; Kay et al. 2009; Gorgen
et al. 2010; Chen et al. 2011, 2012); most studies have used either several downscaling
methods but only a single hydrological model (Dibike and Coulibaly 2005; Khan et al. 2006;
Prudhomme and Davies; 2009; Boé et al. 2009a; Quintana-Segui et al. 2010), or just one
downscaling method with several hydrological models (Ducharne et al. 2007; Bae et al.
2011; Teng et al. 2012).

The first part of this article presents the observed climate data, and the hydrological models,
downscaling methods and climate change projections used. Then, the projected climate change
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in the two basins is presented, together with its impacts on hydrology in terms of water budget,
river flows and aquifer levels. The uncertainties associated to the results are then discussed.

2 Materials and methods
2.1 Baseline climate data

The baseline climate data were taken from the SAFRAN analysis (Durand et al. 1993;
Quintana-Segui et al. 2008) which provided the solid and liquid precipitation, downward
solar and atmospheric radiation, 2-m air temperature and humidity and 10-m wind speed, all
at an hourly time step on an 8-km grid. Daily potential evapotranspiration (PET) was then
computed using the Penman Monteith formula (Monteith 1965). For the period 1971-2000,
the mean annual precipitation is above 900 mm/year in the eastern part of the basin and can
be lower than 650 mm/year in the western part (Fig. 1). Precipitation is lower than potential
evapotranspiration in 55 % of the domain. Mean annual 2-m temperature varies by only 3 K
throughout the domain, with warmer air in the urbanized areas and in the centre of the basin.

2.2 Hydrological models

To account for the uncertainty associated with the hydrological models, seven models
already set up on the basins under study were used in the RExHySS project (Table 1). As
the Seine and Somme basins are characterized by the presence of large aquifers that are
estimated to account for 40 and 80 %, respectively, of the discharge at the outlets (Rousset
et al. 2004; Négrel and Petelet-Giraud 2005), three of these models explicitly simulate multi-

Abbeville |

Precipitations
(mmlyear)

Ratio P/ ETP
618 - 650 B 060075 ioh-14s Temperature (K)
B &51-700 I o076 -065 136-145 I <2
701890 0 086 -0.95 I 1.46- 1,55 [ 262-283
kOv=3t0 0.96-105 [ 1.56- 165 3784
I 501 - 1000 1,06-1,15 [l 1.85-1.79 204280
I 1001 - 1344 116125 I z35-285

Fig. 1 Spatial distribution of the mean annual precipitation (/eff), ratio of the precipitation to potential
evapotranspiration (centre) and 2-m temperature (right) on the domain, as provided by the SAFRAN analysis
from 1971 to 2000
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Table 1 Main characteristics of the hydrological model and the statistical results obtained at the two main
river gauges of the two basins: SD semi-distributed, L lumped, D distributed

CLSM EROS |GARDENIA | GR4 |MARTHE |MODCOU | SIM

Spatial SD SD L L D D D

resolution

Water budget |Hourly |Daily |Daily Daily | Daily Daily 5 to 30

minutes

Energy budget | Yes No No No No No Yes

Aquifer 1D 1D 1D No |Pseudo- |Pseudo-3D |Pseudo-

transfer 3D 3D

Piezometric No Yes Yes No Yes Yes Yes

Head

References Ducharne| Thiéry| Thiéry 2003 | Perrin | Thiéry Ledoux et | Habets
et al.,| 2004 et al.,| 1990 al., 2007, |et al.,
2007, 2003 | Habets Korkmaz | 2008,
Gascoin et et al., | Habets
et al., al., 2010 | 2009 et al,
2009 2010

Somme | Eff |0.67* 0.85 0.67 |(0.84)* 0.87 0.79

Abbeville (0.76)

5600 km? | Bias | 3.00% -2.92 2.6 3.00* -0.78 11.45

(%)

Seine Eff |0.87 0.86 0.81 0.625 0.79

Poses Bl 444|153 10.99 20.61 7.18

65000

Kkm? (%)

References written in italic provide details on the implementation of the model in the basin: Eff is the daily
efficiency (Nash and Sutcliffe 1970) and bias ((1.—Qsim/Qobs)*100.). The time period for the comparison
with the observation in the Somme basin is from 25 dec 1985 to 27 Jul 2003 (6,400 days), the one in the Seine
basin is from 1 Aug 1981 to 31 Jul 2001(6,938 days). A* indicates that the period is from 1/8/1985 to 31/7/
2003. The 7-day efficiency is given in parentheses. A grey box indicates that the hydrological model was not
applied to the basin in question

layer aquifer transfer (MARTHE, MODCOU and SIM), three take aquifer storage into
account with a 1D vertical approach (CLSM, EROS and GARDENIA), and one does not
consider the aquifer explicitly (GR4). Two of the hydrological models are based on a soil-
vegetation-atmosphere transfer scheme (CLSM and SIM), and thus compute the diurnal
evolution of the water and energy budgets instead of using daily PET. Four of the models
were applied to both basins, while two models were set up for the Somme basin only, and
one for the Seine basin only.

As the hydrological models were already set up in the basins, their calibration period,
calibration method and initial conditions differed, preventing the model performance from
being attributed to the model structure or calibration practice. However, as the groundwater
initial conditions may impact the simulations over several years, a common method was
used for the three hydrogeological models: the initial piezometric heads were derived based
on a steady simulation that used the mean annual recharge estimated from the first 10 years
of the simulation. A brief analysis of the hydrological model results is presented in Table 1
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for the main river gauges of the two basins shown in Fig. 1. According to the observed
discharge availability, different periods were used for the two gauges. All models obtained
reasonable results, with a daily efficiency (Nash and Sutcliffe 1970) above 0.67 and even
above 0.8 in 68 % of the cases. However, the bias could be rather large, up to 22 % for
MODCOU on the Seine basin. The electronic supplementary material (ESM1) gives addi-
tional insight into the monthly cycle. For the groundwater, an inter-comparison study had
already been performed on the chalk aquifer of the Somme basin with MARTHE,
MODCOU and SIM (Habets et al. 2010). On the 45 wells in common, MARTHE was
shown to obtain best results, with a determination coefficient of 71 %, while MODCOU and
SIM obtained 68 and 67 % respectively, the average biases being 0.88, —0.8 and —0.19 m.

2.3 Climate models and emission scenarios

Six time-slice climate projections made during CMIP3 and analysed in AR4 (Meehl et al.
2007) were used. These six projections are based on the A1B emissions scenario (IPCC
2000) and were selected on the basis of an analysis of their climate change impact projected
over France and, more precisely, on the most marked change in terms of weather regime and
precipitation. In addition to these six global climate models (GCMs), projections from the
Arpege climate model (Gibelin and Déqué 2003) were used. This model was chosen because
of'its finer resolution over France (around 50 km) due to the use of a stretched grid. Two of
the Arpege projections used different emissions scenarios (A1B and A2) and were only
available for the end of the century, and the last one was available continuously from 1950 to
2100. Such continuous projection is important for hydrological impact studies because it can
be used to infer a methodology to initialize the long-term response of the aquifer piezometric
head for the time-slice projection.

2.4 Downscaling methods

It is necessary to downscale climate projections to try to reduce their bias and to make them
compatible with the finer spatial resolution of the hydrological models (Maraun et al. 2010).
In RExHySS, three downscaling methods previously used over France were applied. Two of
them, the conventional anomaly method (AN) and the quantile mapping (QM) are based on
statistical comparison with local analysis, while the weather typing (WT) method is based on
an analysis of large-scale circulation. They used the SAFRAN present-day climate data so
that the downscaled climate projections reached 8-km spatial resolution. The AN considers
that the mean local future climate is shifted but that there is no evolution of the frequency
distribution of the variables, which means, for instance, that there is no modification of the
precipitation spells (the number of wet days is the same in the future as at present). In our
case, the anomalies were computed at the monthly time scale, following the method of
Caballero et al. (2007), and considered as additive for the temperature and as multiplicative
for the precipitation. The QM was more complex since not simply the mean of the variable
but the whole probability density function was corrected, based on a seasonal approach. It
was therefore usually applied on regional climate models (Déqué 2007). In order to be able
to consider the relationship between the atmospheric variables, the QM was applied to a
matrix containing the set of variables and not independently on each time vector variable.
The WT (Boé et al. 2007 and 2009a) was based on the analysis of the large-scale processes
to provide a relationship between the large and regional scales. It considered that similar
large-scale patterns would lead to similar local-scale patterns. Thus, each day of a given
season in the future was taken to have a proxy in the same season of the present-day analysis,
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and this proxy was used to provide the spatial pattern and the diurnal cycle of the given day,
with special treatment for the temperature, which was assumed to be significantly warmer in
the future.

The three methods allow good consistency to be obtained in the parameter (e.g. a rainy
day has humid 2-m air). Only the anomaly method conserves the average impact projected
by the GCM. The averaged impact from the other two methods can differ from that of the
GCM due to their more sophisticated bias correction, which can modify both the spatial
pattern and the range of the impacts. Comparisons of these methods over France as a whole
(Boé et al. 2009a) and on the Mediterranean part of France (Quintana-Segui et al. 2010 and
2011) have shown that, although the two most sophisticated methods, QM and WT, gave
rather similar results compared to the simple AN one, they could lead to some important
local differences on both average and extreme values (more precisely, mean summer
temperature and driest summer precipitation).

WT was applied to all climate model runs, while QM and AN were applied only to the
finer spatial resolution ARPEGE-V4 model runs. Thus, only the ARPEGE-V4 model runs
with the A1B and A2 emissions scenarios were downscaled using the three methods (see
Table 2). A detailed assessment of the downscaled climate projection for the present day is
given in ESM1.

3 Results
3.1 Projected climate change

Evolutions of the mean precipitation, PET and 2-m air temperature as provided by the 12
downscaled climate projections (DCPs hereafter) for the periods 2047-2067 (2050 hereafter)
and 2082-2099 (2080 hereafter) as compared to the present day (1971-2000) on average
over the domain are presented in Table 2. There is general agreement that the temperature
will have increased by 1.7-2.7° in 2050, and 2.2—4.2° in 2080, and that the PET will have
increased by 11-22 % by the 2050s and by 15-32 % by around 2080. There is less
agreement on precipitation. On an annual basis, the evolution of precipitation varies by +
0.4 to =14 % in 2050 and by +4 to —24 % in 2080, with only two of the 12 projections
predicting an increase in precipitation. There is not much difference between downscaling
methods on an annual basis but seasonal differences are more marked (see ESM2).

3.2 Impact of climate change on the water budget

There were a total of 19 DCPs for the two periods and 11 hydrological modelling cases on
the two basins, which makes a total of 209 possibilities. However, because of the simulation
cost, not all the hydrological models used all the DCPs, and only 147 were effectively
available (70 %). The impacts of climate change estimated by these 147 simulations on total
runoff are presented in Fig. 2 and summarized in Table 3. The main result is a general
agreement on a decrease of the total runoff for all the hydrological models and all the
downscaled climate projections except the wettest ones (GM in 2080, and G1 in 2050). The
average decrease is about 20 % in 2050 and about 30 % in 2080 (Fig. 2). However, there is a
large spread, which is associated with both the DCPs and the hydrological models. The
standard deviation connected with the various DCPs for a given hydrological model ranges
from 2 to 19 %, and that connected with the various hydrological models for a given GCM
ranges from 2 to 27 % (Table 3). Most of the discrepancies on the hydrological models are
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Table 2 Downscaled climate projection used and their impacts on the precipitation (P), potential evapo-
transpiration (PET) and 2-m temperature (7) averaged over the Seine and Somme basins for the 2050s and the
2080s as projected by the downscaled present-day GCM climate

emissions downscaling 2050 2080

/Acronym (GCM scenarios [method
P [PETT [P [PET[T

A2 AN - 29.94.2
2A ARPEGE-V4 15.3

A2 QM - |31.53.8
2Q ARPEGE-V4 23.7

A2 WT - 30.53.6
2W ARPEGE-V4 22.2)

A1B AN - 22.63.3
1A ARPEGE-V4 11.8

Al1B QM - 25329
1Q ARPEGE-V4 18.0

AlB WT - [19.62.4 F  25.93.1
1w ARPEGE-V4-CONT| 14.0 15.9

A1B WT -4.321.92.7+  |32.23.8
GO GFDL_CM2_0 14.2
Gl GFDL_CM2_1 AlB WT -4.7\15.71.7 -9.5(26.23.0
EC ECHAMS/MPI-OM |A1B WT 0.4]13.1{2.2-6.826.03.5
MR MRI-CGCM2.3.2 |AlB WT -4.5|11.31.9 |-6.3|18.9]2.6
GM GISS-MODEL-ER |A1B WT -0.8|11.8[1.7 3.8 [15.8]2.2
CC CCCMA_GCGM3_l1|A1B WT -5.818.02.5 -3.2(23.9)3.2

A grey column means that the projection is not available for the period. The acronyms beginning with a
number refer to the emissions scenarios (1 for AIB, 2 for A2), while the letter stands for the downscaling
method. The other acronyms stand for projections using A1B emission scenario and WT

AN anomaly method, OM quantile mapping, WT weather typing

related to only one of them, CLSM. When CLSM is excluded, the standard deviation is
lower than 9 % (Table 3). CLSM is the only hydrological model to project a median decrease
of the total runoff larger than 30 % in 2050 and larger than 50 % in 2080. This is connected
with an increase of the median actual evapotranspiration larger than 10 % in the two basins
in the future. Indeed, the soil moisture in CLSM is sustained by an upward groundwater flux
that almost doubles in the future compared to present days although the groundwater-level
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Evolution of the total runoff in 2050 (%)

EROS SIM CLSM GR4 MARTHE MODCOU GARDENIA

(] 5 y
. LilpsH

Evolution of the total runoff in 2080 (%)

-90

400 EROS SIM CLSM GR4 MARTHE  MODCOU  GARDENIA

Fig. 2 Evolution of the runoft (%) for mid-century (fop) and end-of-century (bottom), for each hydrological model
(x-axis) for the Seine basin (circles) and the Somme basin (squares), for each downscaled climate projection. The
acronyms of the DCPs are given and, for each model, the boxes indicate the average impact =+ the standard deviation

decreases. This, associated to some weaknesses on the management of the soil-water
stress pointed out in an independent study, may lead to unrealistic results (see ESM3 for a
detailed analysis).
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Table 3 Anomaly on the total runoff in percent estimated for the two basins and the two periods in %

DCPs Somme 2050 Seine 2050 Somme 2080 Seine 2080

All Allbut1 All All but 1 All Allbut1 Al All but 1
2A —44+1 1Id —32+6 Id
2Q -31£7 1Id —37+14 =317
2W —65+£14 —60+5 —59+15 —=50£3
1A —40 Id —25+4 Id
1Q -32+5 1Id —33+£13 —27+6
IW —43422 3445 3245 id —43+27 3245 3446 —34+6
GO —21£8 Id —19+14 —13+6 —40+5 1d —49+19 —40+9
Gl 0+5 Id —9+14 -3+7 —-5+4 1d —24+17 —16+6
EC —15¢5 1Id —12+9 —8+2 —29+6 Id —34+15 —27+4
MR —26+3 Id —27+7 —24+4 -26+5 1d =31=£10 —27+7
GM -1£2 1Id —14+11 —8+3 +448 Id —1£13 —6+3
CcC -23+6 Id —26+15 —18+5 —20+3 Id —21+£18 —12+£5
Hydrological Somme 2050 Seine 2050 Somme 2080 Seine 2080

models

CLSM —87 —36+8 -96+4 —53+17
EROS —20+11 —39+2
GARDENIA —23+13 —48+14
GR4 —19+£12 —10£10 —28+18 —23+14
MARTHE —28 —33+15
MODCOU —12+14 —15+11 —27+15 —24+14
SIM —19+14 —19+11 —29+19 —29+15

For each downscaled climate projection and hydrological model, the average anomaly + the standard
deviation computed on the available simulations are given (but the average is not computed from the same
number of members). For the DCP, the statistics obtained by all hydrological models except CLSM are also
provided (I/d means identical, no change)

When the average impact of climate change on total runoff without the CLSM model is
analysed, it clearly appears that the range associated with DCP (about 0 to =30 % in 2050,
and about +4 to —40 % for the DCPs using A1B emission in 2080) is larger than the range
associated with hydrological modelling (—10 to —24 % in 2050, and about —23 to —48 % in
2080). The impact of the downscaling methods is also rather large, with an average impact
on the Seine basin in 2080 varying from —32 to —50 % (Fig. 2 and Table 3).

3.3 Impact on river flows

Figure 3 presents the monthly anomalies of the Seine and Somme river flows in 2050 and
2080 compared to the present day climate. The sets of DCPs and hydrological models vary
for each basin and each period as does the total number of simulations (see caption). The
mean monthly anomalies in the Somme basin are around —20 % in 2050 and —30 % in 2080,
while in the Seine basin, the decrease is larger in summer (=30 % in 2050, —40 % in 2080)
than in winter (0 % in 2050 and —15 % in 2080).

In the Somme basin, about 10 % of the DCPs project almost no change on the annual
cycle in both periods (slight increase in winter and slight decrease in summer), while in
contrast, 10 % project a decrease of approximately 30 % in 2050 and above 50 % in 2080
throughout the year. The monthly variations are more pronounced in the Seine basin: more
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Impact Horizon 2050 Impact Horizon 2050

Evolution (%)
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Fig. 3 Monthly evolution of the Seine (/eff) and Somme (righ?) river flows for the mid-century (fop) and end-
of-century (bottom) relative to the simulated present day climate (1971-2000). The envelope represents the
minimal and maximal values for each month, the continuous blue thin lines the 10 and 90 quantiles, the dotted
lines the 25 and 75 quantiles, and the black line the average. The average in mid-century is plotted at the
bottom with pink diamonds. The number of simulations varies on each plot: 36 and 37 for the Seine basin at
mid-century and end-of-century, and 26 and 39 respectively for the Somme

than 25 and 10 % of the DCPs project an increase of the riverflow from February to April in
2050 and 2080 respectively, while 25 % of the simulations project a decrease of the summer
discharge by about 30 and 40 % in 2050 and 2080 respectively. For the 2080s, 75 % of the
simulations project a decrease of the discharge larger than the average decrease projected in
the mid-century (Fig. 3).

3.4 Impact of climate change on piezometric heads

The piezometric heads in the Seine and Somme basins were simulated by two and four hydrological
models respectively. The number of wells simulated varied: 143 wells located on the free part of the
aquifer layers for SIM and MODCOU in the Seine basin, and, for the chalk aquifer of the Somme,
57 wells for GARDENIA and MARTHE, and 50 wells for MODCOU and SIM.

The average evolutions of the piezometric head projected by all available DCPs are a
diminution of the piezometric by 2.45 and 3.72 m in the Somme basin in 2050 and 2080,
respectively, and by 3.88 and 6.05 m in the Seine basin (Fig. 4, detailed results from the 1W
continuous simulation are given in 4). The two most contrasted DCPs are 2W and GS for the
two basins, which is consistent with the results obtained on the total runoff. On the Somme
basin, for which four hydrological models were available, for a given DCP (2W), the largest
uncertainty associated with the hydrological model represents 5 m, while, for a given hydro-
logical model, the largest uncertainty reaches 8 m. When the results obtained with the same
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Fig. 4 Evolution of the piezometric head (m) on average for each of the simulated wells as projected by the
hydrological models for each DCP for the Seine basin (filled squares) and the Somme basin (circles). The
acronyms of the DCPs are given, and the boxes indicate the average impact + the standard deviation. The
upper panel presents the results for the mid-century, and the botfom one the end-of-century

climate projection but with different downscaling methods are considered, the WT and QM
methods reach a variation of 1, 3 and 5 m for MARTHE, SIM and MODCOU respectively,
while the three downscaling methods lead to an uncertainty of 2 m for GARDENIA, which is
the only model used for the three projections. GARDENIA presents the weakest evolution of
the piezometric heads for a given DCP. This might be due to the fact that, in a lumped model, the
piezometric heads are proportional to the level of a deep reservoir, and neither the evolution of
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the piezometric head gradient nor the relationship with the river is explicitly considered. The
evolution of the piezometric head is more pronounced on the Seine basin than on the Somme
basin, which might be due to the selection of the piezometric wells, with more wells located
close to the river in the Somme basin. The amplitude of the aquifer decrease is similar to that
obtained by Goderniaux et al. (2011) in a Belgian basin, but larger than the amplitude obtained
by Jackson et al. (2011) on a chalk aquifer in England. This could be explained by differences in
the evolution of the precipitation.

4 Discussion

A detailed analysis was made of the uncertainty with an appropriate statistical method to
manage the heterogeneous set of available impact projections (see ESMS5). Not surprisingly,
the climate models appear to be the main sources of uncertainty, which is in agreement with the
literature for about a decade (see, for instance, Arnell 1999; Bergstrom et al. 2001; Nijssen et al.
2001). The three other sources of uncertainty, i.e., the ones associated with downscaling
methods, emissions scenarios and the hydrological models are about the same range of value
and about three times lower than the one associated to the climate modelling, at least when one
focuses on the annual discharge, and when only physically sound results were kept. Indeed, it
was possible to reduce the uncertainty on the hydrological modelling by considering one model
as an outlier for physical reasons, highlighting a good fit with a single observed variable (here,
the riverflows) is not sufficient to enable a model to be considered as a suitable tool for a
projection study. Other sources of uncertainty were, however, neglected in this study. For
instance, some physical feedbacks as the impact of the CO, on plant transpiration or the
modification of direct evaporation from groundwater are not explicitly taken into account by
the models. Also, the land use was considered fixed, as was the anthropization of the water
resources (no change in pumping pressure), although previous studies have shown their large
impact on the water resource (Holman 2006; Candela et al. 2009). Furthermore, the uncertainty
associated with the natural variability was not explicitly addressed, although it had a large
impact on the discharge of French rivers over the last century, and is recognized as being
important in the early decades of climate projections (Hawkins and Sutton 2009; Kay et al.
2009; Terray and Boé 2013). Although this uncertainty analysis is not complete, it nevertheless
appears that none of the four sources of uncertainty taken into account can be neglected.

The overall signal obtained in RexHySS is a clear decrease of the water resource of the Seine
and Somme basins. This is consistent with the study by Boé¢ et al. (2009a), which shares some
hydrological projections with RexHySS, but rather different from the one by Ducharne et al.
(2007), for which a larger increase of winter flow was compensating the decrease of summer
flow to lead to a quite stable annual discharge. Such results were obtained by employing two of
the hydrological models used in this study (CLSM and MODCOU) and a former climate
projection with the A2 emission scenario. This is the first time that two fairly recent climate
change impact studies on a French basin have provided such contrasted results. For instance, the
results of Boé et al. (2009a) are quite consistent with those obtained in the Rhone and Garonne
basins with earlier projections (Etchevers et al. 2002; Caballero et al. 2007). This is perhaps due
to the fact that those two basins have a large snow component, for which global warming has
quite a clear impact, whereas the Seine basin is hardly affected by snowfall and thus depends on
the evolution of the rainfall, which is more uncertain. This reinforces the interest of knowing
wether the use of CMIP5 climate projections would lead to similar results. CMIP5 GCMs also
project a general tendency for an increase of winter precipitation and a decrease of summer
precipitation in northern France (Terray and Boé 2013). A first comparison of regional climate
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modelling performed in the framework of the CMIP5 Cordex experiment has shown a larger
spread in winter precipitation. However, a full comparison is not yet possible because these
projections have to be downscaled. Although the present article does not focus on the extremes,
the hydrological extremes projected by RExHySS have been analysed in a companion paper
(Ducharne et al. 2011), which reports that the risk of floods returning within 10-year and 100-
year periods is quite stable.

5 Conclusion

This article has attempted to present a full analysis of the impact of climate change on the
hydrological component of two basins located in northern France, by including the analysis
of surface water and groundwater. A set of 147 hydrological projections based on seven
hydrological models, seven climate models, three downscaling methods, and two emissions
scenarios was analysed. There is a general agreement on a decrease of the river flow at the
outlets of both basins by at least 14 % by the 2050s and at least 22 % by the 2080s. More
than 90 % of the hydrological projections predict a decrease of the summer flow at the
outlets of the Seine and Somme basins (although this is less true for the Somme in the
2080s), and a decline of the piezometric heads for at least 90 % of the wells.

However, the results present a large spread, with a magnitude of the signal on river flow and
piezometric head of the same order of magnitude as the standard deviation. About 10 % of the
hydrological projections estimated a chance of increased river flow in winter in the Seine and
thoughout the year in the Somme, while 10 % projected a decrease of more than 40 % of the river
discharge at the outlets. The uncertainty on the evolution of the piezometric head seems even
larger, since the range of variation can reach 8 m on average over the simulated piezometers.

The spread is mainly due to the uncertainty associated with the climate projections,
especially because of two wetter downscaled climate projections that give an opposite signal
on the evolution of the piezometric head and discharge. However, it has been shown that the
other three sources of uncertainty taken into account in this study, i.e. the emission scenario, the
downscaling method and the hydrological model, are also important, and that other sources of
uncertainty as physical feedbacks and natural climate variability were not taken into account.

Therefore, there is a need to make a survey of the impact of climate change in such
basins. A systematic approach will be helped by the availability of climate services, such as
the DRIAS project over France (http://www.drias-climat.fr).
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