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Summary. We downscaled 12 scenarios of anthropogenic climate change in the basins of the
Seine and Somme Rivers (France). They were used as input to 5 different hydrological
models. This framework allowed us to quantify the different sources of uncertainty. The
resulting hydrological scenarios agree on a marked depletion of water resources during the
21% century with an annual mean decrease in both water table level and river discharge. At the
seasonal scale, the reduction of river flow is more marked on low than on high flows, the
decrease of which is also less robust. The response of extreme flows is even more contrasted,
with a decrease of low-flow quantiles, whereas high-flow quantiles would not change
significantly. In the Beauce region, one of the hotspots for irrigation in Europe, we show that
the increase in potential demand for irrigation would have a lesser impact on water resources
than the decrease in groundwater recharge directly caused by climate change, which is enough
in itself to threaten the reliability of water resources.
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1 INTRODUCTION

The anthropogenic increase in greenhouse gas concentrations is very likely causing a
change in climate. It shall intensify during the 21* century, with manifestations concerning
both mean climate and climate variability, which is likely to change compared to natural
variability'. The potential impacts of such changes on river systems are the subject of active
research, because of the importance of water for human activities, in terms of both resource
and risk factor.

This paper summarizes the main results of the project RExHySS?, which addressed the
potential impacts of anthropogenic climate change in the basins of the Seine and the Somme
rivers (78600 and 7400 km? respectively in northern France). They are characterized by an
oceanic climate and the buffering influence of groundwater tables on river flow, so that water
availability is presently not an issue under normal conditions. Yet, as most human impacted
river basins, they are very vulnerable to hydrological extremes, as illustrated by the centennial
floods of the Seine in 1910 and the Somme in 2001, or the recent droughts of 2003 and 2005.

After an overview of the novel methods used to downscale the climate change projections
and the resulting conditions in the basins during the 21% century, the paper presents the
subsequent impacts on water resources and hydrological regime, then on river discharge
extremes. Given the robust trends towards water scarcity in the studied basins, the question of
irrigation is eventually addressed, before discussing the main conclusions in light of the
exercise’s limits.

2 DOWNSCALED CLIMATE SCENARIOS FOR THE 21°" CENTURY

We constructed climate change scenarios in these basins based on projections by several
large-scale climate models. To regionalize these scenarios, we benefited from two downscaling
methods recently developed by the French scientific community. They are both calibrated to
match the recent climate, as described by the Météo-France SAFRAN meteorological analysis”.

The first method combines a dynamical downscaling using a regional climate model with a
correction of the simulated cumulative-density functions®, at the scale of the SAFRAN
analysis (8 km x 8 km). The second one is a statistical downscaling method based on weather
typing’. The idea is to statistically link the large-scale circulation, here defined by the mean
sea-level pressure and the temperature averaged over Western Europe (predictors), to local-
scale climate variables (predictants). The statistical model is established over a learning
period (1981-2005), when the predictors are extracted from the daily NCEP reanalysis, while
the predictants are taken from the SAFRAN analysis. The downscaling then consists of
conditional resampling, by matching the day of the large-scale climate scenario to the day of
the SAFRAN analysis with the same weather type and the closest mean-sea level pressure and
Western Europe averaged temperature. The four standard seasons are processed separately, as
they are characterized by different large-scale weather types.

These two downscaling method offer the advantage to satisfactorily describe the regional
climate variability at daily to inter-annual time scales, as shown for instance by the
distributions of precipitation®. Under the assumption that the model errors are stationary, they
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allow us to account for the changes in climate variability in addition to mean climate change,
and thus to tackle the evolution of hydrological extremes. This is not the case of the simpler
perturbation method, kept here as a reference with previous impact studies®.

To address the uncertainties related to the downscaled climate scenarios, we classically
multiplied the latter ones to generate an ensemble of scenarios. We used 12 of them,
characterized by 8 different large-scale climate models, forced by one or two SRES emission
scenarios, and downscaled by one to three different methods. In the following, we will mostly
focus on two future time slices, 2045-2065 and 2080-2100, referred to as 2050 and 2100, and
analyzed by comparison to a reference period spanning 1970-2000.

The downscaled scenarios all agree on a warming during the 21% century (+1.5 to +3 °C by
2050, and +2 to +4 °C by 2100), with an increase in potential evapotranspiration and a marked
decrease in summer precipitation. The sign of winter precipitation change is uncertain, but the
annual mean precipitation decreases (-6% and -12% on average over the studied scenarios, by
2050 and 2100 respectively, with only one exception corresponding to a +2% increase by 2100).

3 EVOLUTION OF THE WATER RESOURCES

The above 12 downscaled scenarios were analyzed by 5 state-of-the-art hydrological
models (MODCOU’, SIM®, CLSM’, EROS/GARDENIA'’, GR4J'"). They are representative
of the main types of hydrological models (lumped vs. distributed, physically-based vs.
conceptual, land-surface vs. hydrogeological) and were all validated against recent observed
discharge with good performances, using the SAFRAN meteorological analysis® as input. We
also verified that the different hydrological scenarios (i.e. combinations of climate model /
downscaling method / hydrological model) reproduced, for the reference period, the main
features of observed discharge. This is illustrated in Figure 1, where the observed discharge falls
within the standard error of the different reference hydrological scenarios.

1200 ¢ | I I I 7 Figure 1. Evolution of the Seine
S0 R VN S S s P monthly discharge at Poses (m/s)
following the ensemble of hydrological
scenarios. The enveloppes define the
monthly min and max values, and the
thick and dotted lines give the monthly
ensemble mean and standard deviations
respectively. TOP: Reference period
(1970-2000); the red line gives the
monthly mean observed discharge over
1970-2003. MIDDLE: Period 2045-
2065; the blue line gives the monthly
ensemble mean for the reference period.
BOTTOM: Period 2080-2100; the blue
and pink lines give the monthly
ensemble means for the reference
period and 2045-2065 respectively.
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These hydrological scenarios project a marked depletion of the water resources in the two
basins during the 21* century, with an annual mean decrease in both water table level and river
discharge. The discharge at the outlet of the Seine River (Poses) is a representative example
(Figure 1). It decreases according to 97% of the hydrological scenarios, and the mean change
(-150 m’/s by 2100, i.e. -28% of the reference discharge) is much larger than the uncertainty,
estimated as the related standard deviation (50 m’/s). This decrease is largely realized by 2050,
and is visible on high and low flows, but with larger uncertainties on the former. One can also
note a lag of the mean hydrograph of one to two months.

We also attempted to rank the different uncertainty sources, following'?. The smallest
uncertainties are related to the emission scenarios and time horizon of the climate projections,
what is consistent with impacts that are largely realized by 2050. Thus, uncertainties mostly
arise from the large-scale climate models, closely followed by the hydrological models and
downscaling methods. This novel result shows that neglecting these last two uncertainty
sources, as in many older impact studies, may lead to biases in the projected impact. This
generalizes the widely accepted recommendation that an impact study cannot be limited to a
unique climate projection. To avoid unjustified uncertainties, however, we excluded the
hydrological scenarios simulated with the CLSM, because of doubts regarding its response to
soil moisture stress, which is markedly enhanced during the 21%' century in our scenarios’.

4 EVOLUTION OF RIVER DISCHARGE EXTREMES

We used classical frequency analysis methods to characterize the extremes of river
discharge’. We focused on the QMNAS5 low-flow quantile (annual monthly minimum with a
mean return period of 5 years, equivalent to 30Q5 in the US) and the QJXA10 high-flow
quantile (annual daily maximum with a mean return period of 10 years, equivalent to Q10 in
the US). They were deduced assuming that the corresponding annual extremes followed a log-
normal and Gumbel distribution respectively, based on 20-year time series (restricted to 1980-
2000 for the reference simulations), all assumed to be stationary.

These two variables are operationally used as alert thresholds and for infrastructure design,
and are thus relevant for water management issues. They were also easy to process
automatically. This was critical given that the different hydrological scenarios were multiplied
by the number of gauging stations considered by each hydrological model (from 23 to 125,
with 9 shared stations), defining ca. 8000 time series.

We first compared the simulated quantiles to the observed ones over the recent period. The
match was far from perfect but satisfactory. No hydrological model clearly surpassed the
others in this exercise. Logically, the biases were larger when the latter were forced by the
downscaled reference scenarios than with the SAFRAN meteorological forcing, and the
relative bias were larger for the low-flow quantile.

Given these imperfections, we analyzed the future evolution of these quantiles relatively to
their simulated values during the reference period. By 2050 (Figure 2), the low-flow quantiles
would decrease in all the studied gauging stations, whereas the high-flow quantiles would not
change significantly (they change by +10% in most cases, when the 95% confidence intervals
around the reference quantiles range between -12 to +25%). Similar results are found by
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2100, except that the decrease of the low-flow quantile is more pronounced. Note that the
low-flow quantile reduction goes along with a decrease in water supply reliability (estimated
as the probability of stream flow to exceed the reference quantile).
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Figure 2. Relative changes in high and low flow quantiles between 2045-2065 and the reference period (Qaos0/Qrer
-1). For each hydrological models, we consider the distribution of relative changes for the different downscaled
climate change scenario and the different stations simulated by the hydrological model in the Seine et Somme
basins. The bottom and top of the box-plots define the 1st and 3rd quartiles and the inside line gives the median.
The ends of the whiskers represent the lowest and highest values within 1.5 interquartile range, and the
remaining data are represented by dots.

5 IRRIGATION

Given the above results, the socio-economic impacts of climate change will probably be
dominated in the studied basins by the enhancement of low-flows and droughts, which
threatens the balance of the different water uses against water supply. A particularly sensitive
use is irrigation, which was studied using the hydrogeological model MODCOU coupled to
the crop model STICS'.

At the scale of the Seine river basin, for the time being, irrigation only concerns 3% of
agricultural land, and amounts to 5% of the total water withdrawals (ca. 3000 Mm®/yr),
almost exclusively from groundwater. It may seem negligible, but more than half of this
withdrawals are concentrated in the Beauce region, which combines intensive cash crop
farming and small precipitation amounts (ca. 500 mm/yr). Based on recent records, the
withdrawals can be estimated to 100 mm/yr on average in the irrigated plots, which cover
16% of the total area (4610 km?). Using the SAFRAN meteorological forcing, we achieved in
this area realistic simulations of both irrigation demand by the crop model STICS and
groundwater recharge by the hydrogeological model MODCOU (ca. 125 mm/yr).

We further used these models to address the evolution of groundwater sustainability under
climate change. To this end, we focused on one downscaled climate scenario for 2100,
corresponding to a SRES emission scenario A2, with larger warming and precipitation
reduction than average (+3.6°C and -23% respectively, on average in the Seine river basin).
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Assuming that the crop rotations remain the same, we projected a 60% increase of the
potential demand for irrigation using the crop model STICS. We modified the reference
withdrawals accordingly, what reduces the mean net influx to the water table of 10 mm/yr.
The resulting drop of water table level in the Beauce aquifer, simulated by the
hydrogeological model MODCOU without any other influence of climate change, can locally
exceed 3 m, with an average of 1 m over the area.

But the main driving factor is the decrease in groundwater recharge directly caused by
climate change. It reaches 37% of the reference value, what is consistent with the 33% decrease
found on average over the entire Seine basin, over the ensemble of studied downscaled
scenarios by 2100. Based on a Student test, this average drop is statistically significant at the
risk a = 2% compared to the dispersion between the different downscaled scenarios.

The related decrease of the mean net influx to the Beauce aquifer (50 mm/yr) is five
times larger than the one related to irrigation demand increase, with similar order
relationships regarding the mean water table level (-4.6 m vs. -1 m) and the maximum local
depletions (-15 m vs. -3 m). As a result, the combined impact of these two driving forces is
dominated by the direct effect of climate change on groundwater recharge, as illustrated on
the low-flow quantile QMNAS5 of the different regional streams (Figure 3).

These results show that the direct impact of climate change is by itself enough to cast
doubts on the sustainability of the water supply in the Beauce area, and thus on the one of the
present water uses, including cash crop irrigation as it is presently performed.
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Figure 3. Relative change of the low-flow
quantile QMNAS in the main streams of the
Beauce area between 2080-2100 and the reference
period (in % of the reference value), under one
specific A2 climate change scenario. Values in
brown give the impact of the reduction in
groundwater recharge directly caused by climate
change, assuming unchanged withdrawals fo
rirrigation. Values in red give the combined
impact of groundwater recharge reduction and
increased withdrawals to satisfy increased
irrigation demand under climate change.
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6 CONCLUSIONS

According to the hydrological scenarios elaborated in this study, the main hydrological
impact of climate change in the Seine and Somme basins during the 21* century is a robust
decrease of water resources in summer, when they are mostly solicited. In contrast, we found
a moderate change of the flood regime. These results have important socio-economic
implications, in particular to guide adaptation strategies in water-dependent sectors. They are
limited, however, to the potential impact of climate change, and do not account for other
change factors, which can either be independent anthropogenic pressures (but they will
probably enhance the water scarcity issue), or the above-mentioned adaptation strategies.

Another limit of these results is their inherent uncertainties, which is always a key question
in this type of impact studies integrating complex models. Comparison with other studies in
Northern-European basins®'*'* confirms both the robustness of the summer response and the
high uncertainty of future high-flows in winter. The latter is tightly related to the large
uncertainty margin of precipitation change, which is very likely the most uncertain
component of climate change projections. Yet, the decrease of annual mean precipitation that
is projected in this study can be seen as the best available projection in the Seine and Somme
river basins, because it is consistent for many different state-of-the-art global climate change
projections' and two downscaling methods based on different principles and validated against
observations in the studied basins.
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