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Abstract We assess possible modifications in the

hydrological behaviour of the Rhone River and its tribu-

taries at Lyon (France). We identify changes during the

late-twentieth century based on observations and charac-

terise potential impacts of climatic changes on river

response by the end of the century. Different scenarios of

the latest generation of IPCC AR5 CMIP5 and hydrological

modelling were used and included two scenarios for future

outlet discharge of Lake Geneva (Switzerland). We show

that discharges in the Rhone basin are likely to decrease

significantly by the end of the century and that the sea-

sonality of run-off will change substantially as well. In

addition, projections point to smaller discharge during low

flows, but higher low flows in its sub-basins. Regarding

floods, high flows exhibit a general tendency to decrease,

whereas potential upwards can be observed for the more

extreme floods (less frequent). The approach reported in

this paper will help to reflect on the governance modalities

of a transboundary river such as the Rhone, especially

when water management depends on concession contracts,

which are usually granted for several decades and typically

last between 60 and 90 years.

Keywords Climate change � Water resources � Floods �
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Introduction

Management of water resources is a research priority,

which goes beyond the simple understanding of how to use

water. Today’s water management encompasses the entire

range of natural processes and complex dynamics that

characterise water systems (European Union publications,

2013). This is even more so true when the resource is

shared in a transboundary context and between two coun-

tries, as in the case of the Rhone River Basin (Bréthaut and

Pflieger 2013). While the management of the River was

partly delegated to hydropower companies and public

stakeholders, the French and Swiss Governments have also

started to look for new ways of managing the entire Rhone

basin. One of the key challenges in transboundary river

management is related to climate change and the impacts

that warming temperatures and changes in precipitation

may have on future run-off, in relation to the forces of

interdependencies, and the complexity of interrelated

physical and socio-economic systems. Over the last few
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decades, a large set of studies has been devoted to the

impacts of climatic changes in the Alps in general (Gobiet

et al. 2013) and on the Rhone River in particular (Deneux

2002; Redaud et al. 2002; Husting et al. 2005; Etchevers

2002; Beniston et al. 2011). The Swiss reach of the Rhone

River has been analysed in the EU-FP7 project ACQWA

(Beniston and Stoffel 2013) up to 2050 by using projec-

tions from the Climate Model Intercomparison Project 3

(CMIP3; Nakicenovic et al. 2000). In French Rhone basin,

Explore2070 evaluated possible impacts of future climatic

and socio-economic changes on water bodies and biodi-

versity by 2070 by using CMIP3 climate scenarios. The

main findings of the ACQWA and Explore2070 projects

were strong reductions in future discharges.

The challenge of our study was to add new lines of

evidence to the above-mentioned research by (1) using the

latest generation of IPCC AR5 climate scenarios (CMIP5;

Taylor et al. 2012), and by (2) linking the Swiss and French

basins through the inclusion of the management scheme of

Lake Geneva in the catchment modelling. Conducting a

climate change analysis at this temporal scale has been

motivated by governance issues between the two countries

and the negotiation of water right and concessions with

lifetimes of up to 90 years. In particular, we (3) explore

possible modifications in the hydrological behaviour of the

Rhone River from Lake Geneva to Lyon, including all

French tributaries upstream of Lyon, during the recent past

(late-twentieth century) and (5) characterise potential

impacts of climatic changes on river response by 2100. We

define two scenarios for the regulated outlet discharge from

Lake Geneva and assume that discharge from the lake will

change due to the predicted reduction of inflow (50–75 %;

Beniston 2012).

Study site

The entire Rhone River Basin covers a surface of

98,500 km2 at its mouth near Marseille. It is mainly an

Alpine river with 50 % of the catchment above 500 masl

and 15 % above 1,500 masl. The focus of this work is on

one particular perimeter of the catchment comprised

between Lake Geneva (Switzerland) and Lyon (France),

which covers approximately 50,000 km2 (Fig. 1).

Lake Geneva is one of the largest freshwater bodies in

Western Europe (582 km2, storage capacity of 89 mil-

lion Hm3 and drainage area of 7,975 km2). The Swiss

watershed from the source of the Rhone River to Lake

Geneva is dominated by a glacio-nival regime (with a gla-

ciated area of 10 %), and around 50 % of the annual pre-

cipitation falls in the form of snow. Twenty dams including

eleven high-head hydropower plants exist in this part of the

basin. Most of them were built in the mid-twentieth century

(between 1951 and 1975). They control an area of 1,400 km2

and store 1,150 mm3 in summer, and release it in winter to

produce peak power. The dams mainly impact the annual

cycle of the Rhone without water consumption, the total

volume of the water remains unchanged at the annual scale

(Grandjean 1990; Rahman et al. 2012).

The level of Lake Geneva and the discharge at its outlet

are regulated at Seujet dam in the city of Geneva. Since the

construction of the dam, finalised in 1995, water level has

been much more stable, with a maximum (372.3 masl)

reached in summer and a minimum (371.70 masl) in

March–April. In addition, once every 4 years, lake level is

lowered to 371.50 masl to allow for maintenance and

rehabilitation of structures located at the edge of lake

(Canton Geneva 2014).

Lake regulation and hydropower operation at the outlet

of Lake Geneva cause a change in the regime of the Rhone

River, which thus loses part of its ice and snow-fed regime

towards a smoothed seasonal variability. The impacts of

lake regulation and hydropower at the outlet of the lake are

somewhat compensated by the glacio-nival regime of the

Arve River, which joins the Rhone immediately down-

stream of Lake Geneva. However, the discharge of the

Arve has been reduced significantly since the 1980s. The

regime of the Rhone River downstream of Lake Geneva is

therefore depending on the regulation of the lake at the

outlet and on discharge in the downstream tributaries. For

this reason, we do not include the upstream watershed in

our hydrological modelling, as it is hydrologically dis-

connected from the downstream part, but we consider Lake

Geneva outflows as a boundary condition.

Materials and methods

We first explore the recent past to detect possible trends in

the hydrological regime and secondly, based on future

climatic scenarios, characterise river response to climate

change up to 2100 by means of a distributed hydrological

model. The human influence on water resources has not

been taken into account, with the exception of Lake Gen-

eva for which outflow is modelled using the current oper-

ational scheme at Seujet.

Input data

The ASTER-30 m DEM was used to extract topographic

information (elevation, slope) and to estimate hydrological

factors such as flow direction and flow accumulation,

whereas the European Soil Database (ESDB; Panagos

2006) helped to estimate soil parameters. All input

parameters for the hydrological model were inferred fol-

lowing the method proposed by Bussi et al. (2014). For the

vegetation classification, the Corine Land Cover 2006 and
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GlobCover 2009 data were used in addition to ESDB maps;

values from the FAO 56 report were obtained for the crop

factor (Allen et al. 1998). To homogenise all the spatial

information, each raster file was aggregated or interpolated

to 500 m pixel size.

Meteorological data consisted of daily precipitation

(rainfall and snow), temperature and evaporation values for

72 stations from SAFRAN (Quintana-Seguı́ et al. 2008).

Discharge data were provided by the French HYDRO2 and

Swiss Federal Office for the Environment (FOEN) dat-

abases, from which 37 stream gauges were selected (Table

S1). Instrumental data systematically covered the period

1960–2012.

Analysis of discharge data series

The first step of the study is based on statistical analyses

and aims at identifying changes in run-off regimes based

on changes in seasonal behaviour of monthly Pardé coef-

ficients (Pardé 1933). The second step was the identifica-

tion of significant trends for all available time series, trends

in the mean and extreme (minimum and maximum) annual

run-off. Multi-temporal trend analyses in this study were

conducted using the nonparametric Mann–Kendall test

(MK; Yue and Wang 2002; Helsel and Frans 2006) through

the multi-temporal method proposed by Hannaford et al.

(2013). We provide more information about these methods

in the supplementary material.

Assessment of climatic change scenarios

To include the large range between the four representative

concentration pathways (RCPs), we selected the two

extremes (RCP 2.6 and RCP 8.5) and analysed the whole

suite of 31 CMIP5 models available for each RCP. We then

downscaled GCM data (van Vuuren et al. 2011; Moss and

Fig. 1 Location of the study site: Swiss Rhone upstream Lake Geneva (Switzerland) and tributaries to the Rhone downstream of Geneva and

down to Lyon (France). Station codes are explained in Table S1 (supplementary material)
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Jens 2010; Taylor et al. 2012) and bias-corrected the data

(Teutschbein and Seibert 2013) using the statistical delta-

change approach (Smith and Pitts 1997). Following the

method described in Huss et al. (2008), we obtain meteo-

rological time series with the same resolution, character-

istics and variance as in the past and for the 72 stations

used in this study. This post-processing method does not,

however, account for changes in the variability of the cli-

mate variables, which presumably represents a simplifica-

tion of reality.

The scenarios selected for this study represent different

combinations of projected air temperature, precipitation

and evaporation anomalies, and they are characteristic for

four combinations: (1) almost no change, (2) warm-dry, (3)

wet and (4) warm-wet (future climates run closest to the

19th percentile; see Figure S2).

In addition to climatic changes, we assumed two lake

management scenarios: in the first scenario, lake manage-

ment and outflow will be those of the baseline period (i.e.,

same temporal variability and discharge as during the

period 1980–2010), whereas the second scenario considers

a reduction in discharge by 50 %. This assumption was

based on Beniston (2012) who projected a decrease in the

lake inflow by 50–75 % due to glacier wasting and

changing climate in the Swiss Rhone.

We also evaluated whether the magnitude of extreme

events was likely to increase in the future. A statistical

analysis of extremes was performed to basin-wide, 7-day

annual maximum and minimum discharges (Hurkmans

et al. 2010; Demaria et al. 2013) using a generalised

extreme value (GEV) distribution function. For the 30-year

period 2070–2100, we selected the annual maximum or

minimum discharge and fitted the parameters of the GEV

to each of the GCM scenarios using a Bayesian Markov

Chain Monte Carlo approach (Reis and Stedinger 2005;

Viglione 2009), which adequately defines the likelihood

function and can account for uncertainties in hydrological

extremes as it provides estimates of confidence bounds for

the estimated quantiles.

Hydrological model

The hydrological model TETIS (Francés et al. 2007) was

used to simulate run-off yield in the Rhone watershed

under present and climate change conditions, transforming

meteorological time series and climatic model outputs

(precipitation, reference evapotranspiration and tempera-

ture scenarios) into run-off. The conceptual model was

selected as it (1) has physically based parameters, (2)

simulates all the main components of the land phase of the

hydrological cycle and (3) is distributed in space using a

regular grid. The model has been largely tested over the

last 20 years, with good results in different climatic and

catchment size scenarios and for floods and continuous

simulation-related problems. For a detailed description of

the model and applications, see Vélez et al. (2009); Salazar

et al. (2013); Bussi et al. (2014).

The parameter maps were estimated a priori using all

environmental available information, before correction

factors were included to modify globally the estimated

maps. In this way, the spatial variability captured in the

initial estimated maps could be kept and a global change in

magnitude of parameter maps was performed with the

correction factors (Francés et al. 2007). Calibration of the

hydrological model was performed using a traditional

manual calibration, a simple trial-and-error approach, to

define the feasible range of parameter correction factors,

and thereafter, an automatic algorithm was used to find the

final values. First, the model was calibrated for the entire

basin using the lowermost gauge station in Lyon (Ternay).

The calibration time period was 2003–2008 and includes a

very wet (2005) and a dry (2003) year. To validate the

efficiency of the calibration, the model was then run for the

period 2008–2012. After basin-scale calibration, sub-area-

specific correction factor adjustments were carried out in a

spatially distributed calibration process. Again, the effi-

ciency of this calibration was temporally validated. Model

performance of the calibration and validation periods was

measured with the Nash–Sutcliffe Efficiency (NSE) coef-

ficient (Nash and Sutcliffe 1970). In addition, we calcu-

lated the root mean squared error (RMSE) based on the

differences between observed and simulated peak dis-

charge, and the error or bias (in %) for the observed and

simulated total volumes.

Results and discussion

Long-term analysis of past discharge

At the multi-decadal scale, the temporal variability of the

flow regime underwent slight changes between the 1960s

and today. Part of these results is shown in Figure S1, but

they are explained here. Changes in mean monthly run-off

are slightly significant in some cases, and/or change in

timing, and thereby point to inter-annual shifts of the

dominant hydrological processes. In the Arve River, the

reduction in run-off was observed mainly in summer, and

it can possibly be related to advanced glacial retreat and/

or earlier snowmelt, so that discharge is reduced at a time

of the year when precipitation is typically low. In addi-

tion, increased storage in the dams may also reduce

summer discharge. The Ain River, with a strong pluvial

and slightly nival regime, presents a reduction in run-off

volumes in spring, but this reduction is slightly compen-

sated by for increased run-off during autumn and winter.
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At the outlet of the basin (Rhone at Ternay), the change

in volume is not significant, but a shift can be observed in

the timing of high and low flows (from winter to spring

and autumn to summer, respectively). These tendencies

are mainly observed from the 1980s onwards. One could

assume that these differences in regimes and volumes

between the 1980s and today are reflecting dam and

reservoir construction. However, most of the dams in the

study catchment were already operational in the 1980s,

with the exception of Seujet at the outlet of Lake Geneva

(1995), which does, however, impact run-off much less

than the other, more conventional dams in the Alpine

domains of the Rhone River.

Figure 2 shows multi-temporal trend plots for mean

annual discharge and for selected sites; it points to the

influence of the time window on trends and nicely illus-

trates the temporal variability of trends and intra-decadal

variations in run-off. In general terms, one can observe

significant downward tendencies for the recent period

1980–2010, whereas positive trends are present when

analysis is restricted from the 1960s to the 1980s and

1990s.

The strong downward trends observed in most tributar-

ies are not, however, continued in the Loue for the recent

past, when discharge shows positive tendencies for the

three hydrological variables. Similar positive patterns, but

not statistically significant, become apparent in the Ain and

Saone rivers for minimum discharge. While dam and res-

ervoir constructions can partly explain the observed nega-

tive trends, climatic drivers cannot be discarded either as

the patterns in the hydrological and climatic parameters are

similar in the entire region. In addition, negative signals are

found in low flows, particularly strong ones namely in the

Arve and Ain Rivers, and negative tendencies in the Saone

and Rhone Rivers. These trends and tendencies are in

agreement with observations made by Renard (2006);

(Giuntoli et al. 2013), who identified significant trends

towards more severe low flows for south-western France

and suggested that these trends may result from large-scale

climate variability and its inertial behaviour.

The annual maxima show negative signals as well, with

significant downward tendencies in the Arve River and less

pronounced trends in the Saone, Ain and Rhone Rivers. In

the case of the Arve River, the reduction in high flows can

Fig. 2 Multi-temporal trend analysis for the mean discharge for several tributaries of the Rhone (for details on station names please refer to

Table 1). Blue and red cells correspond to negative and positive tau values, respectively (the darker the colour, the more significant the trend)
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be related to storage of water in dams, as well as to reduced

glacier melt waters and/or earlier snowmelt (Huss 2011).

The negative trend in the Ain River for the high flows

could be associated with the observed reduction in run-off

volume in spring (when the river typically shows maxi-

mum run-off values). The Loue River does not show any

significant trends for high flows.

Hydrological modelling implementation

Before driving the TETIS model with the climate projec-

tions of precipitation, potential evaporation and tempera-

ture, it was calibrated and validated, and its performance

evaluated for the most recent past (Table 1, Section S6 and

Fig. S7).

The overall model efficiency is found to be high as

indicated by NSE values ranging from 0.63 to 0.81 for

the calibration, and from 0.51 to 0.81 for the validation

periods. In most cases, the model tends to slightly

underestimate total volume, but never beyond 15 %; the

total volume is much less frequently overestimated,

namely by 25 % for the Ain and 21 % for the L‘Ognon

Rivers in the validation period. The lowest NSE was

found during calibration for the Ain and Arve Rivers.

These basins have particular processes that have not

been included in the model conceptualisation. In the Ain

River flowing from the Jura Mountains, karst processes

may influence hydrology (Notebaert and Piegay 2013)

and these processes have not been modelled in this

study. In the Arve River, flowing from the French Alps,

the water storage in dams, the glacier influence and the

water supply by glacier melting are not properly mod-

elled, mainly due to limitations and deficiencies of the

degree-day equation used for glaciers (Rohrer et al.

2013). Besides these discrepancies, the results obtained

clearly indicate that the model can reproduce adequately

the water cycle of the Rhone River and that model

outputs can be used to evaluate changes in future flow

events.

Climate change impact on river discharge

The comparison between historical data and climatic series

for the control period was satisfactory, with the best cor-

respondence between observations and predictions for

temperature and the lowest agreement for precipitation (see

section S4 and Figure S5). The estimated errors ranged

from 9 to 17 % for temperature, -18 and -27 % for

precipitation and -0.05 and 11 % for evaporation. The

temporal distribution from monthly to daily was also val-

idated for the control period and found to correctly repro-

duce observed daily values (see Figure S6). The final

climate projections considered for analysis project a

change in temperature between -8 and ?51 %, a reduction

in precipitation in the range of -10 to –27 % and an

increase in evaporation between 1.3 and 33 % by the end

of the twenty-first century (as compared to the control

period 1980–2010).

The impacts of these changes on the Ain River, which is

dominated by a pluvio-nival regime, show a change in

mean annual discharge between -3 and ?34 %. Only one

scenario (RCP 8.5 CSIRO) is leading to a reduction in

discharge; the other three scenarios predict, by contrast, an

increase in mean annual discharge. The regime is likely to

change as well, with lowest discharge to occur in late

summer and future maxima in spring (Fig. 3a). The

Table 1 TETIS model performance after calibration and validation in the French Rhone basin upstream of Lyon

RIVER RUN NSE Max. Obs.

(m3/s)

Max. sim.

(m3/s)

RMSE

(m3/s)

Obs. Vol. (Hm3/

year)

Sim. Vol. (Hm3/

year)

Error

(%)

RHONE (Ternay) Calibration 0.70 2800.00 3256.23 167.01 83,496.67 83,302.72 -0.23

Validation 0.51 2,200.00 1,979.87 234.51 74,936.97 68,840.50 -8.13

AIN (Chazey sur Ain) Calibration 0.66 1,050.00 826.45 65.64 17,142.30 19,107.48 11.46

Validation 0.54 219.00 126.48 20.72 2,037.79 1,510.75 -25.86

ARVE (Pont Notre Dame) Calibration 0.63 359.00 220.33 22.82 9,662.83 10,006.84 3.56

Validation 0.63 377.00 278.03 23.61 12,386.83 12,860.16 3.82

L‘OGNON (Chassey-Les

Montbozon)

Calibration 0.80 293.00 271.61 16.61 4,816.12 4,514.32 -6.27

Validation 0.70 385.00 353.1 24.77 5,930.84 4,656.06 -21.49

SAONE (Ray-sur-Saone) Calibration 0.65 507.00 355.93 36.16 7,773.68 8,491.09 9.23

Validation 0.68 510.00 401.36 32.38 7,088.76 7,717.74 8.87

LOUE (Parcey) Calibration 0.81 450.00 431.22 24.06 7,066.27 6,226.98 -11.88

Validation 0.81 304.00 231.15 14.64 3,981.23 4,362.94 9.58

NSE is the Nash–Sutcliffe coefficient; Max.Obs. and Max.Sim. are the maximum observed and simulated discharge values (m3/s) for the

simulated period; RMSE is the root mean squared error of the previous values; Obs.Vol. and Sim.Vol. are the observed and simulated mean

annual discharge in Hm3/year for the period; and Error is the percentage error in total volume
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analysis of extremes (Fig. 4a, b) points to larger discharge

during low flows in all four scenarios, and a tendency to

form larger high flows, although the latter will be affected

by large variability.

In the case of the Arve River, by contrast, mean annual

flows exhibit a significant reduction, with a change in

seasonality of run-off (Fig. 3b). The nivo-glacial regime is

expected to become more pluvial, with higher discharge

values in winter and a change in mean annual discharge

between -35 and -57 %. This result is in agreement with

Huss (2011), who predicted the glacier contribution from

that catchment to be \10 % by 2100. In general terms,

regarding extremes, they are likely to be enhanced by the

end of the century, with more extreme low flows and more

extreme high flows, but again with larger values for high

return periods (Fig. 4c, d).

Fig. 3 Changes in monthly discharge between the recent past

(1980–2010; solid black line) and the end of the century

(2070–2100; dotted black line). The colour lines and shaded surfaces

give the possible range of discharge, according to the four different

scenarios selected for the analysis. a Ain; b Arve; c Loue and d Saone

Rivers

Fig. 4 Changes in monthly discharge of the Rhone River at Ternay

between the baseline period (1980–2010; solid black line) and the end

of the twenty-first century (2070–2100; dotted black line). Legend

explained in Fig. 3. In plot (a), discharge from Lake Geneva is

reduced by 50 % as compared to current discharge to account for

reduced inflow into the lake by the end of the twenty-first century; in

plot (b), discharge and lake-level management are assumed to remain

identical to the baseline period
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For the Loue River (at Parcey), models predict a

reduction in mean discharge ranging from -9 to -43 %,

with a smoothed regime, as well as shifts in the seasonality

of flows (Fig. 3c). Future extremes show a similar behav-

iour as in the Arve River, with an increase in both low and

high flows (Fig. 4e, f).

The projections for the Saone River (at Ray-sur-Saone)

are not uniform. We observe changes in the mean discharge

between -14 and 22 % with only one scenario predicting a

decrease in mean annual flows. A shift exists in seasonality

with higher flows being expected in future summers

(Fig. 3d). As a consequence, one may also expect less severe

low flows, whereas for high flows, variability is much higher

as compared to the rivers illustrated above. The overall

tendency is for a decrease, but with large uncertainties in the

model runs, in particular for rare extreme floods, where an

increase seems possible (Fig. 4g, h).

As can be seen in Fig. 3, largest variability in the pro-

jections typically occurs in January, February and March,

reflecting the large variability in the timing of snowmelt

processes. Scenario discrepancy tends to decrease in sum-

mer when run-off will increasingly depend on

precipitation.

At Lyon, the reduction in mean annual flows is projected

to be between -46 and -63 % by the end of the century

and for the scenario in which run-off from Lake Geneva is

reduced by 50 % (Table S2). The reduction is in the order

of -38 to -57 % in case that outlet discharge of Lake

Geneva would remain unchanged (Table S3). Similar

reductions were described for different rivers over France

by (Boé and Habets 2014) and Chauveau et al. (2013),

where a general reduction in annual stream flow of about

-25 and -35 % was projected for the horizon 2065. The

reduction in mean annual flow will likely be accompanied

by a shift in the seasonality of flows and by a smoothening

in the regime (Fig. 4). The main difference between the

two lake management scenarios concern low flows, which

would become more pronounced in the future as outflow

from Lake Geneva is unlikely to be maintained at the

current discharge.

Peak flows (low and high) also point to a decrease by the

end of the century as compared to today were, but this

reduction is less significant when outlet discharge from

Lake Geneva is maintained at its current level.

The frequency analysis of the extremes (Fig. 5) also

revealed that minor changes can be expected in the mag-

nitude of maximum discharge, but that a decrease in low

flows could occur between the baseline period (1980–2010)

and the second half of the twenty-first century for small

return periods (1.5 and 5 years). For extreme flows with

much longer return periods, however, the range of future

evolutions is larger, including a possible increase in

extreme floods and a decrease in low flows. The observed

noticeable increase in dispersion for large return periods

also indicates an increment in uncertainty.

Therefore, a unique result cannot be obtained regarding

extreme flows, but a clear tendency exists for more extreme

peaks for both low and high flows at Ternay by the end of

the century.

In summary, discharge at Ternay is likely to decrease

significantly by the end of the century, low flows will

become more extreme, whereas less severe low flows can

be expected in the rest of the sub-basins. With respect to

floods, high flows show a general tendency of decrease and

possible upwards are limited to the more extreme, yet less

frequent floods (Table S3).

These findings are in agreement with results of the

ACQWA (Beniston et al. 2011) and Explore2070 and other

projects in France (Boé and Habets 2014; Chauveau et al.

2013), yet new lines of evidence could be added to our

understanding of discharge in this transboundary catch-

ment. The Swiss and French sub-basins have been linked

through the inclusion of the management scheme of Lake

Geneva and may thus better assist long-term governance

issues of water rights and concessions in this international

context. The work also differs by the nature of model

generations used and with respect to the magnitude of

changes, which is, however, also due to the different time

windows for the baseline and the projections. The lack of

common scenarios makes a direct comparison difficult.

While we predict precipitation to decrease by 10–27 %,

Explore2070 portrays a more drastic decrease by up to

37 %. Despite the differences in magnitude changes,

impacts on discharge seem largely consistent. In

Explore2070, discharge in the Rhone River at Lyon (Pont

Morand) is predicted to drop by up to -54 %, especially in

summer (June–September) when outlet discharge from

Lake Geneva could possibly play an important role. In this

light, the inclusion of lake management in the analysis

represents an important contribution to a better under-

standing of the transboundary context of the Rhone River.

Uncertainty assessment

One of the main sources of uncertainties is due to the

physical parameterisations and the assumptions made by

the GCM. The RCPs should not be interpreted as forecasts

or absolute bounds, or be seen as a policy prescriptive. The

RCPs describe a set of possible developments in emissions

and land use, based on consistent scenarios (van Vuuren

et al. 2011).

The following step in the modelling process was the

downscaling. As pointed out by Chen et al. (2011), the

choice of a downscaling method is critical for any climate

change impact study on hydrology. The strength and

weaknesses of the delta-change method have been
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discussed in several papers (Fowler et al. 2007; Sajjad

Khan et al. 2006). Its main weakness is that it does not

modify the occurrence of future variability. In this respect,

Boé and Habets (2014) suggested that the multi-decadal

variations in river flows are expected to be mostly internal.

They therefore have to be taken into account as potential

uncertainties in climate change projections and in adapta-

tion policies to climate change. As one cannot simply

suppose that those variations will have the same amplitudes

in the perturbed climate as in the instrumental period (the

amplitude of low-frequency variations is not necessarily

independent of the mean climate state), one has to rely on

multiple members of climate projections to estimate those

uncertainties.

Once the projected data series are obtained, they were

used as input data for the hydrological modelling. We first

calibrated and validated the model, in a two-step calibra-

tion (at the outlet and in several sub-basins). The model

performance was generally good with some differences

between the entire basin and the smaller sub-basins. Sev-

eral factors lead to the different results for the large basins.

In the large basins, some errors in the upstream basin can

be compensated for downstream, leading to overall better

results. The same kind of compensation can occur for the

description of the geological and surface properties. An

additional reason could be that the human activities (dams,

derivation, pumping, etc.) can have relatively larger effect

on the small basin discharge. Finally, larger errors may be

due also to the faster hydrological response of those basins,

which cannot be reproduced by the relatively simple river

routing model used herein.

Transboundary governance of the Rhone in a climate

of changes

The modifications in run-off in the Rhone River from Lake

Geneva to Lyon might have important impacts for many

different water users on either side of the borders shared

between France and Switzerland. It might lead to an

increase of use rivalries between the different sectors using

water resources (such as hydropower, agriculture, cooling

of nuclear plants, production of drinking water or ecosys-

tem) for their own purposes.

The management of these tensions is a particular issue

in the present context of transboundary area characterised

by the multiplicity of institutional levels and frameworks.

Moreover, this strong fragmentation is reinforced by

important delegation of competences to hydropower pro-

ducers. Indeed, concession contracts have been signed for

periods of 60–90 years on the two sides of the border, and

by doing so, operational management of the Rhone River

depends to a great extent from private operators aiming to

produce electricity.

In this context, the increase in extreme events (and

notably several important droughts occurring since the

early 2000) urges public actors on returning on the centre

of the stage and on redefining governance modalities of the

river. Therefore, public actors try to find solutions to

overcome the strong institutional fragmentation linked to

the transboundary setting. They also aim to ensure stronger

adaptive capacities by anticipating and answering potential

tensions within actors’ configuration.

Thus, this study has to be seen in the context of a

transboundary river governance system under construction.

Therefore, the definition of tendencies and scenarios of

flow modifications are crucial, even in the long-term

illustrated in this paper. The approach of this contribution

has thus been designed in a way to support a decision-

making process in this context of changes and takes into

account some degree of uncertainty inherent to the defini-

tion of climatic scenarios as well as the future management

of Lake Geneva’s water. We believe that such an approach

might help to reflect on the governance modalities of a

river such as the Rhone, especially when water manage-

ment significantly depends on concession contracts granted

for several decades.

Fig. 5 Frequency analysis for the observed annual maximum (a) and minimum (b) (black dotted confidence intervals) and frequency of the

projected discharges (grey shading)
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Bréthaut C, Pflieger G (2013) The shifting territorialities of the Rhone

River’s transboundary governance: a historical analysis of the

evolution of the functions, uses and spatiality of river basin

governance. Reg Environ Change. doi:10.1007/s10113-013-

0541-4

Bussi G, Frances F, Horel E, Lopez-Tarazon JA, Batalla RJ (2014)

Modelling the impact of climate change on sediment yield in a

highly erodible Mediterranean catchment. J Soils Sediments.

doi:10.1007/s11368-014-0956-7

Demaria EMC, Maurer EP, Thrasher B, Vicuña S, Meza FJ (2013)

Climate change impacts on an alpine watershed in Chile: do

new model projections change the story? J Hydrol

502:128–138

Deneux M (2002) Rapport sur l’évaluation de l’ampleur des
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et 2100. Office parlementaire d’évaluation des choix scientifi-
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