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Abstract. According to available climate change scenarios

for Belgium, drier summers and wetter winters are expected.

In this study, we focus on two multi-purpose reservoirs lo-

cated in the Vesdre catchment, which is part of the Meuse

basin. The current operation rules of the reservoirs are first

analysed. Next, the impacts of two climate change scenarios

are assessed and enhanced operation rules are proposed to

mitigate these impacts. For this purpose, an integrated model

of the catchment was used. It includes a hydrological model,

one-dimensional and two-dimensional hydraulic models of

the river and its main tributaries, a model of the reservoir sys-

tem and a flood damage model. Five performance indicators

of the reservoir system have been defined, reflecting its abil-

ity to provide sufficient drinking water, to control floods, to

produce hydropower and to reduce low-flow conditions. As

shown by the results, enhanced operation rules may improve

the drinking water potential and the low-flow augmentation

while the existing operation rules are efficient for flood con-

trol and for hydropower production.

1 Introduction

Large reservoirs are particularly effective in mitigating hy-

drological extremes such as floods and low-flows. For in-

stance, preventive turbines operation may prove efficient for

flood control. Optimal reservoir management has been anal-

ysed in a number of studies, focusing either on large dams

(Bieri and Schleiss, 2013; Fortin et al., 2007; Payne et al.,

2004), on smaller structures (Camnasio and Becciu, 2011)

or even on run-of-river schemes enabling in-stream storage

(Heller et al., 2010).

The number of different water uses considered in these

studies was generally limited to two or three aspects, such

as hydropower and floods (Bieri and Schleiss, 2013; Jordan

et al., 2012), hydropower and minimum environmental flow

or energy production, low-flow augmentation and flood sup-

port for agricultural purposes (Bader et al., 2003). In con-

trast, Fortin et al. (2007) performed a combined analysis of

the reservoir system performances in terms of flood con-

trol, leisure activities, hydropower and ecology. Similarly,

a particularly holistic approach was followed by Heller et

al. (2010), who considered not only hydropower and flood

control, but also groundwater issues, leisure infrastructures

as well as ecological and economic criteria. However, their

study is restricted to a purely qualitative assessment. Op-

timal reservoir management was also studied from a Con-

trol Theory perspective, addressing the methodological chal-

lenges resulting from the strong non-linearities in the system

response and the associated high uncertainties (Castelletti et

al., 2008).

A broad range of measures may contribute to mitigate the

effects of global climate change on water resources and on

flood risk (e.g. Poussin et al., 2012). In particular, authors

such as Payne et al. (2004) and Fortin et al. (2007) anal-

ysed the potential for enhanced reservoir management to act

as an efficient option for mitigating hydrological impacts of

climate change. Based on different downscaling techniques,

they accounted for climate change projections for the time

periods 2010–2039, 2040–2069 and 2070–2098. As shown

by their results, climate change tends to increase competi-

tion between different water uses; but adaptation of the reser-

voir management can make a substantial difference by con-

tributing to reach more acceptable new trade-offs between

the competing water uses.
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Figure 1. Vesdre valley from upstream of the Eupen reservoir to the mouth into the River Ourthe, which flows into the River Meuse.

Other types of scenarios considered in previous studies

include growing water demand for irrigation (Bader et al.,

2003) or the upgrade of the reservoir system by dam height-

ening (Bieri and Schleiss, 2013; Bieri et al., 2011).

In this paper, we focus on a system of two large multi-

purpose reservoirs in the Vesdre catchment (Belgium), which

is located in the basin of the River Meuse.

Based on the complex management rules applied by the

dam operator, the existing operation policy of the reservoirs

was first analysed for the period 1974–2004, and a sensi-

tivity analysis was conducted for the main parameters in-

volved in these operation rules. Next, two extreme climate

change scenarios were investigated by introducing spatially

distributed perturbations in the time series of temperature and

rainfall in the catchment. These scenarios correspond respec-

tively to possible “wet” and “dry” future climates and they

are available for time horizons up to 2050 and 2100. Finally,

the feasibility of mitigating the impacts of climate change on

the reservoir system performance was appreciated by testing

modifications in the reservoir management plan.

Four aspects were considered to assess the performance

of the reservoir system as well as its evolution as a function

of climate change and adapted reservoir management: guar-

antee of drinking water availability, flood control, low-flow

augmentation and hydropower production.

The analysis relies on a comprehensive integrated mod-

elling of the catchment. A process-oriented and spatially dis-

tributed hydrological model was applied to estimate hourly

water yields to the reservoirs and along the whole course of

the rivers. It was forced with temperature and precipitation

data from 1961 to 2005. One-dimensional (1-D) hydraulic

modelling was used to model the flow in the rivers. Climate

change scenarios were incorporated in the analysis by means

of a tailored perturbation tool for downscaling effects of cli-

mate evolution in Belgium (Ntegeka et al., 2014). Next, using

a detailed two-dimensional (2-D) hydraulic model, inunda-

tion modelling was performed for a number of characteristic

flood discharges deduced from flood frequency analysis. Fi-

nally, flood risk curves were derived from economic flood

damage estimates obtained by combining the results of inun-

dation modelling with land cover and land-use data.

2 Case study

The study focuses on the catchment of the River Vesdre,

which covers 700 km2. From its spring in the High Fens, the

River Vesdre flows for 70 km, in a relatively narrow and deep

valley into the River Ourthe, which is the main tributary of

the River Meuse in Belgium (Fig. 1). The mean annual dis-

charge in Chaudfontaine, near the mouth, is about 11 m3 s−1.

Two 50 m high dams are located in the upper part of the

catchment: Eupen dam and La Gileppe dam. The former is

situated on the main course of the River Vesdre, 3 km up-

stream of the town Eupen, while the latter is on the left-bank

tributary La Gileppe. Both reservoirs have approximately the

same storage capacity equal to 25 hm3. However, the sub-

catchment of Eupen reservoir (10 000 ha) is about twice the

height of the drainage area of La Gileppe reservoir.

As detailed in Fig. 1, both reservoirs are fed by their own

upstream subcatchments; but also by two additional rivers

from which diversion tunnels were built. For the Eupen dam,

the River Helle is diverted and increases the effective catch-

ment area from 7000 to 10 500 ha. For La Gileppe dam, the

River Soor is deviated to increase the catchment area from

3500 to 5500 ha. Both tunnels are usually open and only a

minimum environmental flow remains in the rivers Soor and

Helle downstream of the water intakes. As detailed below, if

the reservoirs reach their maximum water levels, these tun-

nels can be closed and all the discharge can be conveyed in

the rivers Soor and Helle. The combined effect of both dams

enables about one-quarter of the overall Vesdre catchment to

be regulated, while three-quarters remain unregulated. In par-
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ticular, the unregulated tributary Hoëgne flows into the River

Vesdre in Pepinster, causing periodic flood events.

The main objective of the reservoirs is the supply of drink-

ing water throughout the year for more than 400 000 inhab-

itants (total capacity of 110 000 m3 day−1). Additionally, a

minimum free storage of approximately 3 hm3 in each reser-

voir is used for flood control. Two other purposes of the reser-

voirs are, in decreasing order of priority, the hydropower pro-

duction, for approximately 1500 households in Eupen, and

the augmentation of low-flows.

3 Integrated model of the catchment

An integrated model of the Vesdre catchment was set up. It

enables the determination of reservoir levels, hydraulic vari-

ables of the River Vesdre and flood risk.

3.1 Hydrological model and flow routing

The hydrological model (MOHICAN) used is spatially dis-

tributed and process-oriented. It consists in a rainfall–runoff

model (EPICgrid) coupled with the one-dimensional hy-

draulic model Wolf1-D for flow routing.

The rainfall–runoff model was described by Sohier et

al. (2009) and was recently used by Bauwens et al. (2011). It

is a modified version of the EPIC model initially proposed by

Williams et al. (1984). A complete mathematical description

of the model EPIC is given by Sharpley and Williams (1990).

In particular, the infiltration model used in EPIC is based on

a storage routing technique to predict flow through each soil

layer (Sharpley and Williams, 1990). A regular grid of 1 km2

was applied to cover the whole catchment of the River Ves-

dre. Each cell is divided into several hydrological response

units (HRUs) based upon the soil description, the slope, land-

use and meteorological data. The HRUs are simulated sepa-

rately and the outputs of a cell are the weighted average of

the HRU’s outputs (Bauwens et al., 2011). Validation of the

model is available in Sohier et al. (2009) and Sohier and De-

gré (2010).

The lateral inflows to the rivers, computed by the rainfall–

runoff model, are next routed through the river network by

means of the hydraulic model Wolf1-D. It solves the con-

servative form of the 1-D Saint Venant equations using a fi-

nite volume scheme and a self-developed flux-vector split-

ting technique (Kerger et al., 2011a, b, c). The resulting or-

dinary differential equations are integrated in time using an

explicit Runge–Kutta scheme. The shock capturing property

of the scheme enables the simulation of flow regime changes

and hydraulic jumps. An original procedure based on La-

grange multipliers is applied to simulate river junctions. The

model was used in a number of previous hydrological stud-

ies, such as Dewals et al. (2012) and Khuat Duy et al. (2010).

Regular cell sizes of 200 m were used to discretize the whole

river network.

Data needed to feed the model are measured series of tem-

peratures and precipitations in the catchment. Simulations

for the actual time period used records realized between 1961

and 2005 which were interpolated using Thiessen polygons.

The hydrological simulations were carried out at an hourly

time step from 1961 to 2005; but the results are taken into

account from 1974 to 2004. The first 13 years were not con-

sidered in the analysis of the results to reduce the influence

of the initial conditions (warm-up period) and the year 2005

was rejected because the input data were not available for the

whole year.

For prospective analysis, the measured time series of tem-

perature and precipitation were perturbed to reflect possible

changes in climate. This was performed using the perturba-

tion tool CCI-HYDR developed by Ntegeka et al. (2014) and

previously used by Bauwens et al. (2011). Based on the re-

sults of regional climate models (RCMs) and global circu-

lation models (GCMs), it applies an advanced perturbation

method to perturb the measured time series of temperature

and precipitation. In the advanced perturbation method, per-

turbations are applied to the historical time series in two

steps: first the numbers of wet and dry days are perturbed in

the time series, followed by rainfall intensity changes for the

wet days in a quantile (or exceedance probability) dependent

way (Ntegeka et al., 2014). The CCI-HYDR perturbation tool

reproduces a limited number of scenarios (wet, dry), which

are representative of the spectrum of possible climate evolu-

tions, as obtained from various RCMs, GCMs, and emission

scenarios. This is currently the most advanced tool readily

available for impacts studies in Belgian catchments.

Two time horizons were considered (2020–2050 and

2070–2100) and, for each of them, two extreme scenarios

(Table 2), corresponding to different greenhouse gases emis-

sion scenarios (IPCC, 2007). These scenarios correspond to

climate evolutions which are particularly extreme for, respec-

tively, low-flows and floods.

3.2 Reservoir operation model

Based on documents from the dam operator (SPW, 2008), a

detailed model of the operation of the Eupen and La Gileppe

reservoirs was developed in the context of this study. It pro-

vides the time evolution of reservoirs outflows and levels.

The priority purposes of both dams are the production of

drinking water and the conservation of a base flow in the

River Vesdre as well as in the reach from La Gileppe dam

to the River Vesdre. These discharges are about 40 L s−1

in each river. For drinking water, constant productions of

30 000 m3 day−1 at La Gileppe and 60 000 m3 day−1 at Eu-

pen were assumed.

The two main modes of operation of the reservoirs cor-

respond to “normal” and “flood management” conditions

(Fig. 2).

The former mode is active for a reservoir provided that es-

timated water inflows into this reservoir during the next 48 h
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Figure 2. Principles of the reservoir operation rules.

Figure 3. Target water levels and safety maximum water level in

the Vesdre reservoirs.

do not exceed its free storage volume. These estimates of in-

flows are considered here as exact, while in reality they result

from hydro-meteorological forecasts which contain some de-

gree of uncertainty (Camnasio and Becciu, 2011). The con-

tribution of water diverted by the tunnels is accounted for in

these estimates.

In addition, two reference water levels are set in each reser-

voir (Fig. 3). First, a prescribed “maximum water level” may

not be exceeded in each reservoir (Table 1), so as to keep a

free storage of about 3× 106 m3 in each reservoir for floods.

If this water level is exceeded in the normal mode, maximum

hydropower (Table 1) is produced until the maximum level is

reached again. In the flood management mode, an extra dis-

Table 1. Summary of the reservoir characteristics.

Eupen La Gileppe

Capacity 25× 106 hm3 26.4× 106 hm3

Dam height 66 m 68 m

Natural river Vesdre and Getzbach La Gileppe

Natural drainage area 6920 ha 3430 ha

Diverted river Helle Soor

Extra drainage area

through water diversion 3675 ha 1970 ha

Minimum pool level

for drinking water 343 m 284 m

Mean target level 355.5 m 295 m

Maximum water level 358.5 m 298 m

Maximum safety level 361 m 300 m

Crest level 362 m 305 m

Maximum

hydropower discharge 4.5 m3 s−1 1.8 m3 s−1

Table 2. Scenarios of climate change.

Time period 1974–2004 2020–2050 2070–2100

Scenario / wet dry wet dry

charge is released by the spillway to increase the free stor-

age. The released discharge fulfils criteria of non-inundation

downstream, at the gauging station of Pepinster. Second, a

“target water level” is defined. It follows a sinusoidal evo-

lution over each year (Fig. 3). Whenever the water level is

in-between the target level and the maximum level, standard

hydropower is produced (1.5 m3 s−1, 6 h day−1). In contrast,
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Table 3. Characteristic discharges at Chaudfontaine derived from

observations and from computations.

Return Relative

Period (Year) Measure Simulation error

25 226 m3 s−1 210 m3 s−1 7 %

50 241 m3 s−1 229 m3 s−1 5 %

100 255 m3 s−1 247 m3 s−1 3 %

if the water level drops below the target level, hydropower

production is stopped.

After a flood, the operation mode of the reservoirs

switches back to “normal” once the river discharge decreases

at the junction between the River Hoëgne and the River Ves-

dre, and the water level in the reservoir drops below the nor-

mal water level. To enable this, 20 m3 s−1 at Eupen reservoir

and 10 m3 s−1 at La Gileppe reservoir are released when the

discharge at a gauging station downstream of the dams be-

comes lower than 50 m3 s−1. In this phase, the diversion tun-

nels are both closed to foster a quick recovery of free storage

capacity in the reservoirs.

For the Vesdre catchment, the model was validated by

comparing time evolutions of computed and measured dis-

charges at Chaudfontaine for entire years and for several

major floods (Magermans et al., 2011), as well as esti-

mates of flood frequency at the same gauging station, derived

from computations and from observations (Table 3). Chaud-

fontaine is the only gauging station where reliable data are

available for the whole control period.

3.3 Flood frequency analysis and low-flow statistics

Flood frequency analysis was performed based on the an-

nual maximum hourly discharge of the computed time se-

ries. The Weibull distribution was used, as recommended by

Bauwens et al. (2011) for the River Vesdre. The mean daily

discharge not reached 10 days per year in a flow–duration

curve (DCE) was also estimated and was used as an indica-

tor of low-flows. The flood frequency relationship changes

from upstream to downstream. To handle this variation in

space, the whole course of the River Vesdre was separated

here in three reaches: upper, middle and lower reach (Fig. 1).

Each reach is delimited by the junction of the River Vesdre

with a major tributary. Next, flood frequency analysis was

performed for three specific locations, each of them being lo-

cated in one of the three reaches. The relationships between

return periods and characteristic flood discharges obtained

from these three flood frequency analyses were each consid-

ered as representative of the corresponding reach.

The results of the runs of the hydrological model per-

formed for climate change conditions enabled the flood fre-

quencies to be updated for the future time horizons.

3.4 Inundation modelling

For the peak flood discharges estimated for different return

periods, detailed inundation modelling using the hydraulic

model WOLF 2-D was conducted for the whole valley of

the River Vesdre (∼ 40 km), from the Eupen reservoir to the

mouth of the River Vesdre into the River Ourthe (in Chênée,

close to Liege). The model solves the fully dynamic shallow-

water equations using a conservative finite volume scheme

based on a flux vector splitting technique (Dewals et al.,

2008; Erpicum et al., 2010b).

The model was extensively validated for inundation mod-

elling along over 1300 km of rivers (Erpicum et al., 2010a,

b), as well as for other complex turbulent flow (Camnasio et

al., 2013; Dewals et al., 2008; Erpicum et al., 2009; Roger

et al., 2009). It provides detailed spatially distributed results

throughout the floodplains (Beckers et al., 2013; Dewals et

al., 2011; Ernst et al., 2010).

The topographic model is based on a Lidar altimetry for

the floodplain, with a grid size of 2× 2 m2 and an accuracy

of 15 cm in elevation, and cross-sections every 50 m for the

river bathymetry. The friction coefficient was calibrated by

comparing numerical results to observed inundation extents

during the 1998 flood.

Seven different peak flood discharges were considered

here for inundation modelling, including those correspond-

ing to the return periods 25 (Q25), 50 (Q50) and 100

years (Q100) in the reference situation. The discharges

Q100+ 15 % and Q100+ 30 % were also considered be-

cause they are of the order of future 100-year discharges

for, respectively, 2020–2050 and 2070–2100 (last line of

Table 8). To better approximate the risk curve for high-

probability floods, a discharge corresponding to relatively

low damages (150 m3 s−1 in Chaudfontaine) and one cor-

responding to the estimated bankfull discharge in Chaud-

fontaine (120 m3 s−1) were also considered for inundation

modelling. The corresponding discharges are assumed to be

uniform within a reach, but are altered at each junction with

a major tributary.

The peak discharge of the highest historical flood (1998) is

evaluated at 241 m3 s−1, which is very close to the estimated

100-year flood discharge Q100 (Table 3). However, to de-

rive valid risk curves, higher discharges, up to Q100+ 30 %,

were considered for inundation modelling. Since the highest

flood on record is the 1998 flood (close to Q100), it was not

possible to recalibrate the hydraulic model for discharges as

high as Q100+ 30 %. Therefore, the initial calibration was

assumed to remain valid also for higher discharges.

3.5 Damage

The distribution of land-use categories was obtained by com-

bining the localization plan (PLI) and the sector plan (PdS)

obtained from the Walloon Region (Beckers et al., 2013). For

each land-use category, a damage function provides the rela-
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tionship between water depth and relative damage. This rela-

tive damage (in %) in an area expresses the potential damage

for a given flood scenario as a percentage of the maximum

possible damage in this area (Merz et al., 2010b). The dam-

age functions considered here are the FLEMO curves (Voro-

gushyn et al., 2012, Kreibich et al., 2010, Thieken et al.,

2008) for residential land-use categories and the IKSR curves

(Rhine Atlas) for agriculture, forests and infrastructure. For

a given flood discharge, by combining the inundation map

computed by Wolf2-D, the land-use map and the damage

functions, the relative damage was obtained for each area

in %. Then, this relative damage was converted into abso-

lute damage (in EUR) by multiplying the relative damage of

each area by the asset value associated with its land-use cat-

egory (in EUR m−2). Asset values were based on the ATKIS

prices developed in Germany and adapted to the Walloon Re-

gion. Finally, all contributions to the damage were summed

for each reach of the River Vesdre. In this study, only direct

and tangible damages were considered, with a micro-scale

approach applied only for immobile residential damage and

a meso-scale approach for other damage categories (Sinaba

et al., 2013).

3.6 Risk

The flood risk corresponds to the mean annual damage ex-

pected in an area due to flood events (Merz et al., 2010a). A

risk curve represents the total flood damage (in EUR) as a

function of the cumulative flood frequency associated with

the corresponding discharges (Kaplan and Garrick, 1981).

Thanks to the flood frequency analysis achieved for the three

reaches, a risk curve could be obtained for each locality from

the seven flood discharges for which flood damages were

estimated. The maximum return period considered in the

risk analysis is around 5000 years in the present situation at

Chaudfontaine (lower reach), corresponding to the discharge

Q100+ 30 %. To evaluate the risk from the seven values of

damage estimated for the characteristic flood discharges, a

two-step procedure is followed:

– first, a two-parameter logarithmic function is fitted on

the available damage estimates (Fig. 8);

– second, this logarithmic function is integrated analyt-

ically over the whole range of flood frequencies (i.e.

from 0 to 1).

This enables a maximum coverage of the whole spectrum

of possible flood events and it also reduces quadrature errors.

4 Sensitivity analysis

4.1 Indicators of reservoir system performance

Performance indicators were defined to analyse the impacts

of climate change on the reservoir performance and to ex-

Table 4. Indicators for the reservoir purposes.

Parameter Indicator Unity

y1 Flood risk EUR yr−1

y2 Mean annual hydropower potential kWh yr−1

y3 Minimum daily level of Eupen reservoir m

y4 Minimum daily level of La Gileppe reservoir m

y5 Mean annual DCE m3 s−1

plore possible improvements in the operation rules of the

reservoirs. One indicator yj was defined for each purpose

of the dams (Table 4). In addition to flood risk, the indicators

include the mean annual hydropower potential, the minimum

daily level in each reservoir and the mean annual DCE.

4.2 Metrics for sensitivity analysis

Local sensitivity analysis was used to assess the sensitiv-

ity of the system around a single set of parameter val-

ues (Wildemeersch et al., 2014). Although theoretically not

adapted to nonlinear systems like dam management, this

method remains appealing due to the relatively low number

of necessary model runs. Also, as shown by Hill and Tiede-

man (2007), the method remains generally valid in practice,

except for extremely non-linear systems. From model runs

exploring the impacts of operating rule parameters bi on in-

dicators yj , a sensitivity matrix J was obtained:

J=


∂y1

∂b1

∣∣∣∣
b

. . .
∂y1

∂bnpar

∣∣∣∣
b

...
. . .

...
∂ynind

∂b1

∣∣∣∣
b

. . .
∂ynind

∂bnpar

∣∣∣∣
b

 . (1)

A quantitative analysis was then realized using the dimen-

sionless scaled sensitivities dssij :

dssij =
∂yi

∂bj

∣∣∣∣
b

·
∣∣bj

∣∣ · ∣∣∣∣ 1

yi

∣∣∣∣ . (2)

For indicators and parameters related to the reservoir lev-

els, the variations of bi and yj were compared with the min-

imum pool level for drinking water (Table 1).

4.3 Procedure

Since the influence of the operation rules parameters need

to be known to guide the development of enhanced opera-

tion rules, the influence of each of these parameters on the

reservoirs performance was analysed. In addition to the main

parameters listed in Table 5, the influence of the following

less-influencing parameters was also studied: discharge re-

leased after a flood to restore the initial storage capacity, the

management of the Soor and Helle tunnels and other specific

parameters. The discharge threshold at Pepinster (Tests 7 and
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Table 5. Main parameters of the operation rules.

Test Parameter modified Reference value

1 Daily duration of the standard hydropower production 6 h day−1

2 Mean target water level at Eupen reservoir 355.5 m

3 Mean target water level at La Gileppe reservoir 295 m

4 Amplitude of time evolution of the target water level at Eupen reservoir 6 m

5 Amplitude of time evolution of the target water level at La Gileppe reservoir 6 m

6 By-pass discharge at each reservoir 0,04 m3 s−1

7 Discharge threshold at Pepinster for detecting flood downstream in the “normal” mode 90,5 m3 s−1

8 Discharge threshold at Pepinster for detecting flood downstream in the “flood management” mode 90,5 m3 s−1

9 Drinking water production at Eupen reservoir 60 000 m3 day−1

10 Drinking water production at La Gileppe reservoir 30 000 m3 day−1

8) was varied to quantify its effect on the maximum releases

avoiding flood downstream both in the “normal” and in the

“flood management” modes.

4.4 Results and discussion

A substantial share (89 %) of overall flood risk in the present

situation is due to the subcatchment corresponding to the

lower reach (with 11 % for the middle reach and a negligi-

ble share for the upper reach).

The efficiency R of the present operation rules was com-

pared to two extreme situations, corresponding, respectively,

to no retention capacity R0 and an infinite retention capacity

R∞ (Table 6). Equation (3) gives the maximum flood miti-

gation potential, Eq. (4) provides the absolute reservoir effi-

ciency and Eq. (5) corresponds to the relative reservoir effi-

ciency. Multiplying Eqs. (3) and (5) gives Eq. (4):

Mitigation potential=
R0−R∞

R0

(3)

Absolute reservoir efficiency=
R0−R

R0

(4)

Relative reservoir efficiency=
R0−R

R0−R∞
. (5)

The variations of operation rules parameters and their in-

fluences on the performance indicators are given in Table 7.

Applying the local sensitivity method leads to the results de-

tailed in Fig. 4. For each parameter of the operation rules,

reasonable variations were selected based on engineering

judgement.

First, a significant part of flood risk in the Vesdre catch-

ment is due to the lower part of the valley, where only a

quarter of the catchment is regulated by the dams. This flood

risk accounts for nearly EUR 4 million yr−1. For the regu-

lated part of the catchment, the operation of the reservoirs is

relatively efficient for flood mitigation with a total relative

Table 6. Reservoir efficiencies and mitigation potential for the

reservoirs operation rules in the present situation.

Upper Middle Lower

reach reach reach Total

Mitigation potential 100 % 91 % 60 % 73 %

Absolute reservoir efficiency 100 % 87 % 55 % 69 %

Relative reservoir efficiency 100 % 95 % 93 % 95 %

efficiency of 95 % (Table 6). This relative efficiency (Eq. 5)

is lower in the lower reach than in the upper one, partly be-

cause of the time delay between decisions made at the dams

and their effects downstream. For this reason, a total relative

efficiency of 100 % is not achievable based on reservoir oper-

ating rules not taking into account wave propagation down-

stream. The presence of the reservoirs enables a complete

reduction of flood risk in the upper reach, a very strong de-

crease in the middle reach (87 %), upstream of the junction

with the River Hoëgne, and a decrease by almost 55 % in

the lower reach. The absolute efficiency (Eq. 4) is higher in

the upper reach than in the lower one, mainly, because of the

higher share of the catchment which is regulated.

Second, dimensionless scaled sensitivity values, obtained

for the low-flow indicator (DCE), are much lower in abso-

lute values than the values obtained for the other indica-

tors (Fig. 4). However, the model structure and its calibra-

tion were mainly focused on flood modelling and, therefore,

simplifications remain in the groundwater flow modelling

leading to more uncertainties for low-flow predictions by

the model than for flood reproduction. The parameter “dss”

takes higher absolute values for the minimum daily level in

La Gileppe reservoir than in Eupen, due to a catchment area

which is 2 times higher for Eupen while the storage capaci-

ties are equivalent. Indicators relative to the minimum reser-

voir levels reveal a much higher sensitivity than the others,

two “dss” values being higher or equal to unity at each reser-

voir. Finally, the reservoir operation rules have a low effect

on hydropower production since increasing the amount of
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Table 7. Variations of operating rule parameters (bi) and their incidences on indicators (yj ).

Performance y1 y2 y3 y4 y5

indicator (103 EUR yr−1) (MWh yr−1) (m) (m) (m3 s−1)

Test Reference 4200 8600 351.5 291.5 1.65

1bi 1y1 1y2 1y3 1y4 1y5

1 +9 h day−1
−3.8 % −1.2 % −0.29 −0.29 −21.8 %

2 −2 m −5.5 % −1.2 % −2.28 0 −1.2 %

3 −2 m −1.9 % −0.2 % 0 −2.16 −0.6 %

4 −2 m 0.0 % 0.2 % 1.75 0 −2.4 %

5 −2 m 0.0 % 0.2 % 0 1.84 −3.0 %

6 +0.06 m3 s−1
−0.2 % −7.9 % −0.68 −0.49 4.2 %

7 −10 m3 s−1
−0.7 % −0.2 % 0 0 0.0 %

8 +10 m3 s−1 4.3 % 0.1 % 0 0 0.0 %

9 +30 000 m3 day−1
−1.7 % −18.5 % −4.28 0 −7.9 %

10 +30 000 m3 day−1
−2.6 % −17.2 % 0 −16.70 −12.1 %

Figure 4. Local sensitivity analyses of the operation rules parameters.

water used for hydropower production simultaneously de-

creases the available head.

The low-flow indicator is highly dependent on the amount

of water released for hydropower production during the dry

season. An increase in the duration of the standard hy-

dropower production reduces significantly the DCE (Test 1).

Indeed, this modification leads to a reduction of the reservoir

water levels which reach more quickly the target water levels.

Below these target water levels, the hydropower production

is stopped (Fig. 2).

The mean target water level in each reservoir (Tests 2 and

3) has an influence on all indicators. A reduction of this mean
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Figure 5. Impacts of climate change on the reservoir levels in the time period 2070–2100.
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Figure 6. Cumulative frequency distribution of flood discharges in

Chaudfontaine (lower reach) in the present situation and in the time

period 2070–2100. Discrete points are results from discharge time

series obtained from the hydraulic model WOLF1-D and curves

correspond to fitted Weibull distributions.

level at one reservoir enables an increase in available storage

for flood control, but leads also to a decrease in the mini-

mum levels reached by the reservoir, impairing the guaran-

tee of sufficient drinking water availability. A decrease in the

amplitudes of the time evolution of the target water levels

(Tests 4 and 5) leads mainly to an increase in lowest reser-

voir levels and to slight decrease in the low-flow discharge.

Therefore, varying the amplitude of the time evolution of a

target level enables a direct control of the minimum reservoir

level without impacting flood risk. So, target water levels are

parameters that can be used to modify the minimum levels

reached by the reservoirs and to reduce flood risk, as also

highlighted by Bieri et al. (2011) for the upper Aare catch-

ment.

A change in the by-pass discharges (Test 6) implies obvi-

ously a decrease in drinking water reserve and in hydropower

production. This trade-off between hydropower production

and non-turbined water uses is in agreement with the con-

clusions of Payne et al. (2004) for the Columbia River basin.

The relatively low value of the indicator of low-flow is at-

tributed to the previously mentioned high dependency of this

indicator on the hydropower production during the dry sea-

son.

The threshold discharges used for detecting flood down-

stream in the “normal” mode and in the “flood management”

mode (Tests 7 and 8) have a significant influence only on

flood risk. In the “flood management” mode (Test 8), this

threshold discharge is the main parameter influencing flood

risk. Although an increase in the discharges downstream

could have a beneficial influence by reducing the rate of fill-

ing of the reservoirs during a flood event, the increase of the

threshold discharge has a detrimental effect on flood risk as it

leads to higher damage downstream. The results suggest that

these threshold discharges should be decreased.

A change in the demand for drinking water (Scenarios 9

and 10) has a very substantial influence on the minimum

daily reservoir levels, on the hydropower potential and on

the low-flow augmentation. A given increase in drinking wa-

ter production has an influence twice as strong on the low

reservoir levels in La Gileppe than in Eupen as a result of the

difference in the reservoir catchment areas.
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Figure 7. Flood hydrographs in Chaudfontaine (lower reach) for four major floods in the present situation and in the time period 2070–2100.
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Figure 8. Risk curve in Chaudfontaine (lower reach) in the present

situation and in the time period 2070–2100.

5 Influence of climate change

For the time period 2070–2100, the mean annual reservoir

levels were modified as presented in Fig. 5. In winter, the

mean reservoir levels increase in the wet scenario. In au-

tumn, the mean reservoir levels drop for both scenarios but

mainly for the dry one. Despite these substantial changes,

the minimum daily levels in Eupen and La Gileppe reser-

voirs vary only slightly because the operation rules limit the

hydropower production if the reservoir levels are below the

target water level.

The flood–frequency curves for the reference situation and

for the time horizon 2070–2100 are given in Fig. 6. For the

wet scenario, the flood–frequency curve evolves towards a

general increase in the discharge values, inducing strong in-

creases in flood risk. The 100-year flood discharge rises by

32 % for the time horizon 2070–2100, which is very close

to the results of Dewals et al. (2013). For the dry scenario,

only the highest discharges are increased while the other dis-

charges are reduced, leading nonetheless to a slight increase

in flood risk. In Fig. 7, examples of flood hydrographs for

future time periods 2070–2100 are compared to the refer-

ence hydrographs for four major floods (1983, 1986, 1993

and 1998) in Chaudfontaine (lower reach). For each of them,

the peak discharge in the wet scenario is higher than in the

reference situation. For the floods of January 1986 and 1993,

the peak discharges in the dry scenario are lower than the

peak discharges in the reference situation while they are of

the same order as the peak discharges in the wet scenario for

the floods of May 1983 and September 1998.

The seven values of damage estimated for the characteris-

tic flood discharges are presented in the risk curves of Fig. 8

for the reference situation and the time horizon 2070–2100.

They confirm that for the lowest flood frequencies, both cli-

mate scenarios (wet and dry) lead to increased damages.
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Table 8. Influence of climate change.

2020–2050 2070–2100

Scenario Dry Wet Dry Wet

y1 Flood risk +25 % +35 % +8 % +200 %

y2 Mean annual hydropower potential −10 % +11 % −35 % +15 %

y3 Minimum daily level of Eupen reservoir −50 cm +50 cm −60 cm +50 cm

y4 Minimum daily level of La Gileppe reservoir −10 cm +10 cm −50 cm +20 cm

y5 Mean annual DCE −8 % +3 % −15 % ±0 %

Mean reservoir inflows −11 % +16 % −20 % +20 %

Q100 at Chaudfontaine +14 % +25 % +10 % +32 %

The influence of the climate change scenarios on the reser-

voirs performance is summarized in Table 8.

For the time period 2020–2050, hydropower potential

varied between −35 % (dry) and +15 % (wet) as a result

of a change in the mean annual reservoir inflows of, re-

spectively, −20 % (270 hm3) and +20 % (410 hm3). The

hydropower potential shows a higher sensitivity with re-

spect to climate change than to the reservoirs’ manage-

ment parameters. The 100-year flood discharge in Chaud-

fontaine increased by 32 % (322 m3 s−1) in the wet scenario

and by 10 % (269 m3 s−1) in the dry one. Flood risk rises

substantially, between 8 % (EUR 4 520 000 yr−1) to 200 %

(EUR 12 650 000 yr−1) for the entire catchment. A decrease

by 15 % of the mean annual DCE is consistent with the

results of Magermans et al. (2011) for the dry scenario,

whereas it did not change in the wet one.

For the time period 2020–2050, minimum daily reservoir

levels were slightly modified. The low-flows indicator was

decreased by 8 % in the dry scenario and the variations of the

hydropower potential were between−10 and+10 %, reveal-

ing again that climate change may have a beneficial effect on

hydropower production. This time, flood risk rose by 25 to

135 %, depending on the scenario (dry or wet).

Results of the simulations vary widely between the wet

and the dry scenario. Despite these large variations, common

tendencies can be highlighted: a decrease in the reservoirs

levels in autumn, an increase in the frequency of levels reach-

ing the maximum safety level, a decrease or a status quo for

the low-flow intensities and an increase in flood risk.

6 Perspective of improved reservoir operation

The influence of the reservoir management parameters and

of climate change on the indicators of reservoir performance

is summarized qualitatively in Table 9. The direction (up vs.

down) and the thickness of the arrows represent, respectively,

the direction (increase vs. decrease) and the relative magni-

tude of the variation.

Despite a rise in flood risk, to a different extent depending

on the scenario and the time horizon, the perspective of en-

hancing flood control by means of improved reservoir opera-

tion is strongly hampered by the already quasi-optimal man-

agement of the reservoirs in this respect (relative reservoir ef-

ficiency > 90 %). Indeed, in the wet scenario for the time pe-

riod 2070–2100, assuming an infinite retention capacity R∞
in Eupen and La Gileppe reservoirs leads to a residual flood

risk as high as EUR 11 850 000 yr−1 for the entire catchment.

Since the corresponding risk obtained with the present opera-

tion rules equals EUR 12 600 000 yr−1 (see reference value in

Table 7, and increase by 200 % according to Table 8), an en-

hancement of the reservoir operation rules to mitigate flood

risk is limited to a potential reduction of maximum 6 % for

this extreme scenario. Nonetheless, two perspectives of im-

provement of the reservoir operation may contribute to mit-

igate the impacts of climate change on flood risk. The for-

mer consists in a reduction of the mean target level, inducing

a significant reduction of the minimum reservoir level. To

compensate this reduction of the minimum reservoir level,

the amplitude of the time evolution of the target level may

be decreased without inducing extra flood risk. The second

perspective is a reduction of the discharge threshold for de-

tecting flood downstream in the “flood management” mode,

which has no influence on the other performance indicators.

In order to demonstrate the applicability of the findings

of the sensitivity analysis performed in the reference situa-

tion to propose perspectives of improved reservoir operation

in future time periods, the effects of the two recommended

changes in the operation rule parameters have been simu-

lated for the time period 2070–2100 (wet scenario). From

Fig. 4a, the mean target water levels (Tests 2 and 3) and the

discharge threshold at Pepinster for detecting flood down-

stream in the “flood management” mode (Test 8) appear to

be the operation rule parameters having the highest influence

on flood risk. For mean water levels of 353.5 m (−2 m) and

294 m (−1 m), respectively in Eupen and La Gileppe reser-

voirs, and a discharge threshold at Pepinster of 80.5 m3 s−1

(-10 m3 s−1), the flood risk is reduced by EUR 300 000 yr−1

(−2 %) and the minimum reservoir levels in Eupen and La

Gileppe reservoirs decrease by, respectively, 2.3 and 1.1 m.

Hence, the variations of the minimum reservoir levels are

consistent with Table 7 while the reduction of the flood risk

remains limited by the maximum potential reduction (6 %).
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Table 9. Qualitative influence of the reservoir management parameters and of climate change on the indicators of reservoir performance.

Flood Hydropower Minimum Low-flow

Variation risk production reservoir levels discharge

Duration of the standard hydropower production

Mean target level

Amplitude of time evolution of reservoir target level

By-pass discharge

Discharge threshold for detecting

flood downstream in the “normal” mode

Discharge threshold for detecting flood downstream in

the “flood management” mode

Drinking water production

Climate change

(DRY) (DRY) (DRY)

(WET) (WET) (WET)

The increase in water demand induces a significant de-

crease in the minimum reservoir levels which could be miti-

gated by a reduction in the amplitude of time evolution of the

target level.

To compensate for a future intensification of low-flows

due to climate change or to an increase in water demand, the

duration of the standard hydropower production may be re-

duced to better distribute the corresponding releases over the

entire year. Next, the by-pass discharge could be significantly

increased, inducing a reduction of the reservoirs levels. This

reduction could be attenuated by a decrease in the amplitude

of the target water levels or by adding a test in the operation

rules, informing the operator about the need to augment the

Vesdre discharge downstream.

7 Conclusion

An integrated model has been set up to evaluate the

performance of the current operation rules of two large

multi-purpose reservoirs in Belgium. The study covers also

prospective analysis, including possible changes in water de-

mand and the influence of modifications of hydrological in-

flows due to climate change. A comprehensive sensitivity

analysis of the reservoirs performance with respect to the

main parameters of the operation rules has been conducted. It

provides a very valuable insight into possible enhancements

of the reservoir operation rules to mitigate the impacts of cli-

mate change and a possible increase in water demand. Rel-

evant indicators have been defined to quantify the effects of

different reservoir operation policies and of climate change

on the performances of the two reservoirs: flood risk, mean

hydropower potential, minimum daily reservoir levels and

the daily discharge not reached 10 days per year (DCE).

Based on a detailed modelling chain, involving hydrologi-

cal and hydraulic modelling, reservoir operation modelling,

inundation modelling and damage estimation, a number of

robust conclusions could be drawn.
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The present reservoir operation rules proved to be very ef-

ficient for flood control in the present climate. Flood risk re-

mains significant only in the lower reach of the river where

less than a quarter of the catchment is regulated by the dams.

The sensitivity analysis conducted for the parameters of

the existing operation rules has revealed a high influence of

the drinking water production on the stored volume, the hy-

dropower production and the low-flow augmentation. Since

future increases in drinking water demand are expected, a

better knowledge of water demand scenarios is of very high

relevance.

Two climate scenarios have been considered, respectively

a dry and a wet scenario, for two time horizons: 2020–2050

and 2070–2100. Although the range of variations of the per-

formance indicators is very wide, flood risk is expected to in-

crease in all cases (by 8 to 200 % in 2070–2100 depending on

the climate scenario). A limited decrease in the lowest levels

of the reservoirs is expected, despite a significant decrease

in the mean reservoir levels during the dry season, thanks

to a limitation of hydropower production. Hydropower pro-

duction is highly influenced by climate change and by the

volume used for the production of drinking water and the

low-flow support, while the operation rules have less influ-

ence. An enhancement of the operation rules enables only a

limited reduction in flood risk. Decreasing the mean target

reservoir levels enables a decrease in flood risk thanks to an

increase in available storage. This leads however to restric-

tions on drinking water supplies. Complementarily, reducing

the amplitudes of the time evolution of these target levels re-

stores more available water for drinking water supply, with-

out hampering flood control. Moreover, the discharge thresh-

old for flood warning at Pepinster has also a high impact on

flood risk. Measures may be taken to mitigate the intensifica-

tion of low-flows, with some side-effects on drinking water

supply.

Limitations and perspectives of the present study include

the following. The meteorological forecasts introduce uncer-

tainties which were not considered at this stage of the re-

search. Although we used the most advanced tool readily

available for impact studies in the Belgian catchment, cli-

mate scenarios remain also affected by high uncertainties.

Scenarios of future water demand should be further devel-

oped. Besides climate change, continuing urbanization is an-

other key factor influencing future flood risk (Thieken et al.,

2014), but this aspect was not included in the present study.

Among others, Beckers et al. (2013) evaluate the increase

in flood damage due to land-use change by 2100 between

540 to 630 % in the wet scenario for the whole Meuse val-

ley in the Walloon Region. More generally, the hydrological

coefficients were assumed constant in the long-term simula-

tions, while they should be varied to account for catchment

adaptation (e.g. change in vegetation) due to an evolving cli-

mate. How to adapt the catchment parameters in the hydro-

logical model remains however an open scientific question

(Ehret et al., 2014). As flood risk was expressed in monetary

terms, impacts of low-flows on various sectors (industry, en-

ergy, navigation) should also be estimated; but this remains

so far a topic of intense research (Förster and Lilliestam,

2010; Jonkeren et al., 2014; Middelkoop et al., 2001; van

Vliet and Zwolsman, 2008) and, in contrast to flood damage

estimation, there is not yet a wide consensus nor a generally

accepted approach for quantifying the impacts of low-flows.

At this stage of the research, not enough data are available

to monetize the reservoirs performance beyond flood risk and

enable an informed search for optimal trade-offs between the

different management objectives. However, the modelling re-

sults generated in the present research pave the way for a

more policy-oriented follow-up which would make such a

contribution.
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