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ABSTRACT: As a part of the effort to scientifically inform the development of the adaptation
strategy for the Meuse basin, we detail hereafter the generation of integrated climate and hydro-
logical scenarios for the whole basin. We also present the setup of a first coordinated hydraulic
modelling from spring to mouth of the river Meuse. The latter has enabled to compute the range
of change in inundation hazard under the “wet” transnational hydrological scenario for the time
slices 2021-2050 and 2071-2100. A significantly higher impact of climate change has been
found in the middle part of the Meuse basin, compared to the upper and the lower parts. These
conclusions have been further confirmed by a refined analysis conducted for a 100 km-long
stretch of the river Meuse crossing the Belgian-Dutch border.

1 INTRODUCTION

Flooding is the most common natural hazard and third most damaging globally (Wilby and
Keenan, 2012). Since flood risk is expected to further increase as a result of environmental
changes, including climate change, adaptation strategies need to be developed to manage the
risk affecting populations and goods.

In their review of flood mapping practices in Europe, Van Alphen et al. (2009) highlight the
need for more uniform approaches in flood (risk) assessments and mapping since many Europe-
an rivers are part of transboundary basins. Similarly, Becker et al. (2007) compared flood man-
agement factors in the German and Dutch parts of the Rhine basin and conclude on the need for
more efficient transboundary flood management. They also suggest means to develop a com-
mon vision for future flood strategies and implement flood management issues. Van Pelt et al.
(2011) showed that adequately capturing the transnational character of the river basins remains
a challenging research question: whereas integrated analysis at the full river basin level, rather
than within the boundaries of the riparian countries, would offer new adaptation opportunities, it
will also meet many practical challenges.

Like many other basins in Europe, the Meuse basin is transnational. With a drainage surface
of 35,000 km?, it covers parts of France, Belgium, The Netherlands, Germany as well as a small
portion of Luxembourg. The Meuse is a rain-fed river with limited groundwater storage capacity
to buffer precipitations. As a result, its discharge fluctuates considerably with seasons. For in-
stance, measured flow rates in Liege may be as low as 20 m?*/s during low flows, whereas they
exceeded 3000 m*/s during winter 1993.

Since 2002, the countries of the Meuse basin have been cooperating through the International
Meuse Commission (IMC) to coordinate the implementation of the Water Framework Directive
(2000/60/EC) and, more recently, the EU Floods Directive (2007/60/EC). In the framework of
the on-going AMICE project, a basin-wide coordinated strategy is being developed to cope with
hydrological impacts of climate change, including floods and low flows.

However, a lack of knowledge remains concerning the influence of climate change on flood
risk in the Meuse basin, specifically on inundation hazard (including flood discharges and inun-



dation characteristics) which constitutes a crucial input for developing a coordinated adaptation
strategy for the whole basin. Among others, Leander et al. (2008) evaluated the effect of climate
change on flood discharge of the Meuse by using precipitation and temperature data from three
regional climate model (RCM) experiments, driven by two different global circulation models
(GCM). The HBV rainfall-runoff model was used for the control climate (1961-1990) and the
SRES-scenario A2 (2071-2100). It was found that the changes in the flood discharges were
highly sensitive to the driving GCM.

As the adaptation strategy to be developed for the Meuse basin is intended to be truly inte-
grated at the level of the transboundary basin, it requires a significant degree of coordination
and/or harmonization of the existing regional tools and methodologies for flood risk analysis,
such as climate and hydrological scenarios, hydraulic modelling and impact modelling. In par-
ticular, existing hydrological scenarios were too heterogeneous and too sporadic to be used at
the basin scale. Therefore, the AMICE project has contributed to coordinating and/or harmoniz-
ing the modelling tools and methodologies throughout the basin.

In this paper, we focus on the development of integrated climate and hydrological scenarios,
as well as on the setup of coordinated hydraulic modelling for the whole Meuse and some tribu-
taries.

2 METHODOLOGY

Evaluating the impact of climate change on inundation hazard requires that climate projections
are downscaled to the relevant scales characterizing hydrological processes and inundation
flows in the floodplains (Table 1). Therefore, this study involves three main steps, namely the
development of integrated climate and hydrological scenarios (steps 1 and 2), as well as hydrau-
lic modelling along river Meuse and some tributaries (step 3).

Table 1. Typical space and time scales in climate, hydrological and hydraulic modelling

Space scale Time scale
Global Circulation Models ~10°m ~10°s
Regional Climate Models ~10*m ~10°s
Rainfall-runoff models 10°-10° m 10° - 10%
(catchment-scale)
Hydraulic and impact models 1-10m 10°-10° s

(river- and floodplain-scale)

2.1 Integrated climate scenarios

Following a review of climate experiments used within the Meuse basin, showing the lack of bi-
as corrected climate simulations at the Meuse basin scale, the delta change approach was first
applied to existing national climate scenarios. Next, common transnational climate scenarios
with high resolution time series were derived (Drogue et al., 2010).

The greenhouse gases (GHG) emission scenarios commonly used in climate change studies
have been developed by the Intergovernmental Panel on Climate Change (IPCC) since 1996 and
they have been described in the Special Report on Emission Scenarios (SRES). For each group
of scenarios, one scenario has been selected as a reference (A1B, A2, B1 and B2). These are the
most widely used scenarios for GCM simulations and for impact studies of climate change.

Based on GCM /RCM simulations forced with IPCC SRES emission scenarios, each national
meteorological institute has provided seasonal trends for the future climate (A in % for rainfall
change and in °C for air temperature variation in winter, spring, summer and autumn).

Although many existing climate change studies provide insights for the end of the century,
decision makers also need information on the short and medium terms. Therefore, two time ho-
rizons were considered: 2021-2050 and 2071-2100. The 30 years span was used because clima-
tological data are generally available for a 30 years long reference period.
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Figure 1. The delta change approach as carried out in the Amice project.

The climate of these two periods has been compared to a reference period (1971-2000).
Monthly or even daily data series would have provided an even better insight, but these were
not yet validated when the work started. The delta change approach has been used to modify the
climate parameters on the reference period through seasonal perturbation factors (Figure 1).

All global circulation models agree that air temperature will increase in Europe in the coming
decades. In contrast, rainfalls are either expected to increase or to decrease in the Meuse area,
depending on the models. To account for such uncertainties, the delta change approach has been
applied to create one “wet” and one “dry” climate scenarios for each period and for each nation-
al sub-basin. In between these two scenarios lies a wide range of possible futures.

Since the seasonal trends obtained for each national sub-basin presented significant heteroge-
neities, a transnational scenario was developed by weighting national trends according to the
drainage area of each sub-basin. This enables to maintain downstream consistency of discharg-
es, especially at national and regional borders.

2.2 Integrated hydrological scenarios

For nine selected gauging stations, rainfall-runoff modelling was conducted to estimate the evo-
lution of flood and low-flow discharges during the 21% century. No single rainfall-runoff model
is available to cover the whole Meuse basin with a sufficient level of details. The different rain-
fall-runoff models used in each sub-basin are given in Table 2. These models compute river dis-
charges using basically the same input climate data (air temperatures, potential evapotranspira-
tion and precipitation) and some characteristics of the basin and river (slope, land cover, etc.).

Besides a control run (1971-2000 or 1961-1990), the two time horizons 2021-2050 and 2071-
2100 were simulated. The considered gauging stations are located in four countries:

e four stations along the French part of the river Meuse: Saint-Mihiel, Stenay, Montcy-Notre-
Dame and Chooz;

e one station at the Belgian-Dutch border: Sint Pieter;

e four stations on the Belgian and German right-side tributaries: Gendron (river Lesse),
Chaudfontaine (river Vesdre), Stah (river Rur) and Goch (Niers triver).

In order to define the values of discharges for different return periods, a statistical distribution
has been fitted to the observed and simulated discharge series. The sampling method of annual
maximum discharges was used, as it is the most common method used to evaluate quantiles of
flood discharges. In most cases, the parameters of the statistical distributions were estimated
through the maximum-likelihood method. Different theoretical statistical distributions (Gumbel,
Weibull, etc.) were used for calculating the quantiles of annual winter hourly maximum dis-
charge value (e.g., Qhx;q). For each gauging station, the theoretical statistical distribution was
selected according to the fitting quality between observed and calculated quantiles.

Table 2. Rainfall-runoff models used in the different sub-basins of river Meuse.

Sub-basin Model

France AGYR and GR4J

Belgium (Wallonia) EPIC-Grid

Belgium (Flanders) TOPModel and MIKE11 Maas
The Netherlands HBV

Germany NASIM and GR4J



2.3 Coordinated hydraulic modelling

Coordinated hydraulic modelling was first performed from spring to mouth of the river Meuse,
based on exchanges of boundary conditions between the existing models in the different re-
gions. Next, two very similar 2D unsteady models were applied to conduct a more refined anal-
ysis of a selected stretch of about 100 km crossing the Belgian-Dutch border.

2.3.1 Coordinated modelling from spring to mouth of river Meuse

Hydraulic models are available in each region of the Meuse basin. They are either commercial
ones or academic codes. However, significant differences between those models have been
identified, reflecting differences in the characteristics of the basin, including:

e in terms of spatial representation, the model range from fully one-dimensional, based on
cross-sections even in the floodplains (e.g., in France), up to fully two-dimensional descrip-
tion based on laser altimetry and sonar bathymetry (e.g. in Wallonia);

e time description also differs between the models (either unsteady or run in steady mode).

Based on a detailed review of existing modelling procedures, a coordinated methodology for
hydraulic modelling has been developed (Detrembleur et al., 2012). The methodology involves
the following key aspects:

e consistency of bathymetry has been ensured across the borders, including latest dredging
works; although the data in the different regions were not collected at the same period.

e regional hydrological time series and statistical analysis have been compared to derive con-
sistent discharge values for a wide range of return periods.

e a coordinated procedure has been elaborated for running the hydraulic models.

Following this newly developed procedure, the hydraulic models from the different regions
have been run in parallel but not coupled online. Nonetheless, consistent hydraulic results across
the borders have been obtained in just two runs:

e in the first one, necessary boundary conditions have been deduced from extrapolation of
measured stage-discharge relationships;

¢ in the second one, the boundary conditions have been refined if necessary, using the results
of the first run of the neighbouring models.

This coordinated modelling methodology has enabled to conduct the first hydraulic simula-
tion from spring to mouth of river Meuse. The modelling has been run for the 100-year flood in
the base scenario (present situation), as well as for the “wet” hydrological scenario (section 2.2).
The two aforementioned time horizons are also considered here: 2021-2050 and 2071-2100.

2.3.2 Refined analysis

The characteristics of the hydraulic models used in the different regions differ significantly. In
particular, the model used in the Walloon part of the Meuse basin was fully two-dimensional,
but was run in steady mode. In contrast, the model used in the Dutch part of the Meuse was one-
dimensional and unsteady.

Therefore, a refined analysis has been undertaken along a 100 km long transnational section
of the Meuse, between Ampsin and Maaseik, using very similar models for the Walloon and the
Dutch parts: WOLF 2D (Belgian part) and WAQUA (Dutch part), which are both 2D and run in
unsteady mode. This has enabled to quantify the damping of the flood waves and to assess the
relevance of using a steady model in this part of the Meuse basin.

Additionally to the peak discharge, the shape of the whole flood wave is necessary to pre-
scribe the upstream boundary conditions of unsteady hydraulic simulations. The different meth-
odologies to generate synthetic flood waves available in Wallonia, Flanders and the Netherlands
were compared and tested to generate a 100-year synthetic flood wave at the Belgian-Dutch
border. The Walloon methodology was selected due to the high degree of similarity between the
obtained flood wave and the measured hydrograph during the 1993 flood, its return period being
the closest to 100 years among available records. Using the Walloon methodology is also of par-
ticular relevance, since the selected methodology is dedicated to be applied to generate inflow
flood waves mainly in Ampsin and for river Ourthe in Liege.

Consistently with the integrated hydrological scenarios, the whole flood waves were assumed
to be increased by, respectively, 15% and 30% for the time horizons 2021-2050 and 2071-2100.



3 RESULTS AND DISCUSSION

3.1 Integrated climate scenarios

Under the wet transnational scenario (Figure 2), air temperatures are expected to increase by 1.3
°C to 2.9 °C, with little difference between the seasons. Increases in air temperatures are higher
for the dry scenario, especially in summer. According to the wet scenario, precipitations are ex-
pected to increase in winter (+11% in 2021-2050 and +25% in 2071-2100) whereas, even under
this scenario, precipitations are expected to decrease in summer. Under the dry scenario, pre-
cipitations tend mostly to decrease, or to remain unchanged.

In order to check the consistency of the approach, the results for the transnational scenarios
were compared to the RCM simulations produced by the European FP5 PRUDENCE project
(De Wit et al., 2007). Both results match relatively closely, which reinforces the methodology
used.
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Figure 2. Seasonal trends in precipitation (%) and air temperature (°C) for the transnational scenarios and
for the two time slices (grey: 2021-2050 - white: 2071-2100; O = winter, A = spring, [0 = summer,
O = autumn).

3.2 Integrated hydrological scenarios

To analyse the changes in flood discharges, the annual winter hourly maximum discharge, noted
Qhx was selected as representative hydrological variable. The considered return periods are 2, 5,
10, 25, 50 and 100, as well as 250 and 1250 for the lower part of the basin. The results presented
here focus on the 100-year return period (Qhxq).

In order to characterize the evolution of the flood discharges, a perturbation factor was calcu-
lated at the nine aforementioned gaugingstations for both considered time horizons (2021-2050
and 2071-2100) and for the wet, dry as well as national climate scenarios. The perturbation fac-
tor is defined as the ratio between the simulated values of the discharge for a given scenario and
those simulated for the present climate. A value above 1 corresponds to an increase of the flood
discharge value and vice-versa. Table 2 shows the perturbation factors obtained according to the
transnational scenario for Qhxyy in the selected gauging stations located on the main course of
river Meuse.

For the transnational climate scenario, the sign of the change in maximum discharge is logi-
cally homogeneous across the basin: an increase (decrease) in discharge is expected for the wet
(dry) scenario. The range of change is more important for the end of the century.

Based on the results of Table 3 and discussions with a panel of experts and stakeholders in
the Meuse basin, hydrological scenarios for the whole Meuse basin were defined (Drogue et al.,
2010). The most extreme hydrological scenario considered for flood risk analysis was derived
from the transnational wet climate scenario. In agreement with Table 3, it assumes an increase
in Qhxqo values of +15% for 2021-2050 and +30% for 2071-2100.



Table 3. Perturbation factors obtained for the hourly winter centennial flood peak (Qhxyo), wet and dry
climate scenarios, at the gauging stations located along the main course of river Meuse.
Time

hori Scenario St-Mihiel Stenay Montcy Chooz St-Pieter
orizon

Wet 1.12 1.12 1.12 1.12 1.14
2021-2050

Dry 0.96 0.96 0.96 0.96 0.95

Wet 1.27 1.27 1.27 1.27 1.33
2071-2100

Dry 0.89 0.89 0.89 0.89 0.91

3.3 Changes in inundation hazard

The results of hydraulic modelling results have been analysed at two complementary scales,
namely the reach scale and the local scale (hotspots).

At the reach scale, the hydrological impacts of climate change have been evaluated in terms
of their effects on hydrograph damping and peak discharges, water levels, extent of inundated
areas and volume stored in the floodplains (Detrembleur et al., 2012). In particular, the integrat-
ed hydraulic modelling conducted has revealed a strong spatial pattern in the sensitivity of river
stages with respect to changes in flood discharge (Figure 3): the influence of a similar change in
flood discharge is found to be approximately twice stronger in the central part of the basin (be-
tween Sedan and Monsin) compared to the upper and lower parts of the basin, respectively up-
stream of Sedan and downstream of Monsin. This finding can be easily explained by consider-
ing the main characteristics of the Meuse basin: both the upper and the lower parts of the basin
(including lowlands in The Netherlands) are characterised by relatively wide floodplains with
large storage capacity; whereas, in the central part of the basin (Ardennes massif) the river val-
leys are steeper and narrower, leading to limited storage capacity in the floodplains. As a result,
river stages are indeed expected to show a higher sensitivity in the central part of the basin. We
also checked that this abrupt change in the sensitivity of water stages does not coincide with a
change in the hydraulic models used. As it was not the case, we come to the conclusion that this

finding is not affected by such kind of numerical artefact.
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Figure 3. Change in flood levels compared to the present 100-year flood.



Analysis of a hotspot in France (Charleville-Méziéres) highlights that, although extra flooded
areas due to climate change have been found generally limited in their extent, they may never-
theless lead to serious impacts when key assets are situated within the future flood-prone area
(e.g., a town hall in which the crisis management headquarter is located). As shown in Figure 4,
the hotspots in Wallonia reveal that existing flood defences of the main cities along river Meuse
(Namur and Liege) may not be considered as “climate-proof”. Indeed, although these cities are
basically protected for present climate conditions, they would in contrast be exposed to huge
flooding as a result of climate change. The common Flemish and Dutch hotspot (stretch of river
Meuse along the border) emphasizes the importance of representing accurately protection struc-
tures (e.g., dikes) in the hydraulic modelling.

The refined unsteady 2D hydraulic simulations have shown that only a very limited damping
of the flood waves is obtained along the simulated reaches (Dewals et al., 2013):

e for the present Qhx,gp, @ maximum of ~ 1% damping of the peak discharge in the Walloon
part and another ~ 1% damping for the Dutch part

e for Qhx oo + 15%, the damping of the peak discharge remains around 1% in the Walloon
part, but reaches about 3% in the Dutch part;

o for Qhx;¢ + 30% the damping of the peak discharge is of maximum 3 to 4% both in Wal-
lonia and in the Netherlands.

From the perspective of the variation in peak discharge, the study enables to conclude that us-
ing the Walloon model WOLF 2D in steady mode makes perfectly sense. Nonetheless, exten-
sive overestimations by the steady model of the inundated extent and of the stored volume in the
floodplains have been highlighted.

Figure 4. Inundation extent in the area of Liege for a 100-year flood in the resent climate (M), additional
extent for the 2021-2050 period (wet scenario) (' ), additional extent for the 2071-2100 period (wet sce-
nario) (M). Hydraulic computations were performed with WOLF 2D in unsteady mode.

4 CONCLUSION

Integrated climate change scenarios for the Meuse river basin have been derived from a
weighted-average of national and regional climate scenarios obtained by the delta change meth-
od. To take into account the uncertainties on future climate, a “wet” and a “dry” scenario have
been defined for the time horizons 2021-2050 and 2071-2100. They were used to force different
rainfall-runoff models, from which integrated hydrological scenarios were produced. Under the
wet transnational scenario, flood discharges are expected to increase by, respectively, 15%
(2021-2050) and 30% (2071-2100).

Coordinated hydraulic modelling was conducted from spring to mouth of river Meuse. It has
revealed a strong spatial pattern in the sensitivity of flood levels with respect to changes in flood
discharge: the increase in flood levels is about twice higher in the central part of the basin com-
pared to the upper and lower parts. The topographic characteristics of the valley explain this



change, which does not result from a change in the model used. The hydraulic modelling has al-
so provided the changes in inundation extent and volume stored in the floodplains.

To investigate the sensitivity of the results with respect to modelling assumptions differing
from one region to the other, a refined analysis has been performed for a 100 km long section of
river Meuse crossing the Belgian-Dutch border. Based on detailed 2D unsteady simulations, this
analysis has confirmed the marginal damping of flood waves in this section of the Meuse and,
consequently, the relevance of using steady simulations for inundation modelling in this area.

The results of this research also emphasize the need for more analysis concerning several key
aspects. Only few SRES scenarios were considered and the integrated scenarios do not reflect
the whole uncertainty range, especially a low probability/high impact climate scenario was not
considered. More hydrological and hydraulic modelling will also be needed, such as to investi-
gate the influence of landuse change in the catchment and in the floodplains, as well as to evalu-
ate various adaptation measures (e.g., adapted spatial planning). The possible damping of flood
waves in reaches upstream of Ampsin should be studied as well.

The 2D unsteady model set up so far constitutes a tool of primary interest, which is readily
available to design and evaluate protection measures for future flood-prone areas such as Liege.
It also constitutes a very valuable input for impact assessment and risk modelling (e.g., Ernst et
al., 2010), as well as for the elaboration of the Meuse adaptation strategy.
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