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1. Introduction

The July 2021 flood was one of the most devastating and extreme flood events ever recorded in western
Europe, causing more than 220 fatalities and total damage of over 32 billion euros, making it one of
the five costliest disasters in Europe (Mohr, et al., 2022). In Belgium, 39 people died during the flood,
24 of them in the Vesdre valley alone. In general, it was estimated that more than 160 buildings were
swept away, more than 200 were destroyed and more than 3000 were partially destroyed.

The meteorological drivers of this extreme event were provoked by the low-pressure cyclone ‘Bernd’,
whose propagation was slowed down by an anticyclone over eastern Europe, causing an almost
stationary rain all over the impacted region (Dietze, et al., 2022; Mohr, et al., 2022; Ludwig, et al.,
2023; Zeimetz, et al., 2021; Dewals, Erpicum, Pirotton, & Archambeau, 2021). As such extreme events
are likely to occur again (Rajczak & Schéir, 2017; Bertola, Viglione, Lun, Hall, & Bldschl, 2020;
Hosseinzadehtalaei, Tabari, & Willems, 2018; Thirel, et al., 2021; Tradowsky, et al., 2023), it is of
utmost importance to analyse them in depth for guiding the design and implementation of measures
aimed at reducing fatalities and economic losses (de Goér de Herve & Pot, 2024).

In Germany, hydrological simulations were performed to statistically assess the frequency of the event
(Ludwig, et al., 2023) and put it into the perspective of climate change. When corrections on the
quantitative precipitation estimates (QPE) —which initially underestimated the rainfall quantities— were
applied to the same region, the effect of the rainfall data quality as well as the impact of the model type
(conceptual lumped vs gridded physically based model) were shown to play a significant role on the
hydrological models’ outcome and uncertainty (Saadi, et al., 2023). Vorogushyn, et al. (2024)
underlined how worst this event could have been if the spatial distribution of the rain had been shifted.
For Germany, analyses were conducted about river bank changes, landslides, scour, clogging effects
by debris and water levels (Wolf, et al., 2024). For the Vesdre catchment in Belgium, a descriptive
analysis of the surface and groundwater flow, together with environmental impacts, was detailed by
Polrot (2021). A new approach to improve classification of building and content losses was proposed
by Rodriguez, et al. (2025). A masterplan focused on urban planning has been prepared to guide the
reconstruction of the Vesdre valley (Barcelloni-Corte, Bianchet, Privot, Schelings, & Teller, 2022).

The design of risk reduction measures should build on a sound understanding of the hydrological
processes underpinning extreme events such as the 2021 flood. A fast hydrological assessment of the
event was conducted by Dewals, et al. (2021) and Zeimetz, et al. (2021). They carried out a first
hydrological analysis to reconstruct the peaks of the hydrographs by combining the use of surfaces
ratios between close gauging stations, the Rational method, a conversion of water levels left by high-
water marks to flow rates with Manning-Strickler formula and reconstruction of the outflow from the
dams. In consequence of these dramatic events, a particular need and call was made by the Walloon
region to investigate this event in the Vesdre Valley (Barcelloni-Corte, Bianchet, Privot, Schelings, &
Teller, 2022). Goergen et al. (2025) proposed a hydrological modelling approach for the same flood
event as considered here, but the description of their methodology fails to highlight how hydraulic
structures such as large reservoirs were incorporated in the modelling, while their effect is known to
be significant. In this context, the present study provides the first detailed hydrological analysis of the
most impacted Belgian catchments during the July 2021 floods.

Here, we present a framework as well as a new gridded and computationally efficient hydrological
model-with increasing complexity— to allow an in-depth hydrological analysis of the two most
severely impacted catchments in Belgium during the July 2021 floods, namely the Vesdre and the
Ambleve catchments. In the former, most of the gauging stations were damaged, washed away or
destroyed during the event, making it impossible to retrieve time series of observations covering the
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entire flood wave and particularly the flood peak. In the latter, almost all gauging stations were
operational during the event.

Therefore, two different approaches were adopted. For the Vesdre catchment, a computationally
efficient, gridded, runoff model allowed the hindcasting of the event and evaluation of alternate
scenarios. For the Ambléve catchment, an improved version of the gridded model was compared to
two conceptual models: GR4H (Perrin, Michel, & Andréassian, 2003) and VHM (Willems, 2014). The
models were implemented in a modular environment, WOLFHydro, developed at the University of
Liege. The influence of the product used for rainfall data was investigated in both catchments. The
transferability of the runoff model from one catchment to another (from the Vesdre to the Ambléve)
was also tested, as well as the impact of calibrating on different events (from recent historical floods
to July 2021 and reciprocally).

The modelling work presented here contributes to addressing the following research questions:

1. In the Vesdre catchment, which were the river discharges during the July 2021 flood, and is it
possible to reconstruct the event’s hydrographs based on the few available data?

2. For such extreme events, can a runoff model calibrated on one catchment (here the Vesdre) be
directly transferred to a neighbour’s catchment (Ambléve)?

3. Does a semi-distributed approach calibrated by considering observations at several
intermediate gauging stations reproduce well July 2021 event (Ambleve catchment)? At the
same time, is there a difference between gridded and lumped models?

4. Can such a model be directly applied to previous historical floods? The other way round, can
a model trained on historical floods predict what happened during the extreme event of July
20217

A description of the two considered catchments is given in Section 2. Section 3 introduces the datasets
available for each catchment, the respective modelling approaches, the simulation environment
WOLFHydro, the analysed scenarios and the optimisation procedure. The results are presented and
discussed in Section 4.

2. Case study

2.1. Vesdre catchment

The Vesdre river has its springs in the High Fens, flows along a narrow and deep valley until
discharging into the Ourthe river, which is one of the main tributaries of the Meuse river. The main
tributaries of the Vesdre river, from upstream to downstream, are the Helle, the Wayai and the Hoegne
rivers. As shown in Figure 1, two dams with approximately the same storage capacity (25 hm?) are
present next to the High Fens, in the upper part of the catchment: the Vesdre and the Gileppe dams
(Bruwier, Erpicum, Pirotton, Archambeau, & Dewals, 2015). Tunnels deviate a part of the Helle and
the Soor rivers to supply respectively the Vesdre and the Gileppe dams (Bruwier, Erpicum, Pirotton,
Archambeau, & Dewals, 2015). Both tunnels are usually open and collect most of the time a maximum
flux of 20 m?/s. The main characteristics of the catchment are summarised in Table 1. The High Fens
are considered as landuse of type ‘water’. A more comprehensive description of the catchment is
provided by Barcelloni-Corte, et al. (2022).

The Vesdre was poorly monitored during the 2021 event due to the extreme nature of the event and
most of the sensors were washed away or damaged, creating a need to reconstruct the flow to fill this
lack of data.
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Figure 1 Subdivision of the Vesdre catchment in sub-catchments. The dams are represented as blue
points, the red dots represent the gauging stations, while the grey points are all stations available but
not used in the current study. The blue and the green dashed lines are respectively the deviation of the
Soor and the deviation of the Helle rivers. On the smaller map of Wallonia, the Vesdre catchment is
depicted in red.

2.2. Ambléve catchment

The Ambleéve is also a tributary of the Outhe river, located in the upland Ardennes, and has a drained
surface of about 1100 km? (Table 1). Its main tributaries, from upstream to downstream, are the
Warche, Salm, Roannay and Lienne rivers.

Two dams are situated in series on the Warche river, upstream of Malmedy (Figure 2). The first one
(Biitgenbach reservoir, 11 hm?®) releases water into the reservoir of Robertville (8 hm?) located more
than 5 km downstream. A pumped-storage facility is located at Coo, downstream the town Trois-Ponts
(at the confluence of the Salm and the Ambléve rivers); but as it operates in a closed loop system, it
has a negligible effect on the discharge of the river. A water derivation for a run-of-river hydropower
plant (Lorcé, located downstream the confluence with the Lienne river) was neglected in our
modelling. It is estimated that the maximum discharge abstracted at the intake is no more than 25 to
30 m?/s (Benitez, Dierckx, Matondo, & Ovidio, 2016). On the Salm river, a small lake (Doyard lake,
near Vielsalm) is also neglected in the present work.

The Ambleve catchment was well documented during the 2021 event. It contains a dozen of stations
well scattered all around the catchment, which were almost all functional during the event, offering a
reference to understand the different hydrological mechanisms at the headwater parts or downstream
near the outlet of the catchment. More details about the available observations are provided in Section
3.2.
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Figure 2 Subdivision of the Ambléve catchments with all the gauging stations. The dams are
represented as blue points, the red dots represent the gauging stations used for calibration and the grey
one, a station not considered in the current study (due to its poor reliability). On the smaller map of
Wallonia, the Ambléve catchment is depicted in blue.

Catchment Vesdre Ambléve
Surface [km?] 685 1072
Perimeter [km] 170 236
Average slope [%] 7.5 8.9
Gravelius coefficient [-] 1.83 2.03
Forest 41 43
Meadows 35 43
Land use [%] Agriculture 3 4
Urbans 15 9
Rivers 1 1
Water 5 0

Table 1 Main characteristics of the Vesdre and Ambléve catchments.

3. Data and methods

The following paragraphs detail the data available and the different steps of the modelling strategy,
including the selected models and the optimisation procedures, as also summarised in Table 2.
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Catchment Strategy Calibration Evaluation
Type: Al
Rain: Radclim V1 Rain: - Radclim V1
- Radclim V2
. - Radflood21
Vesdre Hindcast _ RadQPE
Simulation: [13-07-2021;17-07-2021] Simulation: [13-07-2021;17-07-2021]
Calibration: [13-07-2021;17-07-2021] Evaluation: [13-07-2021;17-07-2021]
Models: Runoff Models: Runoff
Rain: - Radclim V1
- Radclim V2
- Radflood21
Vesdre - Ambléve X - RadQPE
Simulation: [13-07-2021;17-07-2021]
Evaluation: [13-07-2021;17-07-2021]
Models: Runoff
Type: Bl
Rain: Radflood21 Rain: Radflood21
Ambleve Event Simulation: [12-07-2021;17-07-2021] Simulation: [12-07-2021;17-07-2021]

Calibration: [13-07-2021;15-07-2021]
Models: VHM, GR4H, 2 layers

Evaluation: [13-07-2021;15-07-2021]
Models: VHM, GR4H, 2 layers

2021 - Historical

Type: Bl
Rain: Radclim V2

Simulation: [01-07-2021; 31-07-2021]

Rain: SPW

Simulation: - [14-12-1991; 01-02-1991]

- [29-11-1993; 25-01-1994
- [25-12-1994; 07-02-1995
- [03-09-1998; 27-09-1998
- [16-01-2002; 06-03-2002




Catchment Strategy

Calibration

Evaluation

Calibration: [13-07-2021; 28-07-2021]

Models: VHM, GR4H, 2 layers

-[01-01-2011; 23-01-2011]

Evaluation: -[16-12-1991; 29-12-1991]
- [06-12-1993; 10-01-1994]
- [16-01-1995; 07-02-1995]
- [12-09-1998; 22-09-1998]
- [20-01-2002; 06-02-2002]
- [10-02-2002; 04-03-2002]
- [05-01-2011; 18-01-2011]

Models: VHM, GR4H, 2 layers

Historical — 2021

134  Table 2 Summary of the considered scenarios, together with the selected strategies for model calibration and evaluation. The types of rainfall input data

Type: B2

Rain: SPW

Simulation: -[14-12-1991; 01-02-1991]
- [29-11-1993; 25-01-1994]
- [25-12-1994; 07-02-1995]
- [03-09-1998; 27-09-1998]
- [16-01-2002; 06-03-2002]
-[01-01-2011; 23-01-2011]

Calibration: - [16-12-1991; 29-12-1991]

- [06-12-1993; 10-01-1994]
16-01-1995; 07-02-1995]
12-09-1998; 22-09-1998]
20-01-2002; 06-02-2002]
10-02-2002; 04-03-2002]
-[05-01-2011; 18-01-2011]
Models: VHM, GR4H, 2 layers

e

Rain: Radflood21
Simulation: [12-07-2021;17-07-2021]

Evaluation: [13-07-2021;15-07-2021]

Models: VHM, GR4H, 2 layers

135 are presented in Section 3.1, the models are introduced in Section 3.4, and the calibration methods are detailed in Section 3.6.
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3.1.Input data

The rainfall data applied in the present work come from two sources: the RMI (Royal Meteorological
Institute of Belgium, 2022) and the Service Public de Wallonie (SPW) (2025). The former provides
rainfall estimates distributed on a grid with a spatial resolution of 1 km. Several versions of the product
are available, incorporating various corrections. As the simulation grid is finer and not aligned with
the rain grid, the latter is aggregated proportionally to its surface to fit in the former. Data provided by
SPW are based on measurements at rain gauges, some of them being operational since 1982. This local
information was spatially distributed using the Voronoi algorithm (Thiessen polygons) (Voronoi,
1908), and by updating the polygons depending on the period of functionality of each station.

The rainfall data products considered in the modelling are the following:

e Radflood21 (version 27/06/2024): a RMI post-event radar-based quantitative precipitation
estimate made especially for the July 2021 floods (Journée, Goudenhoofdt, Vannitsem, &
Delobbe, 2023). It provides time series of gridded data, with a 5-minute timestep from the 11
to 18 July 2021.

e Radclim (version 2021): a RMI post-event radar-based product containing a previous version
of the rainfall estimation. It provides time series of gridded data, with a 10-minute timestep
from the 11 to 18 July 2021. In the following, this dataset is referred to as ‘Radclim V1°.

e Radclim (version 27/06/2024): a RMI post-event radar-based product providing a 5 minutes
timestep gridded rainfall data for an extended period of time: from the 1 June 2021 until 31 July
2021. This dataset is called hereafter ‘Radclim V2’.

e RadQPE: a RMI real-time and radar-based generated quantitative precipitation estimate
(Goudenhoofdt & Delobbe, 2012). It provides time series of gridded data with a 5-minute
timestep.

e SPW rain stations: source point measurements collected at the rain gauging stations. They
provide time series with a time step of 1 hour (also available with a 5-minute time step but not
corrected). The operationality and the number of stations vary with time. However, at least one
station has always provided a measurement since 1982.

RMI data were used for all the simulations of the 2021 flood, while SPW data were considered for
previous floods. The product RADQPE does not cover the whole period of interest for historical floods
(between 1991 and 2011). That is the reason why SPW data were preferred for previous floods.

For the 2021 event, the cumulative rainfall volumes derived from the different datasets are presented
in Figure 3. Among these, RADQPE consistently reports substantially lower rainfall amounts than the
other products. Peak rainfall values in Radclim V1 are very close to those in Radflood21 and Radclim
V2, although the spatial distribution differs considerably. The most pronounced divergence occurs in
the downstream part of the Vesdre catchment, where Radflood21 and Radclim V2 estimate lower
rainfall amounts than Radclim V1. A smaller but notable difference appears in part of the Ambleve
catchment, where the highest rainfall zone extends in Radflood21 and Radclim V2 but not in Radclim
V1.

For the 2021 event, the cumulated volume according to the various rainfall datasets is shown in Figure
3. Rain quantities are much lower in RADQPE than in the other products. Peak values in Radclim V1
are very close to the peaks in Radflood21 and Radclim V2, but a considerable difference in the spatial
distribution can be observed. The most noticeable difference is situated in the downstream part of the
Vesdre catchment, where the rain quantities are lower according to Radflood21 and Radclim V2, as
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well as in a small part of the Ambléve catchment where the region of highest rainfall quantities extends
in the datasets Radflood21 and Radclim V2, but not in the dataset Radclim V1.

In Radflood21, the maximum cumulated volume in a cell (between the 12" of July until the 17" of
July included) reaches 293 mm with a spatial average of 175 mm for the Vesdre catchment. For the
Ambléve catchment, these values are respectively 210 mm and 120 mm. In Radclim V1, the local peak
of rainfall volume is 2% lower in the Vesdre catchment and 9% lower in the Ambléve catchment when
compared to Radflood21. For Radclim V2, the same differences are limited to 0.6% higher and 0.5%
lower , respectively, indicating only minor deviations. In contrast, RadQPE shows substantial
differences compared to Radflood21, with a local peak 39% lower in the Vesdre catchment and 28%
lower in the Ambléve catchment. When compared to Radflood21, the spatial average of rainfall
quantities in the Vesdre and Ambleve catchments are 5% higher and 2.5% lower for Radclim V1, 0.5%
higher and 2.5% higher for Radclim V2, and 24% lower and 11% lower for RadQPE.
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Figure 3 Cumulated rain in [mm] from 12/07/2021 to 17/07/2021 on the Vesdre and Ambleve
catchments. The black contours delineate the sub-catchments: (a) RadQPE, (b) Radclim V1, (¢)
Radflood21, (d) Radclim V2

The rainfall measurements at the rain gauging stations display the characteristics of a 2-day rain.
Indeed, most of the rainfall quantities were measured within 2 days between the 13/07 and 16/07,
depending on the sub-catchment. When compared with statistical rains at some stations, the quantities
observed were almost twice greater than a 200-year return period rain. At Jalhay and Ternell, it fell in
2 days as much as a 10-day volume of a return period of 200 years. The rain amounts in the Ambléve
catchment were lower, but the latest version of the radar-based model demonstrates the complexity of
the event and the importance of taking into account its spatial distribution.

As only major flood events are analysed in this study, evaporation and evapotranspiration were
neglected. Due to the summer period, a snow model is out of scope for July 2021 and not considered
for winter historical floods. To take into account in the infiltration models the spatial variability of the
soil, a vectorial land use map was extracted from “Occupation et utilisation du sol en Wallonie —

9



207
208

209

210
211
212
213
214

215

216
217

218
219
220

221
222

COSW 2007” (available on WalOnMap (Géoportail de la Wallonie)) and adapted according to Table
5. The catchment was delimited thanks to a digital terrain model (DTM) also provided on WalOnMap.

3.2.River flow ‘measurements’

While almost no gauging station in the Vesdre catchment captured the peak discharge (Table 3), the
event in the Ambléve catchment was well recorded at almost all the gauging stations (Table 4). The
gauging stations are operated by two different departments of the river authority SPW (Hydrométrie,
2025) and they have a different sampling frequency. The stations with an ID starting with an “L”
provide data with a timestep of 10 minutes, while the others use a 5-minute time step.

ID Name Time = Quality
step
L7150 Verviers 10 Low
min
6526 Belleheid 5 Incomplete
min
6517 Polleur 5 Incomplete
min
L6790 Spixhe 10 | Incomplete
min
Theux Incomplete
L7600 Ruisseau des 10 Complete
Fonds de min
Forét
6228 | Chaudfontaine | 5 Incomplete
min
- Vesdre 1 Complete
dam min
- Gileppe 5 Complete
dam min

Table 3 List of the stations and measurements considered for the Vesdre catchment and some of their
characteristics

For the Vesdre catchment, the only complete and reliable time series are at ‘Ruisseau des Fonds de
Forét’ (L7600), which is on a small tributary of the Vesdre, and the water levels in the Gileppe and
Vesdre reservoirs (Table 3).

Some additional information about the digitalisation of the water height was provided by the SPW,
and these results can be compared with a flood modelling of the event (WalOnMap)

ID Name Time = Quality
step
6981 | Bullingen 5 | Complete
min
6971 | Wirtzfeld 5 | Complete
min

6991 = Malmedy- 5 | Complete
Warchenne | min

10
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6933 = Malmedy 5 Complete

min

L5580 Thioux 10 | Complete
min

L7280 | Monteneau | 10 | Complete
min

6753 | Lasnenville 5 Complete
min

L6070 Trois- 10 | Complete
Ponts min

6732 Stavelot 5 Complete
min

L7290 | Trou-de- 10 | Complete
Bra min

L6240 Lorcé 10 | Complete
min

6671 Targnon 5 Complete
min

6621 |« Martinrive 5 Complete
min

6946 Bévercé 5 Complete
min

Table 4 List of the stations and measurements considered for the Ambléve catchment and some of
their characteristics

3.3.Influence of dams and reservoirs

For the Vesdre dam, the availability of sluice gates operations and water level measurements allowed
the outlet and inlet discharges of the reservoir to be evaluated externally. The corresponding outlet
hydrograph was prescribed as a boundary condition in the modelling and was also used for models’
calibration. Although some tributary stations exist in the dams’ reservoirs, their data was either
unavailable or of poor quality for the extreme flood of 2021 and would require further investigation.

3.4.Numerical models

3.4.1. Hydrological models

Event-based hydrological simulations were carried out. Given the scarcity of observations in the
Vesdre catchment, a simple runoff model (as detailed in Appendix B) was used to hindcast the river
hydrographs, which were not measured. To investigate the main driving factors of extreme floods and
to assess the predictability of such events based on knowledge of the past, additional lumped models
were also used in the Ambleve catchment, for the sake of comparison and validation: VHM (Willems,
2014) and GR4H (Perrin, Michel, & Andréassian, 2003). These two models were implemented in
WOLFHydro following the structure described in Figure 4. The flux fractions in the VHM model were
determined using their exponential formulation.

11
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Figure 4 Conceptual representation of the models used: (a) VHM, (b) GR4H, (c) simple runoff
model, (d) 2-layer model. The solid arrows represent the forcing input (in blue) and outputs (in black
and in red). The other arrows represent the internal exchanges within the model and between
modules. The production modules are depicted as orange boxes, while blue boxes represent transfer
modules. A hox showing a regular grid represents a gridded model, whereas its absence indicates a
lumped model.
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Additionally, an in-house developed two-layer model was also applied in the Ambléve catchment
(Figure 4d). This model can be regarded as an extended version of the simple runoff model (Figure
4c), taking into account interception and fast groundwater flow (as described in detail in Appendix B).
As the model is gridded, it enables considering the spatial variability of rainfall, which is important in
the case of the 2021 flood as emphasised in Section 4.1.

All the models used here were implemented in the package WOLFHydro of the modelling system
WOLF (Archambeau, Erpicum, Dewals, & Pirotton, 2024) developed at the University of Liege.
WOLFHydro enables combining in a modular way different types of hydrological models, possibly
with different spatial representations (lumped, semi-distributed, gridded). It allows adjusting the level
of complexity in the representation of a catchment while remaining in the same modelling environment
(Dessers, Archambeau, Dewals, Erpicum, & Pirotton, 2024), hence also ensuring that exactly the same
processing of input data is applied (e.g. topography corrections, catchment delineation, river definition,
mesh size, etc.) and the same calibration strategy. This structure is well suited to addressing the
research questions outlined in the introduction (Section 1).

3.4.2. Hydraulic model

The hydraulic model implemented in WOLF software (Archambeau, Erpicum, Dewals, & Pirotton,
2024) was employed. It solves the shallow-water equations using a finite volume method with
regularly sized cells (Cartesian grid) and an explicit Runge-Kutta time integration scheme (RK22).
Manning-Sticker friction formula is used. The model was used in numerous previous research on
flood modelling (Kitsikoudis, et al., 2020; Mustafa, et al., 2018; Stilmant, Pirotton, Archambeau,
Erpicum, & Dewals, 2018; Detrembleur, et al., 2015; Bruwier, Erpicum, Pirotton, Archambeau, &
Dewals, 2015).
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Although not central to this study, this hydraulic model contributes to a direct validation tool
restricted to the Vesdre catchment. Its primary utility lies in comparing the effects of simulated
hydrological hydrographs on flood map footprints (one of the few data sources available for the
Vesdre during the event), in assessing the plausibility of the runoff model, and in supporting the
calibration of the runoff transfer module (Rnff, Appendix A.4.1).

3.5.Simulation configuration

A semi-distributed approach was adopted to divide the catchments into sub-catchments, with outlets
defined at each gauging station and the confluences of tributaries along the Vesdre river, and at each
gauging station only along the Ambleéve river. For the gridded components of the simple runoff model
and the two-layer model, a computation mesh with a resolution of 100 m x 100 m was used. The same
mesh was used for preprocessing of input data such as DTM (e.g. for topographic corrections and
delineation of sub-catchments), landuse maps and rainfall data (e.g. assignment of rainfall quantities
to individual sub-catchments), regardless of the model used.

In WOLFHydro, a cell is classified as a ‘river’ when its local catchment size exceeds a threshold. In
all simulations, this threshold was set at 15 km?.

The timestep of the simulations was set to match the timestep of the rainfall data. The spatial

component of the runoff coefficient ¢, (Appendix A.3.2), is given by the values in Table 5.

Slopes (s) s<4% | 4%<s<8% 8 %=<s<16 % s>16 %
Forests 04 0.5 0.55 0.6
(0.7) (0.8) (0.85) (0.9)
Meadows 0.1 0.2 0.3 0.4
(0.3) (0.4) (0.5) (0.6)
Agriculture 0.5 0.6 0.65 0.7
(0.7) (0.8) (0.85) (0.9)
Urbans 04 0.45 0.5 0.55
(0.8) (0.85) (0.9) (0.95)
Rivers 1 1 1 1
Water 1 1 1 1

Table 5 The time-dependent part of the runoff coefficients (C, ) depending on the slope and the land

use. The values displayed are those selected for the 2-layer model, while the values in brackets are
those selected for the runoff model.

3.6.0ptimisation procedure

For both watersheds, the chosen optimisation algorithm was the Simulated Annealing, as proposed by
Corana, et al (1987), with the Nash—Sutcliffe efficiency coefficient (Nash & Sutcliffe, 1970)-also
referred to as NSE— as an objective function.

To address the research questions of interest here and accommodate the type and quantity of available
data, the optimisation strategies were adapted accordingly. Consequently, three different strategies are
applied. For the sake of simplicity, a name is assigned to each of them, i.e. the strategy with the ‘A’
letter is referring to Vesdre, while the letter ‘B’ pertains to the Ambléve watershed. In the same vein,
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and without being restricted to any type of rain or simulation intervals, the three types of calibration
are summarised in Table 6 and defined as follows:

A the calibration strategy for July 2021 on the Vesdre watershed to generate a hindcast.

B1: the calibration strategy for models trained with July 2021 data on the Ambléve watershed.
B2: the calibration strategy for models trained with historical floods data on the Ambleve

watershed.
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Strategy A

Strategy B1

Strategy B2

Objective function

N/A

NSE

NSE

Optimisation method

Visual inspection

Simulated annealing

Simulated annealing

Parameters initial guess

N/A

Three random selections

Three random selections

Application in this
study

Vesdre catchment

Ambléve catchment

Ambléve catchment

Influence of sub-
catchments upstream of
reservoirs

Yes

Release from reservoir
prescribed

Flow rates prescribed at
station “Thioux”

Calibration period

2021 flood event

2021 flood event

Six flood events
between 1991 and 2011

Calibration data

e Time series of pool
level in reservoirs,
reservoir inflows

e partial time series of
flow rates,

e 2D hydrodynamic
model outcomes

Time series of flow rates
at gauging stations

Time series of flow rates
at gauging stations

Sequence of calibration

1. Sub-catchments
upstream of reservoirs

2. All other sub-
catchments

Sequential calibration
from upstream
(headwaters) towards
downstream (parameters
and hydrographs of
upstream sub-
catchments being
frozen)

Sequential calibration
from upstream
(headwaters) towards
downstream (parameters
and hydrographs of
upstream sub-
catchments being
frozen)

Time transfer between
sub-catchments

e First estimation by
visual inspection

e Adaptation of the
Froude river
parameters to average
2D simulations time
transfers

e VHM & GR4H : lag
time as an additional
parameter for
lumped model

e In-house gridded
model: given
directly by the time
transfer computed
by the model

e VHM & GR4H : lag
time as an additional
parameter for
lumped model

e In-house gridded
model : given
directly by the time
transfer computed
by the model

Initial conditions

Model structure ensures
no influence of initial
conditions on internal
variables

Initial conditions of the
internal variables:
sensitivity analysis /
initial height of linear
reservoirs in transfer
module: estimated from
data

Initial conditions of the
internal variables:
sensitivity analysis /
initial height of linear
reservoirs in transfer
module: estimated from
data

Table 6 Summary of the optimisation procedures for each strategy
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3.6.1. Vesdre: July 2021 calibration (strategy A)

For the Vesdre catchment, as most of the measurements at gauging stations were unusable (Table 3)
due to a lack of data at the peak of the flood waves or a poor reliability of the available data, the
hydrograph at the inlet of the Vesdre reservoir and the evolution of the reservoir level were used for a
manual calibration of the simple runoff model. Following this, the whole set of identified parameter
values was transferred to all other sub-catchments. Once these optimal parameters are applied to all
the sub-domains, a visual inspection was carried out to fine-tune the parameters. This was done using
the only complete hydrograph available (stream ‘Ruisseau des Fonds de Forét”) and rising limbs of the
incomplete hydrographs at other stations.

A preliminary application of a 2D shallow water hydrodynamic model was used to compute the flood
propagation in the main valley, using the hydrographs generated by the hydrological model as a source
term. This simulation provided a first approximation of the propagation time for the upstream
hydrographs. These estimates helped to calibrate the parameters of the runoff transfer module

(Appendix A.4.1), particularly the Froude river parameters ( F. V:ri:i/n , I r::;x ) and the reference flow (
g, ) so that the propagation times in the hydrological model agree as much as possible with those of

the 2D hydrodynamic model.
3.6.2. Ambléve: July 2021 calibration (strategy B1)

For the Ambléve catchment, the strategy favoured here was a semi-distributed optimisation proceeding
from upstream to downstream. Once the optimal set of parameters was determined for an upper sub-
catchment, the corresponding outflow hydrograph could be generated for that sub-domain, and this
hydrograph was then considered as fixed when calibrating the parameters for sub-catchments situated
further downstream.

The hydrographs corresponding to the sub-catchments were propagated downstream using a ‘lag time’
parameter, assuming that the shape of the hydrographs is not altered over the course of their
propagation and that the propagation speed is independent of the flow intensity. This is similar to a
linear kinematic wave propagation, whose celerity is constant and equal to the ratio of the river distance
between two points and the ‘lag time” parameter.

The calibration intervals were adjusted from one sub-catchment to the other depending on the
availability of data within the initial calibration interval. Instead of interpolating missing data points,
missing data intervals were simply excluded from the calibration intervals. It means that the objective
function was not evaluated at this time step.

The calibrations were started from random initial guess values of the parameters, within a specified
search window. Once the calibration algorithm converged, the optimisation was relaunched starting
from the best set of parameters from the previous iteration. Three calibrations were started from
random initial values, each followed by one additional calibration starting from the best parameters
initially obtained. The best overall parameters were taken as those leading to the highest NSE.

A sensitivity analysis was carried out to evaluate the influence of the initial conditions of the internal
variables, such as the initial water level in the production reservoirs (VHM and GR4H). As for the
initial height in the linear reservoir used in the transfer modules, it was assumed that only the interflow
or the second flow layer was contributing to the outlet before the event began. By using the linear
reservoir equation (Appendix A.4.2), it is possible to determine the initial water level of the reservoir
to fit the estimated flow just before the event.
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At the dams, an outlet flow is difficult to reconstruct reliably, making it arguable to force it directly in
the optimisation and simulations. Moreover, the following stations, from upstream to downstream —
Bévercé, Malmedy, Thioux, Stavelot, Targnon, and Martinrive—are influenced by dam operations.
Nonetheless, the gauging station Bévercé (6946), located just downstream of the dam, provides time
series during the 2021 flood and is used to force the hydrograph downstream and directly replace the
effect of the dam.

3.6.3. Ambléve: historical floods calibration (strategy B2)

Data Availability Timelines

Bullingen == Data Availability
Wirtzfeld Simulation Interval
Malmedy-Warchenne — [ Calibration Interval
Malmedy
Thioux T -
Monteneau
§ Lasnenville
53} Trois ponts
Stavelot
Trou-de-Bra
Lorcé
Targnon
Martinrive
NN 5 SN N S
FEFIFFFFFFI T TP S
Date
6 Discontinuous Simulation periods : 7 Calibration periods :
L. [14/12/1991; 29/12/1991] — Q%f{;t: 374 mi/s = [16/12/1991; 29/12/1991]
2. [29/11/1993; 10/01/1994] = Q%g;t: 297 mi/s » [06/12/1993; 10/01/1994]
3. [25/12/1994; 07/02/1995] — Q%&;t: 242 mi/s * [16/01/1995; 07/02/1995]
4. [03/09/1998; 27/09/1998] — Q%g;t: 293 m¥/s « [12/09/1998; 22/09/1998]
5. [16/01/2002; 04/03/2002] — Q%g;t: 275 m¥/s « [20/01/2002; 06/02/2002]

[
[10/02/2002; 04/03/2002]
[05/01/2011; 18/01/2011]

&

[01/01/2011; 18/01/2011] — QMart=287 m¥/s

Figure 5 Representation of the data available per station, as well as the simulation and calibration
intervals chosen.

To take into account historical floods, a preliminary screening was conducted to identify the most
relevant events for comparing the July 2021 flood with previous events. For this, the candidates should
correspond to major flood events over the last three decades but also share similarities with the studied
event. Specifically, the chosen events should have several rain-free days preceding the event, followed
by a constantly increasing measured hydrograph leading up to the peak, and then a recession curve,
with minimal subsequent rainfall. Six events meeting most of these criteria were selected. In contrast
with the July 2021 floods, almost all of these events occurred during winter, while only one taking
place in summer. This seasonal distribution reflects the region's typical flood patterns, where most
floods occur in winter. The maximum discharge of each event in Martinrive is described in Figure 5,
and they are ranging from 242 m?/'s up to 374 m?/s, while a flow rate of 661 m?/s was reached in July
2021 at the same station.

Conducting an automatic optimisation on such extensive time series and numerous events presents
several challenges and implies some constraints.

First, like the July 2021 event, a flow out of the dams is difficult to reconstruct reliably. Nonetheless,
the gauging station Thioux (L5580), located just downstream of the dam, provides complete time series
during all the calibration periods selected. Even though it compels to renounce calibrating the model
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with this station and the one in Malmedy, the complete measurements at Thioux make it an excellent
choice for forcing the hydrographs and calibrate the downstream stations mentioned previously.

Second, the availability of data at the gauging stations varies significantly. The upstream-to-
downstream calibration carried out for July 2021 (B1) was still applied, but calibration intervals
without available data were excluded, resulting in varying the numbers of calibration intervals across
stations. It means that some sub-catchment were not calibrated with the same level of quality.
Nonetheless, once the optimal set of parameters was obtained, time series for all the simulation periods
were generated and forced as inputs of the downstream elements. This strategy implies that the number
of calibration intervals in a sub-catchment is independent of the calibration intervals of the upstream
elements.

Finally, calibrating hydrological models over such extensive simulation intervals, particularly for
gridded models, can be time-consuming. Moreover, as the focus is on event simulations, the periods
between the flood events are unnecessary. That is why, discontinuous simulations are carried out to
remove non-essential intervals in times series, while still providing event simulations, and allowing
the use of a consistent objective function across all extreme events.

4. Results and discussion

4.1.Vesdre catchment

Vesdre dam Gileppe dam
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RadQPE
Drainage basin Vesdre dam Station Foret (Magne) Measurement

(a) (b) — Radflood21
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Dates (GMT+2) Dates (GMT+2)

(©) (d)

Figure 6 Examples of observations and computations based on various products for precipitation data.
The water levels in the reservoirs are displayed in (a) for the Vesdre dam and in (b) for the Gileppe
dam. In (c), is represented the inlet of the Vesdre dam in solid line and outlet in dashed line. The
hydrograph in (d) is the one at the station Station Forét Magne.
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4.1.1. Validation against hydrological observations

Upstream of the reservoirs

When the runoff hydrological model is applied upstream of the reservoirs located in the Vesdre
catchment, forced with Radclim V1 data, a manual calibration enables obtaining a relative error at the
peaks of the hydrographs of about 1%, where it occurs the 15" of July at about 23h40 (GMT+2)
according to the inlets reconstruction and at 23h50 (GMT+2) for the calibrated model (Figure 6¢). As
for the water levels, the error made is less than 0.1%, which represents an underestimation of the water
levels less than 0.01 metre for the Gileppe and 0.1 metre for the Vesdre dam (Figure 6a and Figure
6b).

Downstream of the reservoirs

Furthermore, when the simulation is applied to the whole catchment, the estimations seem to be
consistent with the partially reliable measurement and with the station downstream in ‘Ruisseau des
Fonds de Forét’ (Figure 6d). At this station, the peak coincides perfectly with the one measured
(relative error negligible and much less than 1%) and estimated it on the 14™ at 18h20, while
measured at 18h40. Even though the peaks are, in general, well captured by the model, as well as the
rising limb of the hydrographs, it fails to represent correctly the recession limb, which decreases too
fast in the computations. It is not surprising, as the model structure enables only representing the
runoff flow, while the recession limb of a hydrograph is primarily controlled by subsurface flow. It
was also observed that there is a lag time of 4 hours ( 5 parameter in Appendix A.3.2) between the
moment intense rain is falling and the moment the infiltration rate in the soil seem to evolve.

4.1.2. Discussion on the influence of precipitation data

Using different rainfall input data alters notably the results of the hydrological model. As highlighted
in Section 3.1, the RadQPE input data predicts significantly lower total rainfall volumes compared to
the other rainfall data. This discrepancy is perceptible in the computed water levels in the reservoirs
(Figure 6a and Figure 6b) and in the estimated hydrographs both at the Vesdre reservoir inlet (Figure
6¢) and across the entire catchment (Figure 6d).

The limited differences between Radclim V2 and Radflood21 inputs lead to minimal influence on the
respective hydrographs. On the other hand, the Radclim V1 model tends to predict higher discharge
volumes, especially in the downstream areas of the Vesdre catchment. Despite this, it engenders lower
volume in regions surrounding Belleheid and the two reservoirs.

Although the hydrological models were initially calibrated using Radclim V1 input data for the dam,
Radflood21 and Radclim V2 appear to offer even more accurate estimations of the inlet hydrographs
for the Vesdre dam. The three models tend to overestimate the first section of the rising limb of the
hydrographs. However, while Radclim V2 and Radflood21 align closely with the second part of the
rising limb, Radclim V1 underestimates this portion slightly (Figure 6¢). This underestimation
compensates for the earlier overestimations, resulting in a more accurate estimation of the water level
variations in the reservoir.

4.1.3. Interpretation of the results in terms of extreme nature of the event, and
link with runoff coefficients

When these different results are analysed and compared with the statistical flow values established
before the 2021 event, it was found that the peak flow estimated in Eupen is equal to O >4 Qf)o,

max v

where Qf)o represents the flow in Eupen with a return period of 100 years. If the same comparison is
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applied in Chaudfontaine, it indicates a peak flow of 0¢ <3 QI%O , further emphasising the exceptional

max ~J

nature of this flood event.

Plausibility of obtained runoff coefficients (and values supporting the selected model structure)

This hindcast displays a global runoff coefficient near the dams to reach around 67%, while it varies
between 55% and 60% in the main tributary (Hoégne river). Further downstream in the catchment, the
runoff coefficient decreases to approximately 40%. These runoff coefficients are linked to the volume
of rain fallen locally, which is coherent with the observation made in Section 3.1 and in Section 4.1.2.
The results highlight the extreme character of the event and importance of spatial influence of the
rainfall in the runoff generation across different parts of the catchment, with higher runoff near the
dams and lower values in the downstream areas. The high runoff coefficients support the initial
hypothesis to only consider the runoff flows.

4.1.4. Indirect validation by examining hydrodynamic modelling outcomes

The computed hydrographs, obtained with Radflood21, were used to force a GPU 2D hydraulic model
of the Vesdre river and a portion of the Hoegne tributary using the WOLF software (Archambeau,
Erpicum, Dewals, & Pirotton, 2024). This involved applying the hydrographs generated by the
hydrological model at Theux and those from the dams as boundary conditions. The hydrographs from
each internal point along the Vesdre were injected into the river’s 2D model as lateral flow at their
respective locations. The results of the simulations were then compared to data collected by the SPW.

In Verviers, at first glance, the comparison between the simulated water heights and SPW observations
appeared to show a poor fit, as seen in Figure 7. However, the SPW distributes spatially the water
height without taking into account the presence of buildings, while the hydraulic model explicitly
resolves the flow around them. When the buildings are excluded from the comparison, the flood
footprint between the simulated and observed results becomes much closer. This trend is even more
obvious in Chaudfontaine, where both footprints coincide almost perfectly, as observed in Figure 8.

Although these good matches need to be nuanced, since these footprints may be influenced more by
the underlying topography than the intensity of the flow itself. Further analysis is required to
thoroughly assess the quality and accuracy of these numerical simulations.
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Figure 7 Comparison of the footprint of the floods in Verviers between the WOLF 2D hydraulic
modelling (in transparent deep blue) and the digitalisation of the SPW (in green). When the blue colour
appears lighter, it indicates an overlap with the green colour. The black contours are the delimitation
of the sub-catchment and the purple ones are the municipality’s borders.

Figure 8 Comparison of the footprint of the floods in Chaudfontaine between the WOLF 2D hydraulic
modelling (in transparent deep blue ) and the digitalisation of the SPW (in green). When the blue colour
appears lighter, it indicates an overlap with the green colour. The black contours are the delimitation
of the sub-catchment and the purple ones are the municipality’s borders.




479  4.2.Ambleve catchment

480 4.2.1. Transfer of the runoff model calibrated for the Vesdre catchment

481  For the gridded single-layer runoff model, two different approaches were employed to transfer the
482  parameters from the Vesdre catchment to the Ambléve catchment.

483 1. The first approach replicated the strategy in the Vesdre valley by leveraging the transferability
484 of the IM module parameters in accordance with Horton’s law, as described by Equation (A.21)
485 . This method assumes that the maximum runoff capacity of any soil will be reached regardless
486 of the rain intensity. With this hypothesis, the runoff response essentially relies on the land use
487 of the catchment and the temporal progression will be identical for all catchments.
488 2. The second approach applied the IM module parameters calibrated with the most reliable data,
489 i.e. from the Vesdre dam catchment, and transferred these parameters unaltered to all sub-
490 catchments. This method ties the runoff coefficient to the rain volume within each sub-domain
491 with respect to a maximum soil capacity considered to be constant throughout the entire
492 catchment.
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493

494 Figure 9 Computed vs. observed peak discharges based on the first (a) and the second (b) approaches
495  for transferring to the Ambleve catchment the gridded single-layer runoff model calibrated for the
496  Vesdre catchment

497  As shown in Figure 9a, the first approach for model transfer leads to considerable overestimations of
498  the peak discharges in all sub-catchments, with an average relative error reaching 140%, mainly
499  increased by the strong overestimations in the headwater catchments. This suggests that the first
500  approach for model transferability is not appropriate here, because the rainfall volume was much lower
501  in some parts of the Ambleve catchment than in the Vesdre catchment. The upper part of the Ambléve
502  catchment experienced about half the volume of rainfall recorded in the Vesdre catchment between
503  the 13/07 and the 17/07 (ratio Ternell-289 mm-and Biitgenbach—124 mm-stations is = 2.3). The
504  effects of this uneven distribution of rainfall are not properly captured by the first tested approach for
505  model transfer, leading to inaccurate results (Figure 9a). Additionally, the assumption that every sub-
506  catchment would reach its maximum runoff capacity appears to be inappropriate in this context.

507  When the second approach for model transfer is used, strong overestimations of peak flows are still
508  observed in Figure 9b for the headwater catchments (from 87 to 500% of relative error at the peak). In
509  contrast, lower relative errors (between 15% and 30%) are obtained at gauging stations located further
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downstream. For instance, at the gauging station Martinrive, the computed peak discharge aligns
closely with the observed values (relative error between — 2% and 15% on the peak discharge, and a
NSE between 0.49 and 0.52), irrespective of the considered rainfall dataset. At this station and for all
rainfall estimations, the rising limb is overestimated and this model—due to its inherent
characteristics—systematically leads to a rapid decline in the falling limb of the hydrographs
(Appendix B). Despite these model features, in the sub-catchment of Malmedy-Warchenne (a
headwater stream), the model performs well (NSE from 0.57 to 0.70), with accurate predictions of the
peak discharge (relative error between less than <1% and 13%), suggesting that the single-layer runoff
model is suitable in certain types of sub-catchments and for this specific event.

Changing the rainfall dataset used for forcing the model has a limited influence on the computed
hydrographs, except in the case of the product RadQPE according to which the cumulative rainfall
volumes are about 20% lower than in the other datasets (e.g. Radclim V2). Consequently, the model
forced with RadQPE produces hydrograph peaks that are closer to the observations, as the
underestimation of rainfall inputs partially compensates for the overall overestimation introduced by
the runoff model.

The results indicate the necessity of adopting more elaborate hydrological models that incorporate
subsurface flow, in order to accurately reproduce the 2021 flood event in the Ambléve catchment.

4.2.2. Models’ calibration based on the 2021 event

The results presented in Section 4.1.1 hint at the influence of spatially-varying properties of the sub-
catchments. That is the reason why the model parameters were identified per sub-catchment,
progressing from upstream towards downstream.

The obtained Nash—Sutcliffe coefficients (NSE) obtained for each sub-catchment are summarised in
Figure 10. They range between 0.89 and 0.99. When the NSE is averaged over all sub-catchments, the
following values are obtained: 0.966 for the two-layer gridded model, 0.952 for model VHM and 0.962
for model GR4H. Hence, the three models exhibit a strong ability to reproduce the observed data.

The performance of the two-layer model and of the model VHM is comparatively lower in sub-
catchments situated upstream of dams, such as Bullingen and Wirtzfeld, where complex hydrological
dynamics are challenging to capture. At gauging stations located in the downstream part of the
catchment (Targnon and Martinrive), water deficits are observed in Figure 12. This may be attributed
either to inter-catchment groundwater exchanges, or to errors arising from extrapolation of the rating
curves for such an extreme event, or even to the effect of flood plains on the flow, which were more
present in that section of the river. Consequently, the calibration of the Two-layer model and of model
VHM leads to parameter values enhancing runoff, but this outcome may result from unresolved
hydrological processes and/or inaccuracies in streamflow data.

In contrast, the model GR4H performs well for predicting peak discharges at downstream stations, as
shown in Figure 12, thanks to external flow adjustments being incorporated into the model. This
feature enables simulating inter-catchment exchanges, as well as compensates for errors in rainfall or
flow volume measurements. Interestingly, the accuracy of this model tends to be particularly high in
sub-catchments not well simulated by the other two models, but GR4H shows a lower accuracy in sub-
catchments where the other two models perform remarkably well (Figure 10).

Similar additional tests (not shown here), allowed to conclude that the results of the optimisation
appear mostly insensitive to the sampling frequency (5 minutes, 10 minutes, or 1 hour) of the
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streamflow data used for model calibration. Similarly, the source of rainfall data (Radclim V1, Radclim
V2 or Radflood21) has a limited influence on the optimisation results, except when the product
RadQPE is utilised. The use of RadQPE rainfall data leads to underestimations of the peak discharges,
particularly in the downstream part of the catchment (at gauging stations Targnon and Martinrive).

NSE [-]

13/07/2021
17/07/2021
Wirtzfeld 0.96

Bullingen

Malmedy Warchenne

13/07/2021
17/07/2021
wirtzfeld 0.94

Bullingen

Malmedy Warchenne

13/07/2021
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Figure 10 Nash—Sutcliffe efficiency coefficient (NSE) of the hydrological models (2 layers, VHM,
GR4H) during 2021 floods on their calibration interval.

4.2.3. Application of models from historical floods to the 2021 event

Calibrating the three considered models (Two-layer model, VHM and GR4H) based on historical
floods leads to the model performance metrics provided in Figure //. For the events used for the
calibration, the three models tend to underestimate the observed peak discharges in most cases.

The two-layer model performs generally well. Specifically, it accurately captures the two-peak flood
event of 2002 (Figure F.12 and Figure F'.14 in Appendix), as reflected in the relatively high NSE values
obtained for this event. The VHM model consistently performs well for all the considered floods and
at all gauging stations (except for a single event, at a single station: Lorcé€). Observations at stations
such as Malmedy-Warchenne and other higher-discharge gauging points downstream are particularly
well represented by the model VHM. In contrast, the model GR4H exhibits poorer performance, failing
to capture the dynamics of floods involving several peaks (Figure F.7/3 in Appendix). Except for two
flood events (1991 and 1993), GR4H fails to reproduce the flood dynamics at the stations Trois-Ponts
and Lorcé (Figure F.1 and Figure F.3 in Appendix). It is also unable to reproduce the streamflow in
the headwater sub-catchments for the 2002 event (Figure F.7 in Appendix).

The 1998 event is the only summer flood present in the sample. At several stations (e.g. Malmedy-
Warchenne, Lasneville, etc.), the performance of the models is lower than it is for other events (all
winter events). For instance, the streamflow is substantially overestimated by all models at Lorcé
station, which is not the case for the other events. At the station Trois-Ponts, only the model VHM
captures with fair accuracy the observed hydrograph (Figure F.I, Figure F.3, Figure F.5, Figure F.7,
Figure F.11 and Figure F./5 in Appendix), whereas the two other models strongly overestimate the
peak discharge at this location. This comparatively poorer performance of the models for this event
hints either at issues in the spatial rainfall data or at the influence of hydrological processes typical of
summer floods, which are underrepresented in the calibration process.
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Figure 11 Performance of the considered models on their training data (historical floods). The left
tables give the NSE at each station and the right table display the relative error on the peak discharge,
with positive values indicating an overestimation of the model. Cell colours provide a visual
indication of performance: in the NSE tables, values below 0 (worse than using the mean discharge
as a predictor) are shown in dark red, whereas an NSE of 1 (perfect agreement) is displayed in dark
green. In the table of peak discharge errors, strong underestimations are highlighted in dark green
and strong overestimations in dark blue.

Applying the optimal parameters derived from historical floods to the July 2021 event results in
significant underestimations of the peak discharges, as shown in Figure 12 and Figure 13. Among the
models, the VHM model achieves an average NSE over all the stations of 0.72, while the Two-layer
model reaches 0.68, and the GR4H model performs poorly, with an average NSE of — 0.02. The GR4H
model's dynamic response is particularly inadequate (Figure G.3 in Appendix), while the VHM and
Two-layer models exhibit correct dynamics but consistently face issues with peak intensity at all
locations (Figure G.1, Figure G.2, Figure G.3, Figure G.4 in Appendix).
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The poor performance of GR4H across different sub-catchments may be attributed to its original hourly
simulation timestep. This timestep is insufficient for sub-catchments with concentration times of less
than one hour. This limitation arises from the unit hydrographs containing only one or two elements,
reducing the model's accuracy in smaller sub-catchments.

More specifically, all models notably fail to capture the hydrograph dynamics at Trou de Bra, likely
due to scarcity of available data. Nonetheless, complete time series of available data for all the past
events in the Trois-Ponts station do not necessarily induce a significant improvement in the quality of
the results. Both the VHM and the Two-layer models predict the hydrograph in Wirtzfeld accurately,
but none of the models effectively represents the hydrograph at Malmedy-Warchenne.
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Figure 12 Hydrographs peaks (from models calibrated on historical floods) compared with
measurement peaks at all stations for the 2021 event.

A striking point in the NSE values is the substantial difference in GR4H’s performance between the
gauging stations Martinrive and Targnon, which are relatively close. This difference may stem from
the fact that the GR4H model was used here with time steps different from the hourly time step for
which it was originally designed. At the gauging station Martinrive, the inter-catchment exchange
feature of the model artificially adds a large water flux, so that the computed flood wave volume ends
up being more than twice the rainfall volume. Using the same model parameters, an hourly simulation
would result in less exchange flux, reducing the computed peak discharge from 480 m?/s to 344 m?/s.
This highlights the sensitivity of GR4H to changes in timestep, although this phenomenon is most
prominent in Martinrive and observed to a lesser extent in other sub-catchments.
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Figure 13 Nash—Sutcliffe efficiency coefficient (NSE) of the hydrological models (2 layers, VHM,
GR4H) calibrated during historical floods and evaluated during 2021 floods.

The study indicates that models calibrated using historical flood events are generally inadequate for
accurately predicting peak intensities, especially in downstream areas where the river is broader. The
influence of the summer 1998 flood likely contributed to the reduced peak estimates for the July 2021
event, underscoring the limitations of relying solely on historical data for event-based simulation
calibration and maybe emphasising the unpredictable nature of the 2021 flood.

4.2.4. Application of models from the 2021 event to historical floods

In this section, the models trained on the July 2021 flood event were applied to previous historical
floods, with the results presented in Figure 14. The analysis shows model performance that strongly
varies with the station and the flood event. As concluded in the previous section, the models that
perform the best are VHM and the 2 layers models, while GR4H fails to represent most of the historical
floods. At first sight, it can also be seen that models generally tend to overestimate more the measured
hydrographs.

For instance, all models tend to overestimate the late summer flood of 1998, with notably poor
performance in terms of Nash-Sutcliffe Efficiency (NSE). In many cases, the models overestimated
the discharge by almost twice the measured values across nearly all computational domains. This
overestimation is even more pronounced with the GR4H model.

However, the two-layer model performed well at stations located downstream, where larger surface
areas were drained, showing better predictions compared to other models. Conversely, the Malmedy-
Warchenne sub-catchment was poorly represented by all models, with significant overestimation of
discharge. Among the models, VHM showed relatively better performance in capturing the 2011 flood,
but it still struggled with some other events.

The models also failed to predict floods accurately at Trou de Bra and Lorcé, with all models providing
suboptimal results. Specifically for the Trois-Ponts Salm sub-catchment, none of the models succeeded
in predicting the floods between 1995 and 2003. The two-layer model consistently failed to capture
most floods except for the 1991 event, where it excelled with an NSE of 0.95. The other two models
performed better for the 1991 flood as well, and they managed to modestly predict the 1993-1994 and
2011 floods. This might suggest a similarity between the July 2021 and the 1991 flood in terms of
hydrological conditions. Nonetheless, the Trois-Ponts Salm, and possibly Trou de Bra and Lorcé sub-
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651  basins appear to be hydrologically complex, with multiple processes not accounted for in the selected
652 models. Among all the models, VHM comes closest to predicting the behaviour of these
653  aforementioned sub-catchments.

654  The two-layer model also captured the 2002 double flood event well, but overall, models calibrated on
655  the July 2021 event demonstrated a tendency to predict the 1991 flood more accurately, while posing
656  challenges for prediction, as the performance is not characterised by consistent overestimation or
657  underestimation, but rather by varying inaccuracies across different events and locations
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660  Figure 14 Tables summarising the performance of the models trained on July 2021 event and tested
661  on historical floods. The left tables give the NSE at each station and the right table display the
662  relative error on the peak discharge , with positive values indicating an overestimation of the model.
663  Cell colours provide a visual indication of performance: in the NSE tables, values below 0 (worse
664  than using the mean discharge as a predictor) are shown in dark red, whereas an NSE of 1 (perfect
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agreement) is displayed in dark green. In the table of peak discharge errors, strong underestimations
are highlighted in dark green and strong overestimations in dark blue.
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5. Conclusion

This study presents hydrological modelling of two catchments (Vesdre and Ambléve, in Belgium)
affected by the 2021 mega-flood in Europe. Because of considerable differences in available
observation data between the two catchments, distinct modelling strategies were utilised to simulate
the 2021 event. In all simulations, the simulation time step was chosen equal to the time step of the
input rain data, and the presence of dams in the two catchments was explicitly considered in the
modelling.

In the first catchment (Vesdre), a physically-based and gridded single-layer runoff model was selected
to facilitate parameters transferability between sub-catchments. A good agreement could be obtained
between the simulation outcomes and the scarce available observations, mostly pool level evolutions
in reservoirs. By comparing several products for spatial radar-based precipitation data, it was shown
that using more realistic rain data leads to substantial improvements in the results, even without model
recalibration. The hydrological modelling results were used to force a 2D hydrodynamic model of the
river and floodplains. The computed inundation extent matches well field observations.

In the second catchment (Ambléve), observed rainfall quantities were considerably lower than in the
first one. Therefore, a simple transfer of the runoff model calibrated for the first catchment does not
lead to satisfactory results and inadequate. Several other models were tested, including a two-layer
version of the gridded model and two lumped conceptual models (VHM and GR4H). Each model was
calibrated based on a semi-distributed optimisation. Thanks to their internal structure based on two
layers or reservoirs, the three models enable representing flow characterised by two distinct time
scales. The three models performed well in reproducing the 2021 event at the 11 gauging stations
available in this catchment. Using a more advanced product for spatial rainfall data further enhances
the model’s performance and leads to more physically sound model parameters, such as consistent
mean runoff coefficients during the event. This observation was particularly relevant in the
downstream part of the catchment.

The performance of the models between flood events was tested in two ways: either calibrating the
models on historical flood events (period from 1991 to 2011) and testing them on the 2021 extreme
flood, or the other way round. In the former case, the peak discharges of the 2021 event were strongly
underestimated by the three models. In the latter case, the achieved performance was model-dependent.
The model VHM tends to overestimate the peaks, whereas the two-layer gridded model slightly
underestimates them. The peak discharge of the 1998 summer flood is overestimated by the three
models. In this study, the model GR4H model shows poor performance when applied out of its
calibration interval, particularly for small sub-catchments. This behaviour may be attributed to the time
step used, which differs from that for which the model was originally designed. It may also reflect
inherent limitations of the model, which is not well suited for event-based simulations and thus tends
to overfit around flood events. Longer continuous simulations should be conducted to verify these
conclusions.

The quality of data on rainfall quantities and their spatial distribution was shown to play a substantial
role in the accuracy of the computed hydrographs, particularly at the sub-catchment level, where
spatially heterogeneous model performances were observed when models were applied for historical
floods, for which the rainfall spatial distribution was scarcely known. This work also puts in
perspective the performance of real time generated rainfall data in their ability to be used in extreme
flood event.
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The study underscores the challenges of predicting a mega-flood such as that of July 2021 using only
historical flood records of much lower intensity. This point is reinforced by the highly heterogeneous
model performance across events, with no single model (lumped or gridded) consistently prevailing in
all the cases. These findings call for further investigation into the physical processes (e.g.
evapotranspiration, snowmelt, soil moisture, etc.) that control the hydrological response of each sub-
catchment, as well as the role of initial catchment conditions. Snow processes, which were neglected
in this study, likely played an important role in the performance of historical floods, most of which
occurred in winter when snow influence is non-negligible in the Ardennes.

Overall, the study reinforces the importance of combining multiple rainfall datasets and hydrological
models, implemented in the same framework, to construct envelope curves for dramatic, statistically
rare events of this kind.
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Appendices
Appendix A: Modules and models description

This section aims to introduce the overall philosophy of WOLFHydro and provide a detailed
description of the modules that is used throughout this study.

Appendix A.1: Conventions definition

In this article, all variables written in lower case are referred to a local value (i.e. in a chosen position
or mesh), whereas capital letters represent a value valid for the whole catchment or sub-catchment

studied, written D . Consequently, if any local variable ¢ evaluated in the position X as ¢(x,7), a

catchment variable Q(¢) is be defined in the following way:
o0 = a(x.)ds (A1)

In all these models, it is also important to separate internal variables to parameters to calibrate and
identify them clearly. For the sake of example, then any parameter represented generally A will be
noted 1 .

Appendix A.2: Global organisation

This model has been developed within the hydrological component of the software WOLF
(Archambeau, Erpicum, Dewals, & Pirotton, 2024), called WOLFHydro. This flexible hydrological
tool is organised into modules, which can be conceptualised as building blocks to combine with the
aim to represent the catchment to study. This catchment can be taken as a zero-dimensional (0D)
system or it can be spatially parcelled out into sub-catchments or evaluation points, which can be
organised in a topology network.

In the following section, the various modules necessary to build the new models are described. Two
primary module types are used in this present work: the production module and the transfer module.
In Error! Reference source not found., a schematic presents a representation of WOLFHydro,
illustrating the general construction of a hydrological model inside the program.

The input data (e.g., rainfall, temperature, evaporation, etc.) to provide to the program can either be
lumped or distributed on the study domain. This precipitation is then processed through one or more
production modules, which aim to represent the physical mechanisms of the soil to distribute flow to
transfer modules. The latter is usually organised into superimposed layers to represent the different
flow characteristic times and their type of way to be transformed. While this is an idealised framework,
it captures the fundamental organisation of most of the hydrological model’s, particularly the ones that
were selected for this study.

Appendix A.3: Production modules

In the WOLFHydro model, a production module is defined as a module which accepts several inputs
and generates multiple outputs. In the present work, the inputs consist solely of precipitation, while
the outputs include flow with different temporal characteristics (runoff and possibly fast groundwater
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flow) and losses. The primary purpose of this module is to characterise the evolution of soil properties.
It comprises three different processes, which are explained in the following subsections.

Appendix A.3.1: Storage reservoir (SR)

This reservoir-spillway with 2 parameters (FI 5» T, 5) aims to evaluate the proportion X, of effective

rain to apply to the whole studied domain. To do so, the input rain p(x,#) is necessary to obtain the

lumped rain of the whole catchment:
P@ty=[_ p(xt)ds, (A2)
as well as a reservoir with the following two parameters:

e H s . the maximum height in this reservoir,

: the characteristic time needed to empty the filled reservoir.
This reservoir is composed of two outlets:

e A netrain flow P_(¢) to transfer to the rest of the model,

net

e Aloss flow O (%), here fixed to be constant with time and space.

The loss flow is determined by the formula

Os = (A3)

M’\]z‘hml

This model contains a state variable S, which represents the evolution of the height in the reservoir.
The update equation of this variable is

s

=-pP_-0,, A4
dt raw QS ( )

and the discreet version of this equation in Euler implicit scheme
§@,)=5@,)+[F,,(¢,)-0s]AL. (A.5)

When this reservoir is filled (S(¢,) > H,), all additional water will pour out and be considered as net

rain P (t).
Consequently,

(S—H)/At ,if S(t,)>H,

, - (A.6)
0 LifS(t,)< A,

Balt,)= {
From this net rain, the effective rain fraction everywhere in the catchment noted X, is defined as

followed:

Xp(f):%g)- (A7)
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In this model, the losses are considered as uniform in the whole studied catchment and are given in
each point by the formula

q,()=(1-X,0) p(x.1). (A.8)
Appendix A.3.2: Infiltration model (IM)
T, &), the spatial variability

In this in-house runoff model containing 5 parameters (Fo , FC .U

max 2

X and the temporal one ! of the runoff coefficient ¢, are decoupled, such as
¢, (x)=c,(x) C1) ,c el0:]]. (A.9)

With ¢ _(x) which is determined by the runoff coefficient matrix, dependent on land use and the slope,

and C,(?) that is determined by the relation
C(0)=(1- ), (A.10)

where f(t) is an infiltration function evolving with time.

In this study, a function inspired by the Horton’s law (Chow, 1964) is applied

ﬁ(u(t),r)=ﬁ+(ﬁ)—ﬁ>exp[— wj (A.11)

max

with 13: the parameter that gives the asymptotic value of infiltration FO gives the initial infiltration

and Umax the maximum capacity of the soil. The state variable U(¢), is determined in the following way
U(0) = F.(O)* A,

(A.12)
= ,[R P(t—7) A(r)dr,

with 7" the period of time while rain is taken into account, & the delay parameter that corresponds
to the time it requires before the rain affects the soil properties, and A(¢) the function defined as

A(t):{l fS<t<T+6 A13)
0 ,otherwise
One can also reformulate this function as follows

ﬁ(u(t)at):(iz)_AF)"_AFGXP(_ZLZ‘)J’ (A14)
with AF =F, - F,.
Or else,

[u(@),0) = (F, = AF)+¢U(1),1), (A.15)

with
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H(U(0),1) = AF exp (_%ﬂ) . (A.16)

max

Consequently, to analyse the infiltration function, the derivation is applied

dU
o¢ dt
— == A.17
o O 9, (A.17)

and then

dU
o, dt
—=—-= ). A.18
P P(t) (A.18)

max

Moreover, the derivative of the soil moisture is given by the formula

d_U:dPnet(t)*A_ (A.19)
dt dt
Finally,
ne A
Do _di (A.20)
ot U

max

Therefore, it is possible to conclude that the variation of the infiltration does not depend on the initial

condition U, of the soil moisture U(t).

An alternative form of the Equation (A.11) in the infiltration model (IM) can be reformulated as :

[0 = F+(Fy = F) exp[—r% @] (A21)

max

with V. =max(U(¢)) and U= Vo

max ~

K

Thus, a parallel can be made with the Horton’s formula (Chow, 1964) if the Equation (A.21) is

multiplied by the rain and the expression U(f)/V, _ is replaced by the time. This indicates that each

ax

type of soil will reach their maximum potential infiltration at the end of the simulation.

Appendix A.3.3: Separation of the rain in different layers

The different portions of flows use the two models introduced in the previous sections. Thus, the
surface flow in each point ¢ is computed by the formula

Gor = Xor P(X,0), (A.22)

with X, the portion of rain that turns to runoff flow. This latter is determined by
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xX;=c X, . (A.23)

0 rp
The fraction of flow to transfer to the interflow X, is given by
xp=(1-¢)X,, (A.24)
and then,
Gy =X P(X,1). (A.25)

Appendix A.4: Transfer modules

Modules composed of one input and one output, and as its name hints, it is usually employed to define
the mathematical formulations chosen to propagate the different types of flow it is supposed to model.
In this analysis, this type of module uses the mean of unit hydrographs, praised for their ease and fast
computation, to represent a lag function to apply to all flows, which will depend on their time
characteristics. These unit hydrographs can be constructed with a gridded method (Appendix A.4.1)
or with decreasing exponential (Appendix A.4.2).

Appendix A.4.1: Runoff transfer module (Rnff)

The original model, presented in this section, proposes a new physically based and gridded way to
compute runoff velocities in a fast way. This gridded model has recourse to a dimensionless number
adapted to surface flow to evaluate the water speed transferred from this mesh towards the neighbour
following the steepest slope. The rain or fraction of rain received by one or several neighbours can be
determined by the runoff coefficient, as presented in the infiltration module.

As a reminder, the Froude number, noted Fr is a significant dimensionless number in the study of
open-channel flow and its value indicates particularly the flow regime. In a rectangular section, the
Froude number is defined as

Fr=—— (A.26)

where u is the velocity of the flux ([L/T]), ¢ the gravitational field of the Earth ([L/T?]), and / the
mean water height ([L]). The Froude number can be seen as a comparison between the inertia of the
flux and the gravitational field, or also the comparison between the mean flow speed and the speed of
the gravity wave.

In hydrological simulations, the speed and the water height are often unknowns in a problem. The local
slope s, for their part, the only data that can be collected a priori. That’s the reason why, the equations,
introduced hereunder, are mainly based on the slopes to distinguish a Froude number value in each
mesh . These meshes are defined with a length Ax ([L]) along the flux direction towards the flux is
transferred. A distinction is made between ‘river’ and ‘basin’ meshes: to be a river element, the sum
of the surfaces of all its upstream elements should be greater than a ‘convergence threshold’ defined
by the user. For the sake of simplicity, the symbol | means that an element can either be ‘river’ or
‘basin’.

In this model, 5 parameters are considered to characterise the runoff:

Tiv

®  Fru the minimum Froude number in all ‘river’ elements [-],
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®  Fru., the maximum Froude number in all 'river' elements [-],
basin .. . .

®  Frum ,the minimum Froude number in all ‘basin’ elements [-],
bassin

®  Fru , the maximum Froude number in all 'basin' elements [-],
e §,, the reference flow [L*/T].

Starting from the definition of the Froude number, the flow ¢, evaluated in mesh i is given by
q,=Fr.gh hl, (A.27)

with [ the characteristic width of the flow. Isolating the water height /,, one obtains the expression

h’:(Frqi/gJ [Ilj . (A.28)

To find a solution to this expression, three unknows remains. For the first one, namely g, , it is linked

to a reference flow ¢, , which is a parameter of the model.

The second unknown is the Froude number evaluated locally. To estimate it, it was assumed that this

number only depends on the local slope iand that its value evolves linearly within an interval delimited

by the two parameters F: Fmin and Frmas .
Fr., = Fron +a,, (Fr"max - Fri'nm) , (A.29)

In uniform flow, speed is a function of the square root of the local slope i.e. u, oc \/g . Therefore, the

coefficient @, , is defined as the ratio

(Si )“ B (Sgn'n )“

,, = TN [ (A.30)
(Smax ) - (Smin )
such the coefficient @, sis obtained with this formula a gives
s, —+/ST
@05 :M, (A.31)
SZlax - S:;in

Finally, the last unknown is the width of the cross section /., and the way it is calculated will depend
on the type of cell to consider. In a river network, it was observed empirically that the width of a river
was linked to the size of the catchment with the ratio of Froude number evaluated at the outlet ( £, )
with two different weights of the slopes (0.5 and 1.0), times a factor 0.8 . As for a basin mesh, the
width varies as a function of the ratio between the surface drained by the current mesh A, (alternatively

called convergence) and the total surface of the catchment 4, .
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A, FFo0s

,river
/] = A4, 108 Fry, (A.32)
AA/t—mAx ,bassin

Since then, the formula becomes

- 2/3 2/3
qref 1 j
h=| T | (L) (A.33)
{F}?’,OAS \/EJ (lc

Whatever the type of cell considered, the speed is given by
u, =Fr,o5/gh, . (A.34)
Finally, the time !, [T] necessary to transfer the flux from one cell to another is computed with

t=Ax/u,. (A.35)

Appendix A.4.2: Linear reservoir (LR)

This module contains 1 parameter (IZ ) and it follows the equation

K%:x—y, (A.36)

and
g=y/K, (A.37)
with K the recession time [T], which represents the constant decrease of the baseflow with time and

q the outlet flow. The variables X and ) are respectively the inlets and outlets of the reservoir. This

function can be solved in different numerical schemes, such as Euler explicit or implicit with Newton-
Raphson algorithm.

Appendix B: In-house models

The in-house modules are combined, as depicted in Figure 4 and detailed in Table 2 to form the
following two models:

e Runoff model: This is the simplest model, gridded and physically motivated, using a 1 layer
model. It uses as a production module the Infiltration module (IM) from Appendix A.3.2 with

the formulation from Equation (A.21) (with & parameter instead of Um) and the Runoff

transfer module from Appendix A.4.1. For the IM module, the parameter T was kept equal to
the simulation total time duration. The X;; component of the Equation (A.24) is therefore

treated as loss.

e 2 layers model: It includes the Storage reservoir (SR) production module from Appendix A.3.1
to generate effective rainfall before reaching the IM production module with formulation from

Equation (A.14) (with Umx parameter). Additionally, a linear reservoir (LR) transfer module is

42



1095
1096
1097

1098

1099
1100

1101

1102
1103
1104

1105
1106
1107
1108
1109
1110

1111
1112
1113
1114
1115
1116

1117

applied on the second layer to represent the fast groundwater flow. In the IM module, the
parameter 7T was not fixed anymore and left free for optimisation. Yet, the parameter 5 was

fixed to zero. The X;; fraction is here sent to the interflow LR module of the second layer.

Vesdre Ambléve
Model Runoff 2 layers VHM GR4H
Production Gridded Gridded
Lumped Lumped
[IM] [SR+IM]
Transfer Gridded Gridded
Layer 1 Lumped Lumped
(Qof) [Rnff] [Rnff]
Layer 2 Lumped
X Lumped Lumped
(Qif) [LR]
Layer 3
X X Lumped X
(Qbf) (Lumped)
Number of 9 12 11 4
parameters

Table B.1 Summary of all the hydrological models selected and their characteristics. The Qof, Qif
and Qbf refer respectively to the runoff or overland flow, the interflow and the baseflow.

Appendix C Land use conversion

The land uses were adapted and simplified to fit to the ones used in the Adali project (Javaux &
Dubois, 2016)(another model used in WOLFHydro, not used in this article). They consist in 6
different types:

e Forest
e Meadows
e Agriculture

e Urban
e Rivers
e Water

In COSW 2007 data, it is organised in several levels, increasingly specific as the level increases.The
first one almost contains all these characteristics, but the meadows. That’s the reason why the second
layer was also considered. Additionally, as these maps are given by polygons, it is possible that some
regions are not contained in any polygon, or that the first layers explicitly refer to this polygon as ‘no
data’. In these cases, a default land use ‘Urban’ was attributed. For all other data the following
conversion was applied:

COSW land use WOLFHydro conversion
Residential areas Urban area
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Appendix D: Hydrographs Vesdre — Ambléve

1000 4

800 A

600 -

Discharge [m?/s]

400 ~

200 A

Urban area

Urban area
Meadows
Urban area
Agriculture
Agriculture
Meadows
Agriculture
Forest
Meadows

Water
Rivers

Martinrive

Table 7 Conversion of land uses provided by the second layer by COSW 2007 map towards
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Appendix E: hydrographs Ambleve event of July 2021
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Figure E.2 Hydrographs of the models calibrated on July 2021 flood at Trou de Bra
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Appendix F: Hydrographs Ambléve 2021 — Historical
Appendix F.1 : 1991
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Figure F.1 Hydrographs of the models calibrated with July 2021 and applied to historical floods at
Trois-Ponts
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Figure F.2 Hydrographs of the models calibrated on July 2021 and applied to historical floods at
Martinrive
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Appendix F.2: 1993-1994
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Figure F.3 Hydrographs of the models calibrated with July 2021 and applied to historical floods at
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Figure F.4 Hydrographs of the models calibrated on July 2021 and applied to historical floods at
Martinrive

2 layers distr. model

el

49



1169
1170 Appendix F.3 : 1995

Trois-Ponts Salm —— 2 layers distr. model
— VHM
—— GR4H
r ' ¥ —— Measurement
100 A 2.5

F5.0 =
E 80 A E
“E F7.5 -g
‘v 60 - 2
= 5]
© L S
g 10.0 g
2 an a2
e 12,5 5
=8

20 A -15.0

r17.5

0 T T T T T T T T
3Y 3
o i i 1 v 6,0‘13 5,0'10 0 ° 5,0’10
,\Qﬂ o? ,\Qﬂ 92 o? 92 ,&Qﬂ ,\qoﬁ ,\Qﬂ
Dates (GMT+2)
1172

1173 Figure F.5 Hydrographs of the models calibrated with July 2021 and applied to historical floods at
1174  Trois-Ponts

1175
1176
v v —— Measurement
500 4 ' Los
. 400 5.0 =
d E
E 75 E
@ 300 1 g
E 200+ %
100 ~
0 T T T T T T T T
a ) 2 7 2 3> NS o
o o ca[B,),o @‘f’n @5,0" @[ﬁ > g{a,),o‘;qq,) @‘ﬁo fb‘f"ol
Dates (GMT+2)
1177
1178 Figure F.6 Hydrographs of the models calibrated with July 2021 and applied to historical floods at
1179 Martinrive
1180
1181

50



1182
1183

1184

1185
1186

1187
1188

1189

1190
1191

Appendix F.4: 1998
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Figure F.7 Hydrographs of the models calibrated with July 2021 and applied to historical floods at
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Figure F.9 Hydrographs of the models calibrated with July 2021 and applied to historical floods at
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Figure F.10 Hydrographs of the models calibrated with July 2021 and applied to historical floods at
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Figure F.12 Hydrographs of the models calibrated with July 2021 and applied to historical floods at
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Figure F.14 Hydrographs of the models calibrated with July 2021 and applied to historical floods at
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1219 Appendix F.6 : 2011
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Figure F.17 Hydrographs of the models calibrated with July 2021 and applied to historical floods at
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Figure F.18 Hydrographs of the models calibrated with July 2021 and applied to historical floods at

Bullingen

56



1238

1239
1240

1241

1242
1243

1244

1245
1246

1247

Martinrive —— 2 layers distr. model
—— VHM
— GR4H
— Measurement
500 - s
400 50 T
w =
E L7s E
o 300 u
g L1002
g T8
0 i =
2 200 152
|-
o
100 4 - 15.0
17.5
o —
5
e e e e e o o
2 20> 0% 0% 0% N 2

Dates (GMT+2)

Figure F.19 Hydrographs of the models calibrated with July 2021 and applied to historical floods at

Martinrive
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Figure G.4 Hydrographs of the models calibrated with historical floods and applied on July 2021 at
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