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1. Introduction 8 

The July 2021 flood was one of the most devastating and extreme flood events ever recorded in western 9 

Europe, causing more than 220 fatalities and total damage of over 32 billion euros, making it one of 10 

the five costliest disasters in Europe (Mohr, et al., 2022). In Belgium, 39 people died during the flood, 11 

24 of them in the Vesdre valley alone. In general, it was estimated that more than 160 buildings were 12 

swept away, more than 200 were destroyed and more than 3000 were partially destroyed. 13 

The meteorological drivers of this extreme event were provoked by the low-pressure cyclone ‘Bernd’, 14 

whose propagation was slowed down by an anticyclone over eastern Europe, causing an almost 15 

stationary rain all over the impacted region (Dietze, et al., 2022; Mohr, et al., 2022; Ludwig, et al., 16 

2023; Zeimetz, et al., 2021; Dewals, Erpicum, Pirotton, & Archambeau, 2021). As such extreme events 17 

are likely to occur again (Rajczak & Schär, 2017; Bertola, Viglione, Lun, Hall, & Blöschl, 2020; 18 

Hosseinzadehtalaei, Tabari, & Willems, 2018; Thirel, et al., 2021; Tradowsky, et al., 2023), it is of 19 

utmost importance to analyse them in depth for guiding the design and implementation of measures 20 

aimed at reducing fatalities and economic losses (de Goër de Herve & Pot, 2024). 21 

In Germany, hydrological simulations were performed to statistically assess the frequency of the event 22 

(Ludwig, et al., 2023) and put it into the perspective of climate change. When corrections on the 23 

quantitative precipitation estimates (QPE) –which initially underestimated the rainfall quantities– were 24 

applied to the same region, the effect of the rainfall data quality as well as the impact of the model type 25 

(conceptual lumped vs gridded physically based model) were shown to play a significant role on the 26 

hydrological models’ outcome and uncertainty (Saadi, et al., 2023). Vorogushyn, et al. (2024) 27 

underlined how worst this event could have been if the spatial distribution of the rain had been shifted. 28 

For Germany, analyses were conducted about river bank changes, landslides, scour, clogging effects 29 

by debris and water levels (Wolf, et al., 2024). For the Vesdre catchment in Belgium, a descriptive 30 

analysis of the surface and groundwater flow, together with environmental impacts, was detailed by 31 

Polrot (2021). A new approach to improve classification of building and content losses was proposed 32 

by Rodríguez, et al. (2025). A masterplan focused on urban planning has been prepared to guide the 33 

reconstruction of the Vesdre valley (Barcelloni-Corte, Bianchet, Privot, Schelings, & Teller, 2022). 34 

The design of risk reduction measures should build on a sound understanding of the hydrological 35 

processes underpinning extreme events such as the 2021 flood. A fast hydrological assessment of the 36 

event was conducted by Dewals, et al. (2021) and Zeimetz, et al. (2021). They carried out a first 37 

hydrological analysis to reconstruct the peaks of the hydrographs by combining the use of surfaces 38 

ratios between close gauging stations, the Rational method, a conversion of water levels left by high-39 

water marks to flow rates with Manning-Strickler formula and reconstruction of the outflow from the 40 

dams. In consequence of these dramatic events, a particular need and call was made by the Walloon 41 

region to investigate this event in the Vesdre Valley (Barcelloni-Corte, Bianchet, Privot, Schelings, & 42 

Teller, 2022). Goergen et al. (2025) proposed a hydrological modelling approach for the same flood 43 

event as considered here, but the description of their methodology fails to highlight how hydraulic 44 

structures such as large reservoirs were incorporated in the modelling, while their effect is known to 45 

be significant. In this context, the present study provides the first detailed hydrological analysis of the 46 

most impacted Belgian catchments during the July 2021 floods. 47 

Here, we present a framework as well as a new gridded and computationally efficient hydrological 48 

model–with increasing complexity– to allow an in-depth hydrological analysis of the two most 49 

severely impacted catchments in Belgium during the July 2021 floods, namely the Vesdre and the 50 

Amblève catchments. In the former, most of the gauging stations were damaged, washed away or 51 

destroyed during the event, making it impossible to retrieve time series of observations covering the 52 
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entire flood wave and particularly the flood peak. In the latter, almost all gauging stations were 53 

operational during the event. 54 

Therefore, two different approaches were adopted. For the Vesdre catchment, a computationally 55 

efficient, gridded, runoff model allowed the hindcasting of the event and evaluation of alternate 56 

scenarios. For the Amblève catchment, an improved version of the gridded model was compared to 57 

two conceptual models: GR4H (Perrin, Michel, & Andréassian, 2003) and VHM (Willems, 2014). The 58 

models were implemented in a modular environment, WOLFHydro, developed at the University of 59 

Liège. The influence of the product used for rainfall data was investigated in both catchments. The 60 

transferability of the runoff model from one catchment to another (from the Vesdre to the Amblève) 61 

was also tested, as well as the impact of calibrating on different events (from recent historical floods 62 

to July 2021 and reciprocally). 63 

The modelling work presented here contributes to addressing the following research questions: 64 

1. In the Vesdre catchment, which were the river discharges during the July 2021 flood, and is it 65 

possible to reconstruct the event’s hydrographs based on the few available data? 66 

2. For such extreme events, can a runoff model calibrated on one catchment (here the Vesdre) be 67 

directly transferred to a neighbour’s catchment (Amblève)? 68 

3. Does a semi-distributed approach calibrated by considering observations at several 69 

intermediate gauging stations reproduce well July 2021 event (Amblève catchment)? At the 70 

same time, is there a difference between gridded and lumped models? 71 

4. Can such a model be directly applied to previous historical floods? The other way round, can 72 

a model trained on historical floods predict what happened during the extreme event of July 73 

2021? 74 

A description of the two considered catchments is given in Section 2. Section 3 introduces the datasets 75 

available for each catchment, the respective modelling approaches, the simulation environment 76 

WOLFHydro, the analysed scenarios and the optimisation procedure. The results are presented and 77 

discussed in Section 4. 78 

2. Case study 79 

2.1.  Vesdre catchment 80 

The Vesdre river has its springs in the High Fens, flows along a narrow and deep valley until 81 

discharging into the Ourthe river, which is one of the main tributaries of the Meuse river. The main 82 

tributaries of the Vesdre river, from upstream to downstream, are the Helle, the Wayai and the Hoegne 83 

rivers. As shown in Figure 1, two dams with approximately the same storage capacity (25 hm³) are 84 

present next to the High Fens, in the upper part of the catchment: the Vesdre and the Gileppe dams 85 

(Bruwier, Erpicum, Pirotton, Archambeau, & Dewals, 2015). Tunnels deviate a part of the Helle and 86 

the Soor rivers to supply respectively the Vesdre and the Gileppe dams (Bruwier, Erpicum, Pirotton, 87 

Archambeau, & Dewals, 2015). Both tunnels are usually open and collect most of the time a maximum 88 

flux of 20 m³/s. The main characteristics of the catchment are summarised in Table 1. The High Fens 89 

are considered as landuse of type ‘water’. A more comprehensive description of the catchment is 90 

provided by Barcelloni-Corte, et al. (2022). 91 

The Vesdre was poorly monitored during the 2021 event due to the extreme nature of the event and 92 

most of the sensors were washed away or damaged, creating a need to reconstruct the flow to fill this 93 

lack of data. 94 

 95 
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 96 

Figure 1 Subdivision of the Vesdre catchment in sub-catchments. The dams are represented as blue 97 

points, the red dots represent the gauging stations, while the grey points are all stations available but 98 

not used in the current study. The blue and the green dashed lines are respectively the deviation of the 99 

Soor and the deviation of the Helle rivers. On the smaller map of Wallonia, the Vesdre catchment is 100 

depicted in red. 101 

2.2.  Amblève catchment 102 

The Amblève is also a tributary of the Outhe river, located in the upland Ardennes, and has a drained 103 

surface of about 1100 km² (Table 1). Its main tributaries, from upstream to downstream, are the 104 

Warche, Salm, Roannay and Lienne rivers.  105 

Two dams are situated in series on the Warche river, upstream of Malmedy (Figure 2). The first one 106 

(Bütgenbach reservoir, 11 hm³) releases water into the reservoir of Robertville (8 hm³) located more 107 

than 5 km downstream. A pumped-storage facility is located at Coo, downstream the town Trois-Ponts 108 

(at the confluence of the Salm and the Amblève rivers); but as it operates in a closed loop system, it 109 

has a negligible effect on the discharge of the river. A water derivation for a run-of-river hydropower 110 

plant (Lorcé, located downstream the confluence with the Lienne river) was neglected in our 111 

modelling. It is estimated that the maximum discharge abstracted at the intake is no more than 25 to 112 

30 m³/s (Benitez, Dierckx, Matondo, & Ovidio, 2016). On the Salm river, a small lake (Doyard lake, 113 

near Vielsalm) is also neglected in the present work. 114 

The Amblève catchment was well documented during the 2021 event. It contains a dozen of stations 115 

well scattered all around the catchment, which were almost all functional during the event, offering a 116 

reference to understand the different hydrological mechanisms at the headwater parts or downstream 117 

near the outlet of the catchment. More details about the available observations are provided in Section 118 

3.2. 119 

 120 
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 121 

Figure 2 Subdivision of the Amblève catchments with all the gauging stations. The dams are 122 

represented as blue points, the red dots represent the gauging stations used for calibration and the grey 123 

one, a station not considered in the current study (due to its poor reliability). On the smaller map of 124 

Wallonia, the Amblève catchment is depicted in blue. 125 

 126 

Catchment  Vesdre Amblève 

Surface [km²]  685 1072 
Perimeter [km]  170 236 

Average slope [%]  7.5 8.9 
Gravelius coefficient [-]  1.83 2.03 

Land use [%] 

Forest 41 43 
Meadows 35 43 
Agriculture 3 4 
Urbans 15 9 
Rivers 1 1 

 Water 5 0 

Table 1 Main characteristics of the Vesdre and Amblève catchments. 127 

3. Data and methods 128 

The following paragraphs detail the data available and the different steps of the modelling strategy, 129 

including the selected models and the optimisation procedures, as also summarised in Table 2. 130 

 131 

 132 
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 133 

Catchment Strategy Calibration Evaluation 

Vesdre Hindcast 

Type: A1 

Rain: Radclim V1 

 

 

 

Simulation: [13-07-2021;17-07-2021] 

Calibration: [13-07-2021;17-07-2021] 

Models: Runoff 

 

Rain: - Radclim V1 

          - Radclim V2 

          - Radflood21 

          - RadQPE 

Simulation: [13-07-2021;17-07-2021] 

Evaluation: [13-07-2021;17-07-2021] 

Models: Runoff 

Amblève 

Vesdre →Amblève X 

Rain: - Radclim V1 

          - Radclim V2 

          - Radflood21 

          - RadQPE 

Simulation: [13-07-2021;17-07-2021] 

Evaluation: [13-07-2021;17-07-2021] 

Models: Runoff 

Event 

Type: B1 

Rain: Radflood21 

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

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

Models: VHM, GR4H, 2 layers 

 

Rain: Radflood21 

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

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

Models: VHM, GR4H, 2 layers 

2021 → Historical  

Type: B1 

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] 
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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 

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 

 

Rain: Radflood21 

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

 

 

 

 

 

 

 

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

 

 

 

 

 

Models: VHM, GR4H, 2 layers 

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

are presented in Section 3.1, the models are introduced in Section 3.4, and the calibration methods are detailed in Section 3.6. 135 
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3.1. Input data 136 

The rainfall data applied in the present work come from two sources: the RMI (Royal Meteorological 137 

Institute of Belgium, 2022) and the Service Public de Wallonie (SPW) (2025). The former provides 138 

rainfall estimates distributed on a grid with a spatial resolution of 1 km. Several versions of the product 139 

are available, incorporating various corrections. As the simulation grid is finer and not aligned with 140 

the rain grid, the latter is aggregated proportionally to its surface to fit in the former. Data provided by 141 

SPW are based on measurements at rain gauges, some of them being operational since 1982. This local 142 

information was spatially distributed using the Voronoï algorithm (Thiessen polygons) (Voronoi, 143 

1908), and by updating the polygons depending on the period of functionality of each station. 144 

The rainfall data products considered in the modelling are the following: 145 

• Radflood21 (version 27/06/2024): a RMI post-event radar-based quantitative precipitation 146 

estimate made especially for the July 2021 floods (Journée, Goudenhoofdt, Vannitsem, & 147 

Delobbe, 2023). It provides time series of gridded data, with a 5-minute timestep from the 11 148 

to 18 July 2021. 149 

• Radclim (version 2021): a RMI post-event radar-based product containing a previous version 150 

of the rainfall estimation. It provides time series of gridded data, with a 10-minute timestep 151 

from the 11 to 18 July 2021. In the following, this dataset is referred to as ‘Radclim V1’. 152 

• Radclim (version 27/06/2024): a RMI post-event radar-based product providing a 5 minutes 153 

timestep gridded rainfall data for an extended period of time: from the 1 June 2021 until 31 July 154 

2021. This dataset is called hereafter ‘Radclim V2’. 155 

• RadQPE: a RMI real-time and radar-based generated quantitative precipitation estimate 156 

(Goudenhoofdt & Delobbe, 2012). It provides time series of gridded data with a 5-minute 157 

timestep. 158 

• SPW rain stations: source point measurements collected at the rain gauging stations. They 159 

provide time series with a time step of 1 hour (also available with a 5-minute time step but not 160 

corrected). The operationality and the number of stations vary with time. However, at least one 161 

station has always provided a measurement since 1982. 162 

RMI data were used for all the simulations of the 2021 flood, while SPW data were considered for 163 

previous floods. The product RADQPE does not cover the whole period of interest for historical floods 164 

(between 1991 and 2011). That is the reason why SPW data were preferred for previous floods.  165 

For the 2021 event, the cumulative rainfall volumes derived from the different datasets are presented 166 

in Figure 3. Among these, RADQPE consistently reports substantially lower rainfall amounts than the 167 

other products. Peak rainfall values in Radclim V1 are very close to those in Radflood21 and Radclim 168 

V2, although the spatial distribution differs considerably. The most pronounced divergence occurs in 169 

the downstream part of the Vesdre catchment, where Radflood21 and Radclim V2 estimate lower 170 

rainfall amounts than Radclim V1. A smaller but notable difference appears in part of the Amblève 171 

catchment, where the highest rainfall zone extends in Radflood21 and Radclim V2 but not in Radclim 172 

V1. 173 

 174 

For the 2021 event, the cumulated volume according to the various rainfall datasets is shown in Figure 175 

3. Rain quantities are much lower in RADQPE than in the other products. Peak values in Radclim V1 176 

are very close to the peaks in Radflood21 and Radclim V2, but a considerable difference in the spatial 177 

distribution can be observed. The most noticeable difference is situated in the downstream part of the 178 

Vesdre catchment, where the rain quantities are lower according to Radflood21 and Radclim V2, as 179 



9 

 

well as in a small part of the Amblève catchment where the region of highest rainfall quantities extends 180 

in the datasets Radflood21 and Radclim V2, but not in the dataset Radclim V1. 181 

In Radflood21, the maximum cumulated volume in a cell (between the 12th of July until the 17th of 182 

July included) reaches 293 mm with a spatial average of 175 mm for the Vesdre catchment. For the 183 

Amblève catchment, these values are respectively 210 mm and 120 mm. In Radclim V1, the local peak 184 

of rainfall volume is 2% lower in the Vesdre catchment and 9% lower in the Amblève catchment when 185 

compared to Radflood21. For Radclim V2, the same differences are limited to 0.6% higher and 0.5% 186 

lower , respectively, indicating only minor deviations. In contrast, RadQPE shows substantial 187 

differences compared to Radflood21, with a local peak 39% lower in the Vesdre catchment and 28% 188 

lower in the Amblève catchment. When compared to Radflood21, the spatial average of rainfall 189 

quantities in the Vesdre and Amblève catchments are 5% higher and 2.5% lower for Radclim V1, 0.5% 190 

higher and 2.5% higher for Radclim V2, and 24% lower and 11% lower for RadQPE. 191 

 192 

Figure 3 Cumulated rain in [mm] from 12/07/2021 to 17/07/2021 on the Vesdre and Amblève 193 

catchments. The black contours delineate the sub-catchments: (a) RadQPE, (b) Radclim V1, (c) 194 

Radflood21, (d) Radclim V2 195 

The rainfall measurements at the rain gauging stations display the characteristics of a 2-day rain. 196 

Indeed, most of the rainfall quantities were measured within 2 days between the 13/07 and 16/07, 197 

depending on the sub-catchment. When compared with statistical rains at some stations, the quantities 198 

observed were almost twice greater than a 200-year return period rain. At Jalhay and Ternell, it fell in 199 

2 days as much as a 10-day volume of a return period of 200 years. The rain amounts in the Amblève 200 

catchment were lower, but the latest version of the radar-based model demonstrates the complexity of 201 

the event and the importance of taking into account its spatial distribution. 202 

As only major flood events are analysed in this study, evaporation and evapotranspiration were 203 

neglected. Due to the summer period, a snow model is out of scope for July 2021 and not considered 204 

for winter historical floods. To take into account in the infiltration models the spatial variability of the 205 

soil, a vectorial land use map was extracted from “Occupation et utilisation du sol en Wallonie – 206 
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COSW 2007” (available on WalOnMap (Géoportail de la Wallonie)) and adapted according to Table 207 

5. The catchment was delimited thanks to a digital terrain model (DTM) also provided on WalOnMap. 208 

3.2. River flow ‘measurements’ 209 

While almost no gauging station in the Vesdre catchment captured the peak discharge (Table 3), the 210 

event in the Amblève catchment was well recorded at almost all the gauging stations (Table 4). The 211 

gauging stations are operated by two different departments of the river authority SPW (Hydrométrie, 212 

2025) and they have a different sampling frequency. The stations with an ID starting with an “L” 213 

provide data with a timestep of 10 minutes, while the others use a 5-minute time step. 214 

 215 

ID Name Time 

step 

Quality 

L7150 Verviers 10 

min 

Low 

6526 Belleheid 5 

min 

Incomplete 

6517 Polleur 5 

min 

Incomplete 

L6790 Spixhe 10 

min 

Incomplete 

 Theux  Incomplete 

L7600 Ruisseau des 

Fonds de 

Forêt 

10 

min 

Complete 

6228 Chaudfontaine 5 

min 

Incomplete 

- Vesdre  

dam 

1 

min 

Complete 

- Gileppe 

dam 

5 

min 

Complete 

Table 3 List of the stations and measurements considered for the Vesdre catchment and some of their 216 

characteristics 217 

For the Vesdre catchment, the only complete and reliable time series are at ‘Ruisseau des Fonds de 218 

Forêt’ (L7600), which is on a small tributary of the Vesdre, and the water levels in the Gileppe and 219 

Vesdre reservoirs (Table 3).  220 

Some additional information about the digitalisation of the water height was provided by the SPW, 221 

and these results can be compared with a flood modelling of the event (WalOnMap) 222 

ID Name Time 

step 

Quality 

6981 Bullingen 5 

min 

Complete 

6971 Wirtzfeld 5 

min 

Complete 

6991 Malmedy-

Warchenne 

5 

min 

Complete 
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6933 Malmedy 5 

min 

Complete 

L5580 Thioux 10 

min 

Complete 

L7280 Monteneau 10 

min 

Complete 

6753 Lasnenville 5 

min 

Complete 

L6070 Trois-

Ponts 

10 

min 

Complete 

6732 Stavelot 5 

min 

Complete 

L7290 Trou-de-

Bra 

10 

min 

Complete 

L6240 Lorcé 10 

min 

Complete 

6671 Targnon 5 

min 

Complete 

6621 Martinrive 5 

min 

Complete 

6946 Bévercé 5 

min 

Complete 

Table 4 List of the stations and measurements considered for the Amblève catchment and some of 223 

their characteristics 224 

3.3. Influence of dams and reservoirs 225 

For the Vesdre dam, the availability of sluice gates operations and water level measurements allowed 226 

the outlet and inlet discharges of the reservoir to be evaluated externally. The corresponding outlet 227 

hydrograph was prescribed as a boundary condition in the modelling and was also used for models’ 228 

calibration. Although some tributary stations exist in the dams’ reservoirs, their data was either 229 

unavailable or of poor quality for the extreme flood of 2021 and would require further investigation. 230 

3.4. Numerical models 231 

3.4.1. Hydrological models 232 

Event-based hydrological simulations were carried out. Given the scarcity of observations in the 233 

Vesdre catchment, a simple runoff model (as detailed in Appendix B) was used to hindcast the river 234 

hydrographs, which were not measured. To investigate the main driving factors of extreme floods and 235 

to assess the predictability of such events based on knowledge of the past, additional lumped models 236 

were also used in the Amblève catchment, for the sake of comparison and validation: VHM (Willems, 237 

2014) and GR4H (Perrin, Michel, & Andréassian, 2003). These two models were implemented in 238 

WOLFHydro following the structure described in Figure 4. The flux fractions in the VHM model were 239 

determined using their exponential formulation. 240 
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 241 

Figure 4 Conceptual representation of the models used: (a) VHM, (b) GR4H, (c) simple runoff 242 

model, (d) 2-layer model. The solid arrows represent the forcing input (in blue) and outputs (in black 243 

and in red). The other arrows represent the internal exchanges within the model and between 244 

modules. The production modules are depicted as orange boxes, while blue boxes represent transfer 245 

modules. A box showing a regular grid represents a gridded model, whereas its absence indicates a 246 

lumped model. 247 

Additionally, an in-house developed two-layer model was also applied in the Amblève catchment 248 

(Figure 4d). This model can be regarded as an extended version of the simple runoff model (Figure 249 

4c), taking into account interception and fast groundwater flow (as described in detail in Appendix B). 250 

As the model is gridded, it enables considering the spatial variability of rainfall, which is important in 251 

the case of the 2021 flood as emphasised in Section 4.1. 252 

All the models used here were implemented in the package WOLFHydro of the modelling system 253 

WOLF (Archambeau, Erpicum, Dewals, & Pirotton, 2024) developed at the University of Liège. 254 

WOLFHydro enables combining in a modular way different types of hydrological models, possibly 255 

with different spatial representations (lumped, semi-distributed, gridded). It allows adjusting the level 256 

of complexity in the representation of a catchment while remaining in the same modelling environment 257 

(Dessers, Archambeau, Dewals, Erpicum, & Pirotton, 2024), hence also ensuring that exactly the same 258 

processing of input data is applied (e.g. topography corrections, catchment delineation, river definition, 259 

mesh size, etc.) and the same calibration strategy. This structure is well suited to addressing the 260 

research questions outlined in the introduction (Section 1). 261 

 262 

3.4.2. Hydraulic model 263 

The hydraulic model implemented in WOLF software (Archambeau, Erpicum, Dewals, & Pirotton, 264 

2024) was employed. It solves the shallow-water equations using a finite volume method with 265 

regularly sized cells (Cartesian grid) and an explicit Runge-Kutta time integration scheme (RK22). 266 

Manning-Sticker friction formula is used. The model was used in numerous previous research on 267 

flood modelling (Kitsikoudis, et al., 2020; Mustafa, et al., 2018; Stilmant, Pirotton, Archambeau, 268 

Erpicum, & Dewals, 2018; Detrembleur, et al., 2015; Bruwier, Erpicum, Pirotton, Archambeau, & 269 

Dewals, 2015). 270 
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Although not central to this study, this hydraulic model contributes to a direct validation tool 271 

restricted to the Vesdre catchment. Its primary utility lies in comparing the effects of simulated 272 

hydrological hydrographs on flood map footprints (one of the few data sources available for the 273 

Vesdre during the event), in assessing the plausibility of the runoff model, and in supporting the 274 

calibration of the runoff transfer module (Rnff, Appendix A.4.1). 275 

3.5. Simulation configuration 276 

A semi-distributed approach was adopted to divide the catchments into sub-catchments, with outlets 277 

defined at each gauging station and the confluences of tributaries along the Vesdre river, and at each 278 

gauging station only along the Amblève river. For the gridded components of the simple runoff model 279 

and the two-layer model, a computation mesh with a resolution of 100 m x 100 m was used. The same 280 

mesh was used for preprocessing of input data such as DTM (e.g. for topographic corrections and 281 

delineation of sub-catchments), landuse maps and rainfall data (e.g. assignment of rainfall quantities 282 

to individual sub-catchments), regardless of the model used. 283 

In WOLFHydro, a cell is classified as a ‘river’ when its local catchment size exceeds a threshold. In 284 

all simulations, this threshold was set at 15 km². 285 

The timestep of the simulations was set to match the timestep of the rainfall data. The spatial 286 

component of the runoff coefficient xc  (Appendix A.3.2), is given by the values in Table 5. 287 

 288 

Slopes (s)  s< 4 % 4 %≤ s < 8 % 8 %≤ s <16 % s>16 % 

Forests 0.4 

(0.7) 

0.5  

(0.8) 

0.55  

(0.85) 

0.6  

(0.9) 

Meadows 0.1  

(0.3) 

0.2  

(0.4) 

0.3  

(0.5) 

0.4  

(0.6) 

Agriculture 0.5  

(0.7) 

0.6  

(0.8) 

0.65  

(0.85) 

0.7  

(0.9) 

Urbans 0.4  

(0.8) 

0.45  

(0.85) 

0.5  

(0.9) 

0.55  

(0.95) 

Rivers 1 1 1 1 

Water 1 1 1 1 

Table 5  The time-dependent part of the runoff coefficients ( tC ) depending on the slope and the land 289 

use. The values displayed are those selected for the 2-layer model, while the values in brackets are 290 

those selected for the runoff model. 291 

3.6. Optimisation procedure 292 

For both watersheds, the chosen optimisation algorithm was the Simulated Annealing, as proposed by 293 

Corana, et al (1987), with the Nash–Sutcliffe efficiency coefficient (Nash & Sutcliffe, 1970)–also 294 

referred to as NSE– as an objective function. 295 

To address the research questions of interest here and accommodate the type and quantity of available 296 

data, the optimisation strategies were adapted accordingly. Consequently, three different strategies are 297 

applied. For the sake of simplicity, a name is assigned to each of them, i.e. the strategy with the ‘A’ 298 

letter is referring to Vesdre, while the letter ‘B’ pertains to the Amblève watershed. In the same vein, 299 
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and without being restricted to any type of rain or simulation intervals, the three types of calibration 300 

are summarised in Table 6 and defined as follows: 301 

• A: the calibration strategy for July 2021 on the Vesdre watershed to generate a hindcast. 302 

• B1: the calibration strategy for models trained with July 2021 data on the Amblève watershed. 303 

• B2: the calibration strategy for models trained with historical floods data on the Amblève 304 

watershed. 305 
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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 Amblève catchment Amblève 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 • Time series of pool 

level in reservoirs, 

reservoir inflows  

• partial time series of 

flow rates, 

• 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 
• First estimation by 

visual inspection 

• Adaptation of the 

Froude river 

parameters to average 

2D simulations time 

transfers 

• VHM & GR4H : lag 

time as an additional 

parameter for 

lumped model 

• In-house gridded 

model: given 

directly by the time 

transfer computed 

by the model 

• VHM & GR4H : lag 

time as an additional 

parameter for 

lumped model 

• 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 306 

 307 

 308 
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3.6.1. Vesdre: July 2021 calibration (strategy A) 309 

For the Vesdre catchment, as most of the measurements at gauging stations were unusable (Table 3) 310 

due to a lack of data at the peak of the flood waves or a poor reliability of the available data, the 311 

hydrograph at the inlet of the Vesdre reservoir and the evolution of the reservoir level were used for a 312 

manual calibration of the simple runoff model. Following this, the whole set of identified parameter 313 

values was transferred to all other sub-catchments. Once these optimal parameters are applied to all 314 

the sub-domains, a visual inspection was carried out to fine-tune the parameters. This was done using 315 

the only complete hydrograph available (stream ‘Ruisseau des Fonds de Forêt’) and rising limbs of the 316 

incomplete hydrographs at other stations.  317 

A preliminary application of a 2D shallow water hydrodynamic model was used to compute the flood 318 

propagation in the main valley, using the hydrographs generated by the hydrological model as a source 319 

term. This simulation provided a first approximation of the propagation time for the upstream 320 

hydrographs. These estimates helped to calibrate the parameters of the runoff transfer module 321 

(Appendix A.4.1), particularly the Froude river parameters ( 
riv

minFr , 
riv

maxFr ) and the reference flow (322 

ref
q ) so that the propagation times in the hydrological model agree as much as possible with those of 323 

the 2D hydrodynamic model. 324 

3.6.2. Amblève: July 2021 calibration (strategy B1) 325 

For the Amblève catchment, the strategy favoured here was a semi-distributed optimisation proceeding 326 

from upstream to downstream. Once the optimal set of parameters was determined for an upper sub-327 

catchment, the corresponding outflow hydrograph could be generated for that sub-domain, and this 328 

hydrograph was then considered as fixed when calibrating the parameters for sub-catchments situated 329 

further downstream. 330 

The hydrographs corresponding to the sub-catchments were propagated downstream using a ‘lag time’ 331 

parameter, assuming that the shape of the hydrographs is not altered over the course of their 332 

propagation and that the propagation speed is independent of the flow intensity. This is similar to a 333 

linear kinematic wave propagation, whose celerity is constant and equal to the ratio of the river distance 334 

between two points and the ‘lag time’ parameter. 335 

The calibration intervals were adjusted from one sub-catchment to the other depending on the 336 

availability of data within the initial calibration interval. Instead of interpolating missing data points, 337 

missing data intervals were simply excluded from the calibration intervals. It means that the objective 338 

function was not evaluated at this time step. 339 

The calibrations were started from random initial guess values of the parameters, within a specified 340 

search window. Once the calibration algorithm converged, the optimisation was relaunched starting 341 

from the best set of parameters from the previous iteration. Three calibrations were started from 342 

random initial values, each followed by one additional calibration starting from the best parameters 343 

initially obtained. The best overall parameters were taken as those leading to the highest NSE. 344 

A sensitivity analysis was carried out to evaluate the influence of the initial conditions of the internal 345 

variables, such as the initial water level in the production reservoirs (VHM and GR4H). As for the 346 

initial height in the linear reservoir used in the transfer modules, it was assumed that only the interflow 347 

or the second flow layer was contributing to the outlet before the event began. By using the linear 348 

reservoir equation (Appendix A.4.2), it is possible to determine the initial water level of the reservoir 349 

to fit the estimated flow just before the event. 350 
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At the dams, an outlet flow is difficult to reconstruct reliably, making it arguable to force it directly in 351 

the optimisation and simulations. Moreover, the following stations, from upstream to downstream —352 

Bévercé, Malmedy, Thioux, Stavelot, Targnon, and Martinrive—are influenced by dam operations. 353 

Nonetheless, the gauging station Bévercé (6946), located just downstream of the dam, provides time 354 

series during the 2021 flood and is used to force the hydrograph downstream and directly replace the 355 

effect of the dam. 356 

3.6.3. Amblève: historical floods calibration (strategy B2) 357 

 358 

Figure 5  Representation of the data available per station, as well as the simulation and calibration 359 

intervals chosen. 360 

To take into account historical floods, a preliminary screening was conducted to identify the most 361 

relevant events for comparing the July 2021 flood with previous events. For this, the candidates should 362 

correspond to major flood events over the last three decades but also share similarities with the studied 363 

event. Specifically, the chosen events should have several rain-free days preceding the event, followed 364 

by a constantly increasing measured hydrograph leading up to the peak, and then a recession curve, 365 

with minimal subsequent rainfall. Six events meeting most of these criteria were selected. In contrast 366 

with the July 2021 floods, almost all of these events occurred during winter, while only one taking 367 

place in summer. This seasonal distribution reflects the region's typical flood patterns, where most 368 

floods occur in winter. The maximum discharge of each event in Martinrive is described in Figure 5, 369 

and they are ranging from 242 m³/s up to 374 m³/s, while a flow rate of 661 m³/s was reached in July 370 

2021 at the same station. 371 

Conducting an automatic optimisation on such extensive time series and numerous events presents 372 

several challenges and implies some constraints.  373 

First, like the July 2021 event, a flow out of the dams is difficult to reconstruct reliably. Nonetheless, 374 

the gauging station Thioux (L5580), located just downstream of the dam, provides complete time series 375 

during all the calibration periods selected. Even though it compels to renounce calibrating the model 376 



18 

 

with this station and the one in Malmedy, the complete measurements at Thioux make it an excellent 377 

choice for forcing the hydrographs and calibrate the downstream stations mentioned previously. 378 

Second, the availability of data at the gauging stations varies significantly. The upstream-to-379 

downstream calibration carried out for July 2021 (B1) was still applied, but calibration intervals 380 

without available data were excluded, resulting in varying the numbers of calibration intervals across 381 

stations. It means that some sub-catchment were not calibrated with the same level of quality. 382 

Nonetheless, once the optimal set of parameters was obtained, time series for all the simulation periods 383 

were generated and forced as inputs of the downstream elements. This strategy implies that the number 384 

of calibration intervals in a sub-catchment is independent of the calibration intervals of the upstream 385 

elements. 386 

Finally, calibrating hydrological models over such extensive simulation intervals, particularly for 387 

gridded models, can be time-consuming. Moreover, as the focus is on event simulations, the periods 388 

between the flood events are unnecessary. That is why, discontinuous simulations are carried out to 389 

remove non-essential intervals in times series, while still providing event simulations, and allowing 390 

the use of a consistent objective function across all extreme events. 391 

4. Results and discussion 392 

4.1. Vesdre catchment 393 

 394 

Figure 6 Examples of observations and computations based on various products for precipitation data. 395 

The water levels in the reservoirs are displayed in (a) for the Vesdre dam and in (b) for the Gileppe 396 

dam. In (c), is represented the inlet of the Vesdre dam in solid line and outlet in dashed line. The 397 

hydrograph in (d) is the one at the station Station Forêt Magne. 398 
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4.1.1. Validation against hydrological observations 399 

Upstream of the reservoirs 400 

When the runoff hydrological model is applied upstream of the reservoirs located in the Vesdre 401 

catchment, forced with Radclim V1 data, a manual calibration enables obtaining a relative error at the 402 

peaks of the hydrographs of about 1%, where it occurs the 15th of July at about 23h40 (GMT+2) 403 

according to the inlets reconstruction and at 23h50 (GMT+2) for the calibrated model (Figure 6c). As 404 

for the water levels, the error made is less than 0.1%, which represents an underestimation of the water 405 

levels less than 0.01 metre for the Gileppe and 0.1 metre for the Vesdre dam (Figure 6a and Figure 406 

6b). 407 

Downstream of the reservoirs 408 

Furthermore, when the simulation is applied to the whole catchment, the estimations seem to be 409 

consistent with the partially reliable measurement and with the station downstream in ‘Ruisseau des 410 

Fonds de Forêt’ (Figure 6d). At this station, the peak coincides perfectly with the one measured 411 

(relative error negligible and much less than 1%) and estimated it on the 14th at 18h20, while 412 

measured at 18h40. Even though the peaks are, in general, well captured by the model, as well as the 413 

rising limb of the hydrographs, it fails to represent correctly the recession limb, which decreases too 414 

fast in the computations. It is not surprising, as the model structure enables only representing the 415 

runoff flow, while the recession limb of a hydrograph is primarily controlled by subsurface flow. It 416 

was also observed that there is a lag time of 4 hours (parameter in Appendix A.3.2) between the 417 

moment intense rain is falling and the moment the infiltration rate in the soil seem to evolve. 418 

4.1.2. Discussion on the influence of precipitation data 419 

Using different rainfall input data alters notably the results of the hydrological model. As highlighted 420 

in Section 3.1, the RadQPE input data predicts significantly lower total rainfall volumes compared to 421 

the other rainfall data. This discrepancy is perceptible in the computed water levels in the reservoirs 422 

(Figure 6a and Figure 6b) and in the estimated hydrographs both at the Vesdre reservoir inlet (Figure 423 

6c) and across the entire catchment (Figure 6d). 424 

The limited differences between Radclim V2 and Radflood21 inputs lead to minimal influence on the 425 

respective hydrographs. On the other hand, the Radclim V1 model tends to predict higher discharge 426 

volumes, especially in the downstream areas of the Vesdre catchment. Despite this, it engenders lower 427 

volume in regions surrounding Belleheid and the two reservoirs.  428 

Although the hydrological models were initially calibrated using Radclim V1 input data for the dam, 429 

Radflood21 and Radclim V2 appear to offer even more accurate estimations of the inlet hydrographs 430 

for the Vesdre dam. The three models tend to overestimate the first section of the rising limb of the 431 

hydrographs. However, while Radclim V2 and Radflood21 align closely with the second part of the 432 

rising limb, Radclim V1 underestimates this portion slightly (Figure 6c). This underestimation 433 

compensates for the earlier overestimations, resulting in a more accurate estimation of the water level 434 

variations in the reservoir.  435 

4.1.3. Interpretation of the results in terms of extreme nature of the event, and 436 

link with runoff coefficients 437 

When these different results are analysed and compared with the statistical flow values established 438 

before the 2021 event, it was found that the peak flow estimated in Eupen is equal to max 1004E EQ Q , 439 

where 100

EQ represents the flow in Eupen with a return period of 100 years. If the same comparison is 440 
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applied in Chaudfontaine, it indicates a peak flow of max 1003C CQ Q , further emphasising the exceptional 441 

nature of this flood event. 442 

Plausibility of obtained runoff coefficients (and values supporting the selected model structure) 443 

This hindcast displays a global runoff coefficient near the dams to reach around 67%, while it varies 444 

between 55% and 60% in the main tributary (Hoëgne river). Further downstream in the catchment, the 445 

runoff coefficient decreases to approximately 40%. These runoff coefficients are linked to the volume 446 

of rain fallen locally, which is coherent with the observation made in Section 3.1 and in Section 4.1.2. 447 

The results highlight the extreme character of the event and importance of spatial influence of the 448 

rainfall in the runoff generation across different parts of the catchment, with higher runoff near the 449 

dams and lower values in the downstream areas. The high runoff coefficients support the initial 450 

hypothesis to only consider the runoff flows. 451 

4.1.4. Indirect validation by examining hydrodynamic modelling outcomes 452 

The computed hydrographs, obtained with Radflood21, were used to force a GPU 2D hydraulic model 453 

of the Vesdre river and a portion of the Hoegne tributary using the WOLF software (Archambeau, 454 

Erpicum, Dewals, & Pirotton, 2024). This involved applying the hydrographs generated by the 455 

hydrological model at Theux and those from the dams as boundary conditions. The hydrographs from 456 

each internal point along the Vesdre were injected into the river’s 2D model as lateral flow at their 457 

respective locations. The results of the simulations were then compared to data collected by the SPW.  458 

In Verviers, at first glance, the comparison between the simulated water heights and SPW observations 459 

appeared to show a poor fit, as seen in Figure 7. However, the SPW distributes spatially the water 460 

height without taking into account the presence of buildings, while the hydraulic model explicitly 461 

resolves the flow around them. When the buildings are excluded from the comparison, the flood 462 

footprint between the simulated and observed results becomes much closer. This trend is even more 463 

obvious in Chaudfontaine, where both footprints coincide almost perfectly, as observed in Figure 8.  464 

Although these good matches need to be nuanced, since these footprints may be influenced more by 465 

the underlying topography than the intensity of the flow itself. Further analysis is required to 466 

thoroughly assess the quality and accuracy of these numerical simulations. 467 
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 468 

Figure 7 Comparison of the footprint of the floods in Verviers between the WOLF 2D hydraulic 469 

modelling (in transparent deep blue) and the digitalisation of the SPW (in green). When the blue colour 470 

appears lighter, it indicates an overlap with the green colour. The black contours are the delimitation 471 

of the sub-catchment and the purple ones are the municipality’s borders. 472 

 473 

Figure 8 Comparison of the footprint of the floods in Chaudfontaine between the WOLF 2D hydraulic 474 

modelling (in transparent deep blue ) and the digitalisation of the SPW (in green). When the blue colour 475 

appears lighter, it indicates an overlap with the green colour. The black contours are the delimitation 476 

of the sub-catchment and the purple ones are the municipality’s borders. 477 

 478 
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4.2. Amblève catchment 479 

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

For the gridded single-layer runoff model, two different approaches were employed to transfer the 481 

parameters from the Vesdre catchment to the Amblève catchment. 482 

1. The first approach replicated the strategy in the Vesdre valley by leveraging the transferability 483 

of the IM module parameters in accordance with Horton’s law, as described by Equation (A.21)484 

. This method assumes that the maximum runoff capacity of any soil will be reached regardless 485 

of the rain intensity. With this hypothesis, the runoff response essentially relies on the land use 486 

of the catchment and the temporal progression will be identical for all catchments. 487 

2. The second approach applied the IM module parameters calibrated with the most reliable data, 488 

i.e. from the Vesdre dam catchment, and transferred these parameters unaltered to all sub-489 

catchments. This method ties the runoff coefficient to the rain volume within each sub-domain 490 

with respect to a maximum soil capacity considered to be constant throughout the entire 491 

catchment.  492 

 493 

Figure 9 Computed vs. observed peak discharges based on the first (a) and the second (b) approaches 494 

for transferring to the Amblève catchment the gridded single-layer runoff model calibrated for the 495 

Vesdre catchment 496 

As shown in Figure 9a, the first approach for model transfer leads to considerable overestimations of 497 

the peak discharges in all sub-catchments, with an average relative error reaching 140%, mainly 498 

increased by the strong overestimations in the headwater catchments. This suggests that the first 499 

approach for model transferability is not appropriate here, because the rainfall volume was much lower 500 

in some parts of the Amblève catchment than in the Vesdre catchment. The upper part of the Amblève 501 

catchment experienced about half the volume of rainfall recorded in the Vesdre catchment between 502 

the 13/07 and the 17/07 (ratio Ternell–289 mm–and Bütgenbach–124 mm–stations is 2.3 ). The 503 

effects of this uneven distribution of rainfall are not properly captured by the first tested approach for 504 

model transfer, leading to inaccurate results (Figure 9a). Additionally, the assumption that every sub-505 

catchment would reach its maximum runoff capacity appears to be inappropriate in this context. 506 

When the second approach for model transfer is used, strong overestimations of peak flows are still 507 

observed in Figure 9b for the headwater catchments (from 87 to 500% of relative error at the peak). In 508 

contrast, lower relative errors (between 15% and 30%) are obtained at gauging stations located further 509 
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downstream. For instance, at the gauging station Martinrive, the computed peak discharge aligns 510 

closely with the observed values (relative error between − 2% and 15% on the peak discharge, and a 511 

NSE between 0.49 and 0.52), irrespective of the considered rainfall dataset. At this station and for all 512 

rainfall estimations, the rising limb is overestimated and this model—due to its inherent 513 

characteristics—systematically leads to a rapid decline in the falling limb of the hydrographs 514 

(Appendix B). Despite these model features, in the sub-catchment of Malmedy-Warchenne (a 515 

headwater stream), the model performs well (NSE from 0.57 to 0.70), with accurate predictions of the 516 

peak discharge (relative error between less than <1% and 13%), suggesting that the single-layer runoff 517 

model is suitable in certain types of sub-catchments and for this specific event. 518 

Changing the rainfall dataset used for forcing the model has a limited influence on the computed 519 

hydrographs, except in the case of the product RadQPE according to which the cumulative rainfall 520 

volumes are about 20% lower than in the other datasets (e.g. Radclim V2). Consequently, the model 521 

forced with RadQPE produces hydrograph peaks that are closer to the observations, as the 522 

underestimation of rainfall inputs partially compensates for the overall overestimation introduced by 523 

the runoff model. 524 

The results indicate the necessity of adopting more elaborate hydrological models that incorporate 525 

subsurface flow, in order to accurately reproduce the 2021 flood event in the Amblève catchment.  526 

 527 

4.2.2. Models’ calibration based on the 2021 event 528 

The results presented in Section 4.1.1 hint at the influence of spatially-varying properties of the sub-529 

catchments. That is the reason why the model parameters were identified per sub-catchment, 530 

progressing from upstream towards downstream.  531 

The obtained Nash–Sutcliffe coefficients (NSE) obtained for each sub-catchment are summarised in 532 

Figure 10. They range between 0.89 and 0.99. When the NSE is averaged over all sub-catchments, the 533 

following values are obtained: 0.966 for the two-layer gridded model, 0.952 for model VHM and 0.962 534 

for model GR4H. Hence, the three models exhibit a strong ability to reproduce the observed data. 535 

The performance of the two-layer model and of the model VHM is comparatively lower in sub-536 

catchments situated upstream of dams, such as Bullingen and Wirtzfeld, where complex hydrological 537 

dynamics are challenging to capture. At gauging stations located in the downstream part of the 538 

catchment (Targnon and Martinrive), water deficits are observed in Figure 12. This may be attributed 539 

either to inter-catchment groundwater exchanges, or to errors arising from extrapolation of the rating 540 

curves for such an extreme event, or even to the effect of flood plains on the flow, which were more 541 

present in that section of the river. Consequently, the calibration of the Two-layer model and of model 542 

VHM leads to parameter values enhancing runoff, but this outcome may result from unresolved 543 

hydrological processes and/or inaccuracies in streamflow data. 544 

In contrast, the model GR4H performs well for predicting peak discharges at downstream stations, as 545 

shown in Figure 12, thanks to external flow adjustments being incorporated into the model. This 546 

feature enables simulating inter-catchment exchanges, as well as compensates for errors in rainfall or 547 

flow volume measurements. Interestingly, the accuracy of this model tends to be particularly high in 548 

sub-catchments not well simulated by the other two models, but GR4H shows a lower accuracy in sub-549 

catchments where the other two models perform remarkably well (Figure 10). 550 

Similar additional tests (not shown here), allowed to conclude that the results of the optimisation 551 

appear mostly insensitive to the sampling frequency (5 minutes, 10 minutes, or 1 hour) of the 552 
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streamflow data used for model calibration. Similarly, the source of rainfall data (Radclim V1, Radclim 553 

V2 or Radflood21) has a limited influence on the optimisation results, except when the product 554 

RadQPE is utilised. The use of RadQPE rainfall data leads to underestimations of the peak discharges, 555 

particularly in the downstream part of the catchment (at gauging stations Targnon and Martinrive). 556 

 557 

Figure 10 Nash–Sutcliffe efficiency coefficient (NSE) of the hydrological models (2 layers, VHM, 558 

GR4H) during 2021 floods on their calibration interval. 559 

 560 

4.2.3. Application of models from historical floods to the 2021 event 561 

Calibrating the three considered models (Two-layer model, VHM and GR4H) based on historical 562 

floods leads to the model performance metrics provided in Figure 11. For the events used for the 563 

calibration, the three models tend to underestimate the observed peak discharges in most cases.  564 

The two-layer model performs generally well. Specifically, it accurately captures the two-peak flood 565 

event of 2002 (Figure F.12 and Figure F.14 in Appendix), as reflected in the relatively high NSE values 566 

obtained for this event. The VHM model consistently performs well for all the considered floods and 567 

at all gauging stations (except for a single event, at a single station: Lorcé). Observations at stations 568 

such as Malmedy-Warchenne and other higher-discharge gauging points downstream are particularly 569 

well represented by the model VHM. In contrast, the model GR4H exhibits poorer performance, failing 570 

to capture the dynamics of floods involving several peaks (Figure F.13 in Appendix). Except for two 571 

flood events (1991 and 1993), GR4H fails to reproduce the flood dynamics at the stations Trois-Ponts 572 

and Lorcé (Figure F.1 and Figure F.3 in Appendix). It is also unable to reproduce the streamflow in 573 

the headwater sub-catchments for the 2002 event (Figure F.7 in Appendix). 574 

The 1998 event is the only summer flood present in the sample. At several stations (e.g. Malmedy-575 

Warchenne, Lasneville, etc.), the performance of the models is lower than it is for other events (all 576 

winter events). For instance, the streamflow is substantially overestimated by all models at Lorcé 577 

station, which is not the case for the other events. At the station Trois-Ponts, only the model VHM 578 

captures with fair accuracy the observed hydrograph (Figure F.1, Figure F.3, Figure F.5, Figure F.7, 579 

Figure F.11 and Figure F.15 in Appendix), whereas the two other models strongly overestimate the 580 

peak discharge at this location. This comparatively poorer performance of the models for this event 581 

hints either at issues in the spatial rainfall data or at the influence of hydrological processes typical of 582 

summer floods, which are underrepresented in the calibration process. 583 
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 584 

Figure 11 Performance of the considered models on their training data (historical floods). The left 585 

tables give the NSE at each station and the right table display the relative error on the peak discharge, 586 

with positive values indicating an overestimation of the model. Cell colours provide a visual 587 

indication of performance: in the NSE tables, values below 0 (worse than using the mean discharge 588 

as a predictor) are shown in dark red, whereas an NSE of 1 (perfect agreement) is displayed in dark 589 

green. In the table of peak discharge errors, strong underestimations are highlighted in dark green 590 

and strong overestimations in dark blue. 591 

Applying the optimal parameters derived from historical floods to the July 2021 event results in 592 

significant underestimations of the peak discharges, as shown in Figure 12 and Figure 13. Among the 593 

models, the VHM model achieves an average NSE over all the stations of 0.72, while the Two-layer 594 

model reaches 0.68, and the GR4H model performs poorly, with an average NSE of − 0.02. The GR4H 595 

model's dynamic response is particularly inadequate (Figure G.3 in Appendix), while the VHM and 596 

Two-layer models exhibit correct dynamics but consistently face issues with peak intensity at all 597 

locations (Figure G.1, Figure G.2, Figure G.3, Figure G.4 in Appendix). 598 
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The poor performance of GR4H across different sub-catchments may be attributed to its original hourly 599 

simulation timestep. This timestep is insufficient for sub-catchments with concentration times of less 600 

than one hour. This limitation arises from the unit hydrographs containing only one or two elements, 601 

reducing the model's accuracy in smaller sub-catchments. 602 

More specifically, all models notably fail to capture the hydrograph dynamics at Trou de Bra, likely 603 

due to scarcity of available data. Nonetheless, complete time series of available data for all the past 604 

events in the Trois-Ponts station do not necessarily induce a significant improvement in the quality of 605 

the results. Both the VHM and the Two-layer models predict the hydrograph in Wirtzfeld accurately, 606 

but none of the models effectively represents the hydrograph at Malmedy-Warchenne. 607 

 608 

Figure 12 Hydrographs peaks (from models calibrated on historical floods) compared with 609 

measurement peaks at all stations for the 2021 event.  610 

A striking point in the NSE values is the substantial difference in GR4H’s performance between the 611 

gauging stations Martinrive and Targnon, which are relatively close. This difference may stem from 612 

the fact that the GR4H model was used here with time steps different from the hourly time step for 613 

which it was originally designed. At the gauging station Martinrive, the inter-catchment exchange 614 

feature of the model artificially adds a large water flux, so that the computed flood wave volume ends 615 

up being more than twice the rainfall volume. Using the same model parameters, an hourly simulation 616 

would result in less exchange flux, reducing the computed peak discharge from 480 m³/s to 344 m³/s. 617 

This highlights the sensitivity of GR4H to changes in timestep, although this phenomenon is most 618 

prominent in Martinrive and observed to a lesser extent in other sub-catchments. 619 
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 620 

Figure 13 Nash–Sutcliffe efficiency coefficient (NSE) of the hydrological models (2 layers, VHM, 621 

GR4H) calibrated during historical floods and evaluated during 2021 floods.  622 

The study indicates that models calibrated using historical flood events are generally inadequate for 623 

accurately predicting peak intensities, especially in downstream areas where the river is broader. The 624 

influence of the summer 1998 flood likely contributed to the reduced peak estimates for the July 2021 625 

event, underscoring the limitations of relying solely on historical data for event-based simulation 626 

calibration and maybe emphasising the unpredictable nature of the 2021 flood. 627 

4.2.4. Application of models from the 2021 event to historical floods 628 

In this section, the models trained on the July 2021 flood event were applied to previous historical 629 

floods, with the results presented in Figure 14. The analysis shows model performance that strongly 630 

varies with the station and the flood event. As concluded in the previous section, the models that 631 

perform the best are VHM and the 2 layers models, while GR4H fails to represent most of the historical 632 

floods. At first sight, it can also be seen that models generally tend to overestimate more the measured 633 

hydrographs. 634 

For instance, all models tend to overestimate the late summer flood of 1998, with notably poor 635 

performance in terms of Nash-Sutcliffe Efficiency (NSE). In many cases, the models overestimated 636 

the discharge by almost twice the measured values across nearly all computational domains. This 637 

overestimation is even more pronounced with the GR4H model. 638 

However, the two-layer model performed well at stations located downstream, where larger surface 639 

areas were drained, showing better predictions compared to other models. Conversely, the Malmedy-640 

Warchenne sub-catchment was poorly represented by all models, with significant overestimation of 641 

discharge. Among the models, VHM showed relatively better performance in capturing the 2011 flood, 642 

but it still struggled with some other events. 643 

The models also failed to predict floods accurately at Trou de Bra and Lorcé, with all models providing 644 

suboptimal results. Specifically for the Trois-Ponts Salm sub-catchment, none of the models succeeded 645 

in predicting the floods between 1995 and 2003. The two-layer model consistently failed to capture 646 

most floods except for the 1991 event, where it excelled with an NSE of 0.95. The other two models 647 

performed better for the 1991 flood as well, and they managed to modestly predict the 1993-1994 and 648 

2011 floods. This might suggest a similarity between the July 2021 and the 1991 flood in terms of 649 

hydrological conditions. Nonetheless, the Trois-Ponts Salm, and possibly Trou de Bra and Lorcé sub-650 
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basins appear to be hydrologically complex, with multiple processes not accounted for in the selected 651 

models. Among all the models, VHM comes closest to predicting the behaviour of these 652 

aforementioned sub-catchments.  653 

The two-layer model also captured the 2002 double flood event well, but overall, models calibrated on 654 

the July 2021 event demonstrated a tendency to predict the 1991 flood more accurately, while posing 655 

challenges for prediction, as the performance is not characterised by consistent overestimation or 656 

underestimation, but rather by varying inaccuracies across different events and locations 657 

 658 

 659 

Figure 14 Tables summarising the performance of the models trained on July 2021 event and tested 660 

on historical floods. The left tables give the NSE at each station and the right table display the 661 

relative error on the peak discharge , with positive values indicating an overestimation of the model. 662 

Cell colours provide a visual indication of performance: in the NSE tables, values below 0 (worse 663 

than using the mean discharge as a predictor) are shown in dark red, whereas an NSE of 1 (perfect 664 
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agreement) is displayed in dark green. In the table of peak discharge errors, strong underestimations 665 

are highlighted in dark green and strong overestimations in dark blue. 666 
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667 

5. Conclusion 668 

This study presents hydrological modelling of two catchments (Vesdre and Amblève, in Belgium) 669 

affected by the 2021 mega-flood in Europe. Because of considerable differences in available 670 

observation data between the two catchments, distinct modelling strategies were utilised to simulate 671 

the 2021 event. In all simulations, the simulation time step was chosen equal to the time step of the 672 

input rain data, and the presence of dams in the two catchments was explicitly considered in the 673 

modelling. 674 

In the first catchment (Vesdre), a physically-based and gridded single-layer runoff model was selected 675 

to facilitate parameters transferability between sub-catchments. A good agreement could be obtained 676 

between the simulation outcomes and the scarce available observations, mostly pool level evolutions 677 

in reservoirs. By comparing several products for spatial radar-based precipitation data, it was shown 678 

that using more realistic rain data leads to substantial improvements in the results, even without model 679 

recalibration. The hydrological modelling results were used to force a 2D hydrodynamic model of the 680 

river and floodplains. The computed inundation extent matches well field observations.  681 

In the second catchment (Amblève), observed rainfall quantities were considerably lower than in the 682 

first one. Therefore, a simple transfer of the runoff model calibrated for the first catchment does not 683 

lead to satisfactory results and inadequate. Several other models were tested, including a two-layer 684 

version of the gridded model and two lumped conceptual models (VHM and GR4H). Each model was 685 

calibrated based on a semi-distributed optimisation. Thanks to their internal structure based on two 686 

layers or reservoirs, the three models enable representing flow characterised by two distinct time 687 

scales. The three models performed well in reproducing the 2021 event at the 11 gauging stations 688 

available in this catchment. Using a more advanced product for spatial rainfall data further enhances 689 

the model’s performance and leads to more physically sound model parameters, such as consistent 690 

mean runoff coefficients during the event. This observation was particularly relevant in the 691 

downstream part of the catchment. 692 

The performance of the models between flood events was tested in two ways: either calibrating the 693 

models on historical flood events (period from 1991 to 2011) and testing them on the 2021 extreme 694 

flood, or the other way round. In the former case, the peak discharges of the 2021 event were strongly 695 

underestimated by the three models. In the latter case, the achieved performance was model-dependent. 696 

The model VHM tends to overestimate the peaks, whereas the two-layer gridded model slightly 697 

underestimates them. The peak discharge of the 1998 summer flood is overestimated by the three 698 

models. In this study, the model GR4H model shows poor performance when applied out of its 699 

calibration interval, particularly for small sub-catchments. This behaviour may be attributed to the time 700 

step used, which differs from that for which the model was originally designed. It may also reflect 701 

inherent limitations of the model, which is not well suited for event-based simulations and thus tends 702 

to overfit around flood events. Longer continuous simulations should be conducted to verify these 703 

conclusions. 704 

The quality of data on rainfall quantities and their spatial distribution was shown to play a substantial 705 

role in the accuracy of the computed hydrographs, particularly at the sub-catchment level, where 706 

spatially heterogeneous model performances were observed when models were applied for historical 707 

floods, for which the rainfall spatial distribution was scarcely known. This work also puts in 708 

perspective the performance of real time generated rainfall data in their ability to be used in extreme 709 

flood event.  710 
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The study underscores the challenges of predicting a mega-flood such as that of July 2021 using only 711 

historical flood records of much lower intensity. This point is reinforced by the highly heterogeneous 712 

model performance across events, with no single model (lumped or gridded) consistently prevailing in 713 

all the cases. These findings call for further investigation into the physical processes (e.g. 714 

evapotranspiration, snowmelt, soil moisture, etc.) that control the hydrological response of each sub-715 

catchment, as well as the role of initial catchment conditions. Snow processes, which were neglected 716 

in this study, likely played an important role in the performance of historical floods, most of which 717 

occurred in winter when snow influence is non-negligible in the Ardennes. 718 

Overall, the study reinforces the importance of combining multiple rainfall datasets and hydrological 719 

models, implemented in the same framework, to construct envelope curves for dramatic, statistically 720 

rare events of this kind. 721 

  722 
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 893 

 894 

Appendices 895 

Appendix A: Modules and models description 896 

This section aims to introduce the overall philosophy of WOLFHydro and provide a detailed 897 

description of the modules that is used throughout this study. 898 

Appendix A.1: Conventions definition 899 

In this article, all variables written in lower case are referred to a local value (i.e. in a chosen position 900 

or mesh), whereas capital letters represent a value valid for the whole catchment or sub-catchment 901 

studied, written  . Consequently, if any local variable q  evaluated in the position x  as ( , )q tx , a 902 

catchment variable ( )Q t  is be defined in the following way: 903 

 ( ) ( , )Q t q t dS=  x


 (A.1) 904 

In all these models, it is also important to separate internal variables to parameters to calibrate and 905 

identify them clearly. For the sake of example, then any parameter represented generally   will be 906 

noted . 907 

Appendix A.2: Global organisation 908 

This model has been developed within the hydrological component of the software WOLF 909 

(Archambeau, Erpicum, Dewals, & Pirotton, 2024), called WOLFHydro. This flexible hydrological 910 

tool is organised into modules, which can be conceptualised as building blocks to combine with the 911 

aim to represent the catchment to study. This catchment can be taken as a zero-dimensional (0D) 912 

system or it can be spatially parcelled out into sub-catchments or evaluation points, which can be 913 

organised in a topology network. 914 

In the following section, the various modules necessary to build the new models are described. Two 915 

primary module types are used in this present work: the production module and the transfer module. 916 

In Error! Reference source not found., a schematic presents a representation of WOLFHydro, 917 

illustrating the general construction of a hydrological model inside the program.  918 

The input data (e.g., rainfall, temperature, evaporation, etc.) to provide to the program can either be 919 

lumped or distributed on the study domain. This precipitation is then processed through one or more 920 

production modules, which aim to represent the physical mechanisms of the soil to distribute flow to 921 

transfer modules. The latter is usually organised into superimposed layers to represent the different 922 

flow characteristic times and their type of way to be transformed. While this is an idealised framework, 923 

it captures the fundamental organisation of most of the hydrological model’s, particularly the ones that 924 

were selected for this study. 925 

Appendix A.3: Production modules 926 

In the WOLFHydro model, a production module is defined as a module which accepts several inputs 927 

and generates multiple outputs. In the present work, the inputs consist solely of precipitation, while 928 

the outputs include flow with different temporal characteristics (runoff and possibly fast groundwater 929 



37 

 

flow) and losses. The primary purpose of this module is to characterise the evolution of soil properties. 930 

It comprises three different processes, which are explained in the following subsections. 931 

Appendix A.3.1: Storage reservoir (SR) 932 

This reservoir-spillway with 2 parameters ( SH , ST ) aims to evaluate the proportion pX  of effective 933 

rain to apply to the whole studied domain. To do so, the input rain ( , )p x t  is necessary to obtain the 934 

lumped rain of the whole catchment: 935 

 ( ) ( , )P t t dSp=  x


, (A.2) 936 

as well as a reservoir with the following two parameters: 937 

• SH : the maximum height in this reservoir, 938 

• ST  : the characteristic time needed to empty the filled reservoir. 939 

This reservoir is composed of two outlets:  940 

• A net rain flow net ( )P t  to transfer to the rest of the model, 941 

• A loss flow ( )SQ t , here fixed to be constant with time and space. 942 

The loss flow is determined by the formula 943 

 S
S

S

H
Q

T
=



 . (A.3) 944 

This model contains a state variable S , which represents the evolution of the height in the reservoir.  945 

The update equation of this variable is  946 

 raw S

dS
P Q

dt
= − , (A.4) 947 

and the discreet version of this equation in Euler implicit scheme 948 

 1 raw( ) ( ) [ ( ) ]n n n SS t S t P Q tt−= + −  .  (A.5) 949 

When this reservoir is filled ( ( )n sS t H ), all additional water will pour out and be considered as net 950 

rain net ( )P t . 951 

Consequently,  952 

 net
,

( ) / , if S(t )
)

if S(
(

0 t )

s n s

n

n s

t H
P

H

S H
t

 
= 



− 




 
. (A.6) 953 

From this net rain, the effective rain fraction everywhere in the catchment noted pX  is defined as 954 

followed: 955 

 
net

( )

( )
( )pX

t
t

P

P t
= . (A.7) 956 
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In this model, the losses are considered as uniform in the whole studied catchment and are given in 957 

each point by the formula 958 

 ( ) ( ))(1 ( , )psq t t pX t= − x . (A.8) 959 

Appendix A.3.2: Infiltration model (IM) 960 

In this in-house runoff model containing 5 parameters ( 0F , cF , maxU , T, ), the spatial variability 961 

x  and the temporal one t  of the runoff coefficient rc  are decoupled, such as 962 

 ( , ) ( ) ( )r x tc x t c x C t=   , [0;1]rc  .  (A.9) 963 

With ( )xc x  which is determined by the runoff coefficient matrix, dependent on land use and the slope, 964 

and ( )tC t  that is determined by the relation 965 

 ( ) (1 ( ))t iC t f t= − , (A.10) 966 

where ( )if t  is an infiltration function evolving with time. 967 

In this study, a function inspired by the Horton’s law (Chow, 1964) is applied 968 

 
0

( )
( ( ), ) ( ) expi c c

max

U t
f u t t F F F

U

 
= + − − 

 


 ,  (A.11) 969 

with cF  the parameter that gives the asymptotic value of infiltration 0F  gives the initial infiltration 970 

and maxU  the maximum capacity of the soil. The state variable ( )U t , is determined in the following way  971 

 
net( ) ,

) ( )

(

(

)

,

U t P

P t d

t

  

=  

= − 
 (A.12) 972 

with T the period of time while rain is taken into account,  the delay parameter that corresponds 973 

to the time it requires before the rain affects the soil properties, and ( )t  the function defined as 974 

 
1 , if

( )
0 , otherwise

t T
t

    +
 = 



 
. (A.13) 975 

One can also reformulate this function as follows 976 

 
0

max

( )
( ( ), ) ( ) expi

U t
f u t t F F F

U

 
= −  +  − 

 




, (A.14) 977 

with 0 cF F F = − . 978 

Or else, 979 

 0( ( ), ) ( ) ( ( ), )if u t t F F U t t= − + ,  (A.15) 980 

with  981 
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max

( )
( ( ), ) exp

U t
U t t F

U


 
=  − 

 


. (A.16) 982 

Consequently, to analyse the infiltration function, the derivation is applied 983 

 
max

dU

dt

t U





= −

  , (A.17)  984 

and then 985 

 
max

( )i

dU
f dt t
t U




= −
  . (A.18) 986 

Moreover, the derivative of the soil moisture is given by the formula 987 

 net ( )
*

dP tdU

dt dt
=  .  (A.19) 988 

Finally, 989 

 

net

max

( )
*

( )i

dP t

f dt t
t U





= −

  . (A.20) 990 

Therefore, it is possible to conclude that the variation of the infiltration does not depend on the initial 991 

condition 0U  of the soil moisture ( )U t . 992 

An alternative form of the Equation (A.11) in the infiltration model (IM) can be reformulated as : 993 

 
0

( )
( ( ), ) ( ) expi c c

max

U t
f u t t F F

V
F 

 
= + − − 

 

  , (A.21) 994 

with max max( ( ))= U tV  and max
max

V
U


=


. 995 

Thus, a parallel can be made with the Horton’s formula (Chow, 1964) if the Equation (A.21) is 996 

multiplied by the rain and the expression ( ) / maxU t V  is replaced by the time. This indicates that each 997 

type of soil will reach their maximum potential infiltration at the end of the simulation. 998 

 999 

Appendix A.3.3: Separation of the rain in different layers 1000 

The different portions of flows use the two models introduced in the previous sections. Thus, the 1001 

surface flow in each point OFq  is computed by the formula 1002 

 of of ( , )q x p t= x , (A.22) 1003 

with ofx  the portion of rain that turns to runoff flow. This latter is determined by 1004 
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 of r px c X= . (A.23) 1005 

The fraction of flow to transfer to the interflow ifx is given by  1006 

 if 1 )( r px c X= − ,  (A.24) 1007 

and then, 1008 

 if if ( , )q x p t= x .  (A.25) 1009 

Appendix A.4: Transfer modules 1010 

Modules composed of one input and one output, and as its name hints, it is usually employed to define 1011 

the mathematical formulations chosen to propagate the different types of flow it is supposed to model. 1012 

In this analysis, this type of module uses the mean of unit hydrographs, praised for their ease and fast 1013 

computation, to represent a lag function to apply to all flows, which will depend on their time 1014 

characteristics. These unit hydrographs can be constructed with a gridded method (Appendix A.4.1) 1015 

or with decreasing exponential (Appendix A.4.2).  1016 

Appendix A.4.1: Runoff transfer module (Rnff) 1017 

The original model, presented in this section, proposes a new physically based and gridded way to 1018 

compute runoff velocities in a fast way. This gridded model has recourse to a dimensionless number 1019 

adapted to surface flow to evaluate the water speed transferred from this mesh towards the neighbour 1020 

following the steepest slope. The rain or fraction of rain received by one or several neighbours can be 1021 

determined by the runoff coefficient, as presented in the infiltration module. 1022 

As a reminder, the Froude number, noted Fr  is a significant dimensionless number in the study of 1023 

open-channel flow and its value indicates particularly the flow regime. In a rectangular section, the 1024 

Froude number is defined as  1025 

 
u

Fr
gh

= , (A.26) 1026 

where u  is the velocity of the flux ([L/T]), g  the gravitational field of the Earth ([L/T²]), and h  the 1027 

mean water height ([L]). The Froude number can be seen as a comparison between the inertia of the 1028 

flux and the gravitational field, or also the comparison between the mean flow speed and the speed of 1029 

the gravity wave. 1030 

In hydrological simulations, the speed and the water height are often unknowns in a problem. The local 1031 

slope is, for their part, the only data that can be collected a priori. That’s the reason why, the equations, 1032 

introduced hereunder, are mainly based on the slopes to distinguish a Froude number value in each 1033 

mesh i . These meshes are defined with a length x ([L]) along the flux direction towards the flux is 1034 

transferred. A distinction is made between ‘river’ and ‘basin’ meshes: to be a river element, the sum 1035 

of the surfaces of all its upstream elements should be greater than a ‘convergence threshold’ defined 1036 

by the user. For the sake of simplicity, the symbol   means that an element can either be ‘river’ or 1037 

‘basin’. 1038 

In this model, 5 parameters are considered to characterise the runoff: 1039 

•  riv

minFr  the minimum Froude number in all ‘river’ elements [-], 1040 
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•  riv

maxFr , the maximum Froude number in all 'river' elements [-], 1041 

•  basin

minFr , the minimum Froude number in all ‘basin’ elements [-], 1042 

•  bassin

maxFr , the maximum Froude number in all 'basin' elements [-], 1043 

• ref
q , the reference flow [L³/T]. 1044 

Starting from the definition of the Froude number, the flow iq  evaluated in mesh i  is given by 1045 

 
i i i i cq Fr g h h l= ,  (A.27) 1046 

with cl  the characteristic width of the flow. Isolating the water height ih , one obtains the expression 1047 

 

2/3 2/3

1i
i

ci

q
h

lFr g

   
=     

  

. (A.28) 1048 

To find a solution to this expression, three unknows remains. For the first one, namely iq , it is linked 1049 

to a reference flow ref
q , which is a parameter of the model. 1050 

The second unknown is the Froude number evaluated locally. To estimate it, it was assumed that this 1051 

number only depends on the local slope is and that its value evolves linearly within an interval delimited 1052 

by the two parameters  minFr


 and  maxFr


. 1053 

 
  ( )min max min, ,

  

 = + −i iFr Fr Fr Fr . (A.29) 1054 

In uniform flow, speed is a function of the square root of the local slope i.e. 
i iu s . Therefore, the 1055 

coefficient ,i  is defined as the ratio 1056 

 
( ) ( )

( ) ( )
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,

max min

 

 
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
−

=
−

i

i

s s

s s
, (A.30) 1057 

such the coefficient .5,0i is obtained with this formula a gives 1058 

 min

,

ma

0.5

x min



 


−
=

−

i

i

s s

s s
. (A.31) 1059 

Finally, the last unknown is the width of the cross section cl , and the way it is calculated will depend 1060 

on the type of cell to consider. In a river network, it was observed empirically that the width of a river 1061 

was linked to the size of the catchment with the ratio of Froude number evaluated at the outlet ( outFr ) 1062 

with two different weights of the slopes (0.5 and 1.0), times a factor 0.8 . As for a basin mesh, the 1063 

width varies as a function of the ratio between the surface drained by the current mesh iA  (alternatively 1064 

called convergence) and the total surface of the catchment totA . 1065 
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Since then, the formula becomes  1067 

 

2/3 2/3

ref

,0.5

1   
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  


i
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. (A.33) 1068 

Whatever the type of cell considered, the speed is given by 1069 

 
,0.5=i i iu Fr gh . (A.34) 1070 

Finally, the time it  [T] necessary to transfer the flux from one cell to another is computed with  1071 

 /i it x u=  .  (A.35) 1072 

 1073 

Appendix A.4.2: Linear reservoir (LR) 1074 

This module contains 1 parameter ( K ) and it follows the equation 1075 

 
dy

K x y
dt

= − , (A.36) 1076 

and 1077 

 /= q y K , (A.37) 1078 

with K  the recession time [T], which represents the constant decrease of the baseflow with time and 1079 

q  the outlet flow. The variables x  and y  are respectively the inlets and outlets of the reservoir. This 1080 

function can be solved in different numerical schemes, such as Euler explicit or implicit with Newton-1081 

Raphson algorithm. 1082 

Appendix B: In-house models 1083 

The in-house modules are combined, as depicted in Figure 4 and detailed in Table 2 to form the 1084 

following two models: 1085 

• Runoff model: This is the simplest model, gridded and physically motivated, using a 1 layer 1086 

model. It uses as a production module the Infiltration module (IM) from Appendix A.3.2 with 1087 

the formulation from Equation (A.21) (with  parameter instead of maxU ) and the Runoff 1088 

transfer module from Appendix A.4.1. For the IM module, the parameter T was kept equal to 1089 

the simulation total time duration. The ifx  component of the Equation (A.24) is therefore 1090 

treated as loss. 1091 

• 2 layers model: It includes the Storage reservoir (SR) production module from Appendix A.3.1 1092 

to generate effective rainfall before reaching the IM production module with formulation from 1093 

Equation (A.14) (with maxU  parameter). Additionally, a linear reservoir (LR) transfer module is 1094 
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applied on the second layer to represent the fast groundwater flow. In the IM module, the 1095 

parameter T was not fixed anymore and left free for optimisation. Yet, the parameter  was 1096 

fixed to zero. The ifx  fraction is here sent to the interflow LR module of the second layer. 1097 

 1098 
 

Vesdre Amblève 

Model Runoff  2 layers VHM GR4H 

Production 
 

Gridded 

[IM] 

Gridded 

[SR+IM] 
Lumped Lumped 

Transfer Layer 1 

(Qof) 

Gridded 

[Rnff] 

Gridded 

[Rnff] 
Lumped Lumped 

Layer 2 

(Qif) 
X 

Lumped 

[LR] 
Lumped Lumped 

Layer 3 

(Qbf) 
X X (Lumped) X 

Number of 

parameters 
9 12 11 4 

Table B.1 Summary of all the hydrological models selected and their characteristics. The Qof, Qif 1099 

and Qbf refer respectively to the runoff or overland flow, the interflow and the baseflow. 1100 

Appendix C Land use conversion 1101 

The land uses were adapted and simplified to fit to the ones used in the Adali project (Javaux & 1102 

Dubois, 2016)(another model used in WOLFHydro, not used in this article). They consist in 6 1103 

different types:  1104 

• Forest 1105 

• Meadows 1106 

• Agriculture 1107 

• Urban 1108 

• Rivers 1109 

• Water 1110 

In COSW 2007 data, it is organised in several levels, increasingly specific as the level increases.The 1111 

first one almost contains all these characteristics, but the meadows. That’s the reason why the second 1112 

layer was also considered. Additionally, as these maps are given by polygons, it is possible that some 1113 

regions are not contained in any polygon, or that the first layers explicitly refer to this polygon as ‘no 1114 

data’. In these cases, a default land use ‘Urban’ was attributed. For all other data the following 1115 

conversion was applied: 1116 

 1117 

COSW land use WOLFHydro conversion 

Residential areas Urban area 
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Economic, service, infrastructure and 

communication areas 

Urban area 

Mines, landfills and abandoned sites Urban area 

Artificial green areas Meadows 

Other artificial surfaces Urban area 

Arable land Agriculture 

Permanent crops  Agriculture 

Grassland Meadows 

Abandoned agricultural land Agriculture 

Forests Forest 

Shrub and/or herbaceous vegetation 

associations 

Meadows 

Inland wetlands Water 

Inland waters Rivers 

Table 7 Conversion of land uses provided by the second layer by COSW 2007 map towards 1118 

WOLFHydro land uses selected. 1119 

Appendix D: Hydrographs Vesdre → Amblève 1120 

1121 
Figure D.1 Hydrographs of the Runoff model with different rainfall input data at Martinrive 1122 
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 1123 

 1124 

Figure D.2 Hydrographs of the Runoff model with different rainfall input data at Trou de Bra 1125 

 1126 

 1127 

 1128 

Figure D.3 Hydrographs of the Runoff model with different rainfall input data at Malmedy 1129 

Warchenne  1130 
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Appendix E: hydrographs Amblève event of July 2021  1131 

 1132 

 1133 

Figure E.1 Hydrographs of the models calibrated on July 2021 flood at Stavelot  1134 

 1135 

 1136 

Figure E.2 Hydrographs of the models calibrated on July 2021 flood at Trou de Bra 1137 
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 1138 

 1139 

Figure E.3 Hydrographs of the models calibrated on July 2021 flood at Bullingen 1140 

 1141 

 1142 

Figure E.4 Hydrographs of the models calibrated on July 2021 flood at Martinrive 1143 

  1144 
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Appendix F: Hydrographs Amblève 2021 → Historical 1145 

Appendix F.1 : 1991 1146 

 1147 

 1148 

 1149 

Figure F.1 Hydrographs of the models calibrated with July 2021 and applied to historical floods at 1150 

Trois-Ponts 1151 

 1152 

 1153 

Figure F.2 Hydrographs of the models calibrated on July 2021 and applied to historical floods at 1154 

Martinrive 1155 

 1156 

 1157 
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Appendix F.2: 1993-1994 1158 

 1159 

 1160 

Figure F.3 Hydrographs of the models calibrated with July 2021 and applied to historical floods at 1161 

Trois-Ponts 1162 

 1163 

 1164 

 1165 

Figure F.4 Hydrographs of the models calibrated on July 2021 and applied to historical floods at 1166 

Martinrive 1167 

  1168 
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 1169 

Appendix F.3 : 1995 1170 

 1171 

 1172 

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

Trois-Ponts 1174 

 1175 

 1176 

 1177 

Figure F.6 Hydrographs of the models calibrated with July 2021 and applied to historical floods at 1178 

Martinrive 1179 

 1180 

 1181 
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Appendix F.4: 1998 1182 

 1183 

 1184 

Figure F.7 Hydrographs of the models calibrated with July 2021 and applied to historical floods at 1185 

Trois-Ponts 1186 

 1187 

 1188 

 1189 

Figure F.8 Hydrographs of the models calibrated with July 2021 and applied to historical floods at 1190 

Stavelot 1191 
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 1192 

 1193 

 1194 

Figure F.9 Hydrographs of the models calibrated with July 2021 and applied to historical floods at 1195 

Bullingen 1196 

 1197 

 1198 

Figure F.10 Hydrographs of the models calibrated with July 2021 and applied to historical floods at 1199 

Martinrive 1200 

  1201 
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Appendix F.5 : 2002 1202 

 1203 

 1204 

Figure F.11 Hydrographs of the models calibrated with July 2021 and applied to historical floods at 1205 

Trois-Ponts 1206 

 1207 

 1208 

Figure F.12 Hydrographs of the models calibrated with July 2021 and applied to historical floods at 1209 

Stavelot 1210 
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 1211 

Figure F.13 Hydrographs of the models calibrated with July 2021 and applied to historical floods at 1212 

Bullingen 1213 

 1214 

 1215 

Figure F.14 Hydrographs of the models calibrated with July 2021 and applied to historical floods at 1216 

Martinrive 1217 

  1218 
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Appendix F.6 : 2011 1219 

 1220 

 1221 

Figure F.15 Hydrographs of the models calibrated with July 2021 and applied to historical floods at 1222 

Stavelot 1223 

 1224 

 1225 

Figure F.16 Hydrographs of the models calibrated with July 2021 and applied to historical floods at 1226 

Stavelot 1227 
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 1228 

 1229 

 1230 

Figure F.17 Hydrographs of the models calibrated with July 2021 and applied to historical floods at 1231 

Trou de Bra 1232 

 1233 

 1234 

Figure F.18 Hydrographs of the models calibrated with July 2021 and applied to historical floods at 1235 

Bullingen 1236 

 1237 
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 1238 

Figure F.19 Hydrographs of the models calibrated with July 2021 and applied to historical floods at 1239 

Martinrive 1240 

 1241 

Appendix G: Hydrographs Amblève Historical → 2021 1242 

 1243 

 1244 

Figure G.1 Hydrographs of the models calibrated with historical floods and applied on July 2021 at 1245 

Stavelot 1246 

 1247 
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 1248 

 1249 

Figure G.2 Hydrographs of the models calibrated with historical floods and applied on July 2021 at 1250 

Trou de Bra 1251 

 1252 

 1253 

Figure G.3 Hydrographs of the models calibrated with historical floods and applied on July 2021 at 1254 

Bullingen 1255 

 1256 
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 1257 

Figure G.4 Hydrographs of the models calibrated with historical floods and applied on July 2021 at 1258 

Martinrive 1259 

 1260 


