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 A B S T R A C T

Validation of inundation models presents persistent challenges, particularly in urban floodplains where struc-
tural complexity often exacerbates discrepancies between model outputs and observation datasets. Findings 
from the present study suggest that while availability of high-resolution field data can enhance validation 
efforts, it is not the final piece of the puzzle. The study highlights the (often inseparable) complex combination 
of observed data limitations, model uncertainties, and structural discrepancies between model and observed 
datasets, which strongly influence validation outcomes. Using the July 2021 Vesdre Valley flood in Belgium 
as an illustrative framework, the research evaluates the performance of a high-resolution 2D hydrodynamic 
model (WOLF). The unprecedented detail of the post-flood survey provides a unique opportunity for rigorous 
validation. Four so-called ‘reconciliation methods’ are explored to address structural discrepancies (in post-
processing) between observation data and computational outcomes, highlighting the effect of the choice of 
method. At the highest model resolution (2 m), the critical success index (= 0.86) indicates strong spatial 
agreement across sectors, with a mean absolute error of 0.56 m in modelled maximum flood depths. By 
proposing and critically evaluating various methods for reconciling inherent differences between observational 
and computed datasets, this study highlights the complexity of model validation beyond data availability. 
Additionally, it offers recommendations for refining post-flood survey methodologies to minimise uncertainties 
associated with the validation process.
1. Introduction

Climate change is intensifying extreme weather events, includ-
ing floods, which pose growing threats to lives, infrastructure, and 
economies (Merz et al., 2021; Blöschl et al., 2019; Alfieri et al., 
2017; Hirabayashi et al., 2013). Recent catastrophic floods in Europe, 
such as the DANA floods in Valencia, the July 2021 mega-floods in 
Germany, Belgium and the Netherlands, highlight the severe impacts of 
these phenomena (Rodríguez Castro et al., 2025; Bertola et al., 2023; 
Ludwig et al., 2023; Tradowsky et al., 2023). As efforts towards flood 
mitigation increase, hydrodynamic modelling, particularly 2D numer-
ical modelling, has become central to flood-risk assessment studies, 
providing valuable information for scenario analysis, and development 
of mitigation measures and adaptation strategies.

While very-large-scale hydrodynamic models (e.g., at national or 
continental scales) have a growing presence in literature, their grid 
resolution constraints inhibit their utility for high-fidelity flood hazard 
estimation (Shen and Jiang, 2023). High-resolution models (grid cell 
size < 10 m) at local scales are more feasible. But with increasing access 
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to high-performance computing (HPC) facilities and emergence of GPU-
based solvers (Khosh Bin Ghomash et al., 2024), even basin-scale 
modelling at such high-resolutions appear computationally feasible 
and practicable. However, Yalcin (2020) highlights a saturation of 
gains via their findings - that hyper-resolution models (grid cell size 
< 2 m) are not necessary to obtain reliable outcomes. The author 
discusses the comparable performance of models with 2 m and 10 m 
computational grid cell sizes. However, in the study the sustained 
level of performance at lower resolutions is attributable to the sub-
grid modelling capabilities of the HEC-RAS modelling tool that was 
used (Casulli and Stelling, 2011), which accounts for the details of an 
underlying higher resolution DEM. For other models without such sub-
grid modelling, the resolution of the DEM and the computational grid 
are the same. Accordingly, Alipour et al. (2022) highlight that when 
requiring accurate estimates of flood depths, DEM/model resolution is 
the single most critical factor.

Urban flood modelling or large-scale models that contain urbanised 
areas present additional challenges. The treatment of buildings in flood 
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inundation modelling has been discussed at length in literature. Dif-
ferent approaches exist for incorporating buildings into hydrodynamic 
models, each with its own assumptions and limitations. Schubert and 
Sanders (2012) highlight four different building treatment methods 
(BTM). One approach is the building-resistance method, which simplifies 
the representation of buildings by assigning a high resistance parameter 
to cells within building footprints. This method is easy to implement 
and computationally efficient but does not capture the detailed inter-
action of flow with building geometries. Alternatively, the building-block
method represents buildings as solid blocks by raising the ground 
elevation to the height of rooftops. This approach accounts for the basic 
geometric obstruction of buildings on flood flow, but can introduce 
under-prediction in flood extents if the mesh resolution is not suffi-
ciently fine to capture flow paths between buildings. The building-hole
method attempts to represent the detailed shape of buildings by creat-
ing holes in the computational mesh aligned with building walls, with 
free-slip wall boundary conditions. This method can be computationally 
expensive and requires pre-processing of building shapes, particularly 
in complex urban environments. Finally, the building-porosity method 
offers a balance between accuracy and computational efficiency by in-
troducing spatially distributed parameters like porosity and a building 
drag coefficient to model the impact of buildings on flooding without 
explicitly resolving their exact geometries. Each of these methods intro-
duces a different type of uncertainty into the modelling, with choices 
impacting model accuracy, computational cost, and data requirements.

Rigorous and robust validation of hydrodynamic models remains 
rare, both in practice and in scientific literature. This is especially true 
for validation with respect to floodplain inundation. A variety of data 
sources can contribute to validation, each addressing different facets of 
model performance. Water-level gauges provide high-frequency tem-
poral records at fixed points, making them well suited for evaluating 
hydrograph timing and peak discharge. But they offer limited spatial 
coverage, often restricted to being instream and close to hydraulic 
structures (Werner, 2004). Remotely sensed flood extents, such as those 
derived from optical or radar imagery, allow large-scale assessment of 
inundation boundaries, yet they lack information on water depth and 
are often restricted by cloud cover, revisit times, and water–vegetation 
interactions. Work from the past decade (Scarpino et al., 2018) indicate 
the potential of Synthetic Aperture Radar (SAR) to provide extent 
validation data as well as spatially distributed water depth data but 
are known to acquire data with significant noise (Bates, 2023). Crowd-
sourced observations and photographic evidence can provide valuable 
context on event dynamics, but they are typically sparse and hetero-
geneous and therefore often are a complementary data category in 
practice.

Against this backdrop, High-Water Marks (HWMs) remain uniquely 
important as they capture spatially distributed information on max-
imum flood depths and extents. Their utility lies in the ability to 
directly link water surface elevation to ground elevation at specific lo-
cations, thereby providing a critical benchmark for validating simulated 
inundation depths.

However, HWMs are not without significant constraints. Their po-
sitional accuracy is influenced by uncertainties in both elevation and 
location: small errors in surveying or in associating the water line with 
the ground level can propagate into discrepancies in derived flood 
depths. In addition, HWMs are more frequently recorded in accessible, 
built-up environments, such as on building facades, than in open fields 
or vegetated areas. This uneven distribution can skew the dataset 
towards certain land-cover types or urban settings, thereby limiting its 
representativeness of catchment-wide flood behaviour. Finally, HWMs 
provide only a snapshot of the peak water level. They cannot indicate 
the sequence of flooding, the duration of inundation, or transient 
dynamics such as short-lived overtopping or backflow. As a result, if 
validating the temporal dynamics of a flood model is the goal, HWMs 
fall short as a data source.
2 
Nevertheless, Table  1 presents several studies that validate flood 
models against observed field data. Mignot et al. (2006) validated 
their hydrodynamic model against 99 HWMs for the 1988 flood event 
in Nîmes, France. The domain extents being fairly limited (1.4 km2) 
allowed for street level refinement of the mesh. The HWMs reported 
were along building facades - along which the computational cell edges 
were aligned. However, since the model computed water depths at cell 
centres only, the comparison was carried out using the corresponding 
cell centres in the domain.  Smith et al. (2021) used a combination 
of 131 HWMs for a 2008 flood event in Sugar Creek basin in the 
USA to valid their model. The authors explore a so-called areal-sector 
approach for maximum flood depth comparison owing to the uncer-
tainty linked with measurements (as stated by Shustikova et al. (2019) 
as well) and the accuracy of close-field mesh. Wing et al. (2021), on 
the other hand, carried out simulations at a very-large-scale, studying 
9 different events. The outcomes of validation for a 2019 event in 
Nebraska, USA, which recorded 1023 HWMs, are presented in Table 
1. de Arruda Gomes et al. (2021) alluded to the uncertainties related 
to post-flood interventions in a basin which have an impact on the base 
data of simulations, while Kastridis et al. (2020) highlight that failure 
of flood-defence mechanisms not accounted for in the models can have 
an effect on model outcomes.

The scarcity of robust validation is often attributed to the limited 
availability of field data (Bates, 2023; de Moel et al., 2015; Alarcón 
et al., 2024; Jacob et al., 2020), as large-scale data collection dur-
ing or after flood events is particularly resource-intensive (Alarcón 
et al., 2024; Molinari et al., 2019). When data are collected, their 
utility depends significantly on their density, spatial coverage, and 
type (Bhola et al., 2019). Surveys yielding dense datasets are typically 
localised (Segura-Beltrán et al., 2016; de Moel et al., 2015), whereas 
those covering larger areas often feature sparse data points and/or 
sources with higher levels of uncertainty. For instance, basin-scale 
post-flood surveys frequently collect only flood extent data. While 
water-level measurements (e.g., HWMs) may also be recorded, their 
spatial density is often low due to the logistical and resource demands 
of such efforts.

This recurring narrative within flood-modelling literature positions 
data-rich post-flood surveys as the ‘silver bullet’ — the key to over-
coming the final hurdle before reliable model validation can become 
the norm. But, while the data-rich nature of post-flood surveys can be 
of immense value, there are several other facets of the model validation 
process that ought to be taken into account.

For instance, several studies, including very recent findings of Khosh 
Bin Ghomash et al. (2025) (who deal with the extreme flooding in the 
Ahr valley of Germany in 2021), state as their general recommendation 
the importance of representing buildings as physical obstacles in hy-
drodynamic models, as in the building-block and building hole BTMs. 
Given that the latter suffers from the inability to allow for building 
overtopping as well as difficulties related to meshing, the building-
block BTM emerges as the most suitable choice for hydrodynamic 
modelling of extreme flooding especially when the domain is inclu-
sive of complex urban environments. Now, when using this approach, 
buildings and other tall structures appear as elevated impermeable 
topography in the numerical model. This implies that the area corre-
sponding to the footprint of a building is not inundated. This is not the 
case for inundation maps reconstructed using observation points since 
they are mostly based on interpolation, taking only bare-earth terrain 
into account. This leads to differences between modelled and observa-
tionally reconstructed flood maps that hinder direct comparability. The 
vast majority of flood model validation studies exhibit a notable lack of 
clarity regarding the procedures employed (or lack thereof) to bridge 
these differences prior to the computation of validation metrics.

To that end, this study proposes four different post-processing meth-
ods of reconciling these differences between flood maps derived from 
numerical models and field observations (when using the building-
block BTM) before the computation of validation metrics. These meth-
ods are applied and tested for a hydrodynamic modelling exercise at 
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Table 1
Instances of validation studies based on flood extents and/or maximum flood depths.
 Reference Hydrological 

domain
Hydrodynamic 
domain

Mesh 
Resolution

Obs. 
Count

CSI 
Scorea

Depth 
errorb
(m)

Remarks  

 Mignot et al. (2006) 13.5 km2 1.4 km2 25 m 99 – 0.41 Hightlight the effect of street 
network resolution on water 
depth predictions.

 

 Smith et al. (2021) 679 km2 – 10 m 131 – 0.58 Report and analyse uncertainties 
associated with HWM-based 
evaluation.

 

 Wing et al. (2021) – 2,500 km2 30 m 1023 0.80 1.12 Refinement in regions with 
available fine-resolution terrain 
data.

 

 de Arruda Gomes et al. (2021) 7,260 km2 29 km2 10-30 m – 0.66 – Report uncertainties due to 
topography data version.

 

 Kastridis et al. (2020) 31.36 km2 0.26 km2 5 m 46 0.82 0.35c Report underestimation of 
flooding in residential areas due 
to flood defence failure in 
actuality.

 

 Shustikova et al. (2019) – 50 km2 25 m 46 0.81 0.61c Report accuracy range of ±0.5 m 
for HWMs.

 

 Segura-Beltrán et al. (2016) 118 km2 5 km2 1 m 64 0.76 0.64c Report the localised nature of 
HWM data with respect to total 
flooded area.

 

 Chakraborty et al.d 685 km2 12 km2 2 m 12,293 0.86 0.56 Unprecedented post-flood survey 
after a mega-flood.

 

a Best-case value reported when multiple simulations are run.
b Mean absolute error (MAE) unless indicated otherwise.
c Root mean squared (RMSE) error.
d Present study.
the scale of a valley (∼50 km). The selected domain comprises densely 
built urban environments and open floodplains devoid of structures, 
providing a comprehensive testing ground for the analysis. Further, the 
availability of a post-flood survey with unprecedented detail (including 
more than 12,000 HWMs) provides a unique framework for validation. 
At the same time, the study also reports the effects of uncertainties 
linked to mesh resolution, digital elevation model (DEM) resampling, 
and their implications for flood extent and maximum flood depth 
validation.

2. Data and methods

2.1. Case study

The floods of July 2021 in north-west Europe were among the 
most devastating natural disasters to hit the region in decades. The 
flood was triggered by the Bernd low-pressure system, which caused 
extreme and intense rainfall in parts of Germany, Belgium and the 
Netherlands (Journée et al., 2023). In Belgium, the Vesdre catchment 
was among the worst affected (Fig.  1). The valley experienced large-
scale inundation of floodplains all along the Vesdre river as well as 
its tributaries, such as the Hoëgne. Densely populated areas such as 
Verviers and Pepinster experienced severe damage to infrastructure 
as well as loss of life (Rodríguez Castro et al., 2025; Dewals et al., 
2021). Flow-rates, water levels and their corresponding gradients also 
far-exceeded records (Chakraborty et al., 2024; Archambeau et al., 
2022b,a). Several tens of bridges are also know to have been clogged 
by debris, leading to varying degrees of structural damage and/or 
influence on local flood inundation and flow dynamics (Erpicum et al., 
2024).

In the aftermath of the flood, mapping flood extents posed sig-
nificant challenges, especially in urban areas. While aerial imagery 
provided an initial understanding, it was insufficient for detailed de-
lineation of inundation in complex urban environments like Verviers 
and Pepinster (Zischg et al., 2018). To address this, the regional public 
service authority, Service public de Wallonie (SPW), along with other 
public offices, mobilised 180 agents and carried out a large-scale field 
survey in the month following the mega-flood. This effort collected 
3 
over 30,000 data points. Evidences of flood extents and water depths 
were documented across 39 affected municipalities (Anon, 2021). The 
ground survey was initiated 3 weeks after the recession of the flood-
waters and is known to have continued for another 3 weeks. However, 
the exact distribution of collection of HWMs within this timeline is 
unknown due to a lack of timestamps in the publicly available version 
of the dataset. The HWMs were predominantly recorded from the 
facades of buildings and other infrastructure. For instance, in the case 
of the municipality of Verviers, where the highest number of data-
points are found in the domain of the present study, roughly 98% of 
all data-points correspond to buildings and other infrastructure and 
only 2% come from observations made on undeveloped land. When 
recording observations from buildings, it is also known that the ground 
survey personnel only took measurements from the exterior facades of 
the buildings. The geolocation of an observation, however, was done 
only to roughly correspond to a building itself. Therefore, the points 
of geolocation are frequently located within the buildings themselves 
while it is known that no measurements internal to the buildings were 
made.

From the 30,000 data points, the SPW retained 16,000 points after 
quality checks - 12,293 of which are within the domain of the present 
study itself (Fig.  2). The SPW further proceeded to prepare a continuous 
raster product conveying flood extents and depths (Figure S1). This 
was created using an inverse distance weighted (IDW) interpolation 
method combined with a high-resolution digital terrain model (DTM) 
(v2013-14, vertical accuracy ±0.12 m). The SPW reports the IDW 
interpolation to have had a power parameter of 3 and a fixed search 
radius of 450 m. In some reaches with missing observation points, the 
nearest observation point(s) were used to carry out linear extrapolation. 
Notably, the parameterisation and the final outcome were products of 
a combination of data sources including arial imagery from multiple 
helicopter flights, the ground survey, remote sensing products such 
as those from the L’Institut royal météorologique (IRM), TerraFlood, 
Rapid Mapping Copernicus etc. In the absence of access to the various 
other sources of information stated above, the authors consider it both 
appropriate and necessary to utilise the official public product of the 
SPW, since its independent re-creation or validation is not feasible and 
also lies outside of the scope of the present study.
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Fig. 1. The Vesdre catchment in Belgium.
Fig. 2. Distribution of field observations along the Vesdre, Hoegne and Wayai rivers, and a zoom on the Verviers municipality.
Representing a significant event with ample data for rigorous inves-
tigation, the Vesdre valley flood of 2021, in Belgium, serves as the focal 
case in the present study.

2.2. Numerical modelling

2.2.1. Model domain
In the present study, the entire the Vesdre river, as well as the 

Hoegne and Wayai tributaries, are explicitly modelled. Contributions 
from other smaller tributaries are accounted for using internal injection 
points on the main river. Finally, this results in a significantly large 
simulation domain - starting from the Eupen dam and culminating at 
the confluence of the Vesdre with the Ourthe river approximately 50 
km downstream.

2.2.2. Numerical modelling setup
A 2D depth-averaged hydrodynamic model is used for hindcasting 

of the Vesdre Valley flood event. The GPU-based hydrodynamic solver 
employs the fully dynamic two-dimensional shallow water equations. 
The inflows in the hydrodynamic model were estimated from rain-
fall data using a physically based, spatially distributed runoff model. 
Rainfall from the RADFLOOD21 (version 27/06/2024, IRM) dataset 
was used to force the hydrological model. The hydrological model 
4 
was calibrated against available reservoir water level time-series and 
hydrographs available at gauging stations. Further details related to 
the hydrological modelling may be found in Dessers et al. (2025). The 
integrated modelling system is developed at the University of Liège 
(https://wolf.hece.uliege.be/).

For stability reasons, the hydrodynamic time step was constrained 
by the Courant–Friedrichs–Levy (CFL) condition, with the CFL number 
set to a value of 0.4. Additionally, the model’s handling of wetting 
and drying of computational cells has been detailed in Supplement S2. 
While this is a challenge, many robust algorithms have been developed 
for handling wetting and drying of computational cells in the resolution 
of the shallow-water equations (for e.g., (Begnudelli and Sanders, 2007; 
Casulli, 2009; Liang and Marche, 2009)). The algorithm used herein 
involves solving the continuity equation by iteratively adjusting the 
outflow fluxes from the computational cells in which drying occurs – 
which is similar to the ‘flux minimisation method’ described by Rulot 
et al. (2012) for modelling sediment transport over a partially rigid bot-
tom. The model was extensively verified through theoretical test cases 
and validated against laboratory data from experimental tests involving 
wetting and drying of the topography (Erpicum et al., 2010). The model 
was also used in multiple studies involving inundation modelling with 
complex, real-world topographic configurations (Mustafa et al., 2018; 
Ernst et al., 2010; Beckers et al., 2013).

https://wolf.hece.uliege.be/
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Table 2
Simulation codes based on grid resolution and resampling operator.
 2 m 5 m 10 m  
 Minimum 2m-min 5m-min 10m-min  
 Mean 2m-mean 5m-mean 10m-mean 
 Maximum 2m-max 5m-max 10m-max  

Computational meshes (uniform orthogonal cells) at three different 
resolutions have been tested: 2 m × 2 m, 5 m × 5 m, and 10 m ×
10 m, comprising approximately 3 million active cells at the highest 
resolution. High-resolution topographic and bathymetric data (LiDAR 
v2021-22; 0.5 m × 0.5 m) were resampled using three distinct op-
erators: minimum, mean, and maximum. It may be clarified that in 
the rest of the manuscript any mention of the term DEM refers to 
a modified Digital Surface Model (DSM) product specifically curated 
for hydrodynamic simulations. This includes the retention of infras-
tructure such as buildings and the removal of obstructions like bridge 
decks, trees etc., which are also reflected in a typical DSM. Bare-
earth terrain models are, on the other hand, consistently referred to 
as DTMs. Nonetheless, this combination of resampling operators and 
resolutions resulted in a total of nine simulations (Table  2), enabling 
a simultaneous sensitivity analysis of the model to grid resolution 
and resampling methods. It ought to be stated that the testing of the 
minimum and maximum operators is not intended as an investigation 
of the general consensus pertaining to the use of a mean-based operator. 
Instead, they are intended as bounding cases to demonstrate the degree 
to which systematic exaggeration or suppression of local gradients can 
affect flood model predictions.

Boundary conditions at the downstream limit were specified using 
a Froude number-based approach to ensure numerical stability and 
consistency with flow dynamics. Spatial variations in surface rough-
ness and flow resistance were incorporated through variable Man-
ning’s coefficients derived from land-use data (Figure S2). Finally, the 
building-block BTM is adopted.

2.3. Model validation

2.3.1. Flood maps reconciliation method
As discussed previously, one of the key challenges in the comparison 

of the observed inundation raster with modelled one, when using 
the building blocks BTM, lies in the treatment of built-up areas. A 
hypothetical scenario is presented to elucidate the point. In Figs.  3a and 
3b, the raw modelled and observed inundation maps are shown. For 
the sake of explanation, it is assumed that the outer margins of the two 
inundation extents are in good agreement. The modelled inundation 
raster (Fig.  3a) shows three isolated non-inundated patches. While one 
of them is due to a naturally elevated topography, the others are due to 
the presence of buildings. On the other hand, the observed inundation 
raster only shows the region of elevated topography as not inundated 
while being continuous through buildings. Naturally, to compare the 
two maps one should consider the footprint of such buildings in the 
modelled map to be inundated as well.

An obvious requisite is therefore a clear definition of what is im-
plied by ‘building inundation’. In this work, a building is regarded as 
inundated if water can plausibly propagate into its footprint from any 
surrounding area. Since the propagation of the flow through the build-
ings is not always explicitly represented, this may be operationalised 
through a practical proxy wherein a building footprint is considered 
inundated whenever at least one of its neighbouring cells is inundated. 
The proxy definition carries the underlying assumption that water from 
the surrounding inundated cell(s) could propagate into the building 
footprint in the absence of the impermeable building-block. The proxy 
definition is clearly conservative in that regard, since any surrounding 
cell being inundated may not imply internal propagation (which would 
5 
be contingent on the horizontal and vertical positioning of openings 
such as doors, windows etc.).

Accordingly, four different methods for reconciling observed and 
modelled inundation maps are introduced and compared:

In the buffered-building (BB) method, any building polygon that 
has a water depth greater than a user-defined threshold in a surround-
ing cell is considered to be inundated.

In principle, a ‘surrounding cell’ should be the ones immediately 
next to the building polygon. However, this is found to not always be 
the case. This is because the grid on which the DEM is registered cannot 
always capture the true shape of a building (Muthusamy et al., 2021; 
Savage et al., 2016). This can be due to non-alignment of the grid and 
the sharp outline of a building (as depicted in Fig.  A.1). As a result, the 
elevation difference between the top of a building and its immediate 
surroundings can get smoothened in a DEM. This implies that in such 
cases the DEM bears a larger footprint of the buildings than in reality. 
Depending on the resolution of the DEM or the resampling operation 
used, this smoothening can be substantial or limited.

If so, then the modelled inundation waterline along the outline of 
the deformed building can be ‘some’ distance away from the actual 
building outline. Hence, it is possible that upon checking for water 
depths in the immediate bordering cells of a building polygon (actual 
building outline) one finds no inundation and falsely marks it as ‘not 
inundated’. In order to deal with these concerns, a buffer layer is 
introduced to the ‘true’ building polygon (Fig.  3c). For a sufficient 
buffer size, these enlarged (building) polygons may now be expected to 
intersect with the inundation waterline when formerly they were not.

A second, more simplified, filling-of-holes (FoH) method may also 
be considered. In this method, ‘holes’ in the model inundation map 
are filled indiscriminately. A ‘hole’ in the inundation map (Fig.  3e) 
is defined by a region in the raster, comprising one or several cells, 
that are marked as non-inundated (inundation status → 0) whilst being 
completely surrounded by inundated cells (inundation status → 1). To 
‘fill’ these holes, therefore, means to switch the inundation status of all 
the cells in such patches to ‘1’. In Fig.  3e, it is also understood as to 
what would not be considered as a hole and therefore would not be 
filled. In the same figure the indiscriminate nature of the FoH method 
is highlighted, where the elevated and non-inundated region is filled 
since it technically qualifies as a hole. This contradicts the objective of 
only compensating for holes in the computed inundation map that are 
due to the building-block BTM.

In the two aforementioned approaches the idea has been to process 
the modelled inundation raster so as to ensure its comparability with 
the observed raster.

In contrast, the inverse adaptation (IA) method looks to modify 
the observed values raster for comparison with the modelled one. This 
is done by removing inundated cells from the observed raster which 
are underneath building polygons (Fig.  3h). Notably, this is a much 
simpler operation; all ‘1’ (or ‘0’) values that are within a building area 
are turned to (or kept as) ‘0’. This is consistent with the idea that 
in the building-blocks BTM, one does not expect inundation in cells 
where there are buildings. This approach helps in bypassing some of 
the struggles of the aforementioned methods, viz.:

• Buildings no longer have to be identified as being inundated or 
otherwise. In the BB approach, it was necessary to do so because 
the footprints of inundated buildings were being ‘added’ to the 
total inundation area.

• Holes due to high topography are maintained in the observed 
inundation raster, since the processing never fills/adds values 
to the observed raster (which was a shortcoming of the FoH 
approach).

However, the IA method may lead to underestimations if a flood 
of sufficient magnitude inundates low-elevation buildings and auxiliary 
structures, including garages and single-story constructions.
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Fig. 3. Illustration of the methods of flood map reconciliation. Shading represents inundated area and vice-versa.

Fig. 4. Scatter plot of CSIs obtained using different reconciliation methods (for the use of mean resampling operator).
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Fig. 5. Box and whisker plot of CSI for different model grid resolutions and DEM resampling operators.
 

An alternative method for flood map reconciliation is using a
terrain-constrained propagation (TCP) method. It is a two step 
method which begins with the generation of a mask layer representing 
building footprints by taking the difference of the DEM and DTM. This 
mask is utilised to restrict computation to built-up areas only.

Thereafter, starting from the raw modelled WSE raster, the WSE is 
propagated through the built up areas. This propagation is contingent 
on the condition that the WSE remains above the DTM, ensuring 
that holes caused by actual topographic features are preserved while 
addressing the discrepancies due to buildings in the DEM.

The TCP method implemented herein is based on a numerical solu-
tion to the Eikonal equation using the Fast marching algorithm (Sethian,
1999): 
|∇𝑇 (𝑥)| = 1, 𝒙 ∈ 𝛺 (1)

where 𝑇 (𝑥) represents the shortest-path distance from the known flood 
front to position 𝒙, and 𝛺 is the domain of solution.

The right-hand side of Eq.  (1) being equal to 1 represents isotropic 
propagation. This implies that WSE values are interpolated based on 
the values at nearest (possibly multiple) upwind (already computed) 
cells.

2.3.2. Flood extent validation
Comparison of only the magnitude of inundated areas across dif-

ferent areal units to evaluate the performance of hydrodynamic mod-
els has a significant limitation. This is because it does not consider 
the spatial distribution of inundation within these areal units. As a 
result, models with similar total flooded areas but differing spatial 
distributions may yield misleading validation outcomes.

To overcome this limitation, more robust spatial validation metrics, 
such as the critical success index (CSI), can be employed (Ben-
nett et al., 2013). The CSI captures both the magnitude of inundated 
area and its spatial distribution by evaluating the overlap between 
observed and modelled inundation areas, considering agreement and 
discrepancies in each pixel’s inundation status. It is defined as follows: 

CSI =
𝐴h (2)
𝐴h + 𝐴f + 𝐴m

7 
where 𝐴h represents ‘hits’ - the area correctly predicted as flooded in 
the modelled map, 𝐴m represents ‘misses’ - the area flooded in the 
observed map but not in the modelled map, and 𝐴f represents ‘false-
alarms’ - the area flooded in the modelled map but not in the observed 
map.

Figure S3 illustrates how for the same magnitude of flooded area 
the CSI penalises different levels of spatial disagreement.

Additionally, since broad-scale evaluations may obscure localised 
discrepancies, the CSI should ideally be computed at smaller spatial 
scales rather than over large administrative units like municipalities. 
28 smaller ‘evaluation sectors’ (hereafter referred to as ‘sectors’) are 
thus defined (Fig.  A.2), facilitating localised performance assessments, 
helping to identify specific areas of model weakness. Also, Fig.  A.3 
shows the number of observation points in each sector, which may 
serve as a proxy for confidence in the flood extent raster in a given 
region.

2.3.3. Maximum flood depths validation
Two different approaches, utilising two different products, have 

been adopted to assess the model performance with respect to maxi-
mum flood depth: (a) by using the discrete set of points with associated 
water depths (Fig.  2) and (b) by using the continuous (IDW) raster of 
water depths (Figure S1).

Discrete points based validation: In this approach the water depth 
associated with each measurement point is converted into a water 
surface elevation (WSE) value by adding to it the underlying terrain 
elevation. This transformation is essential because WSEs provide a more 
stable and meaningful basis for comparing inundation patterns across 
regions with varying topography.

However, doing the same for the corresponding points in the model 
is not straightforward. A key shortcoming of the field survey data col-
lection process is that the georeferencing of watermarks does not pre-
cisely match their exact position of recording. As a result, the recorded 
points are predominantly located ‘within’ building footprints, since 
they are derived from the structures where measurements were taken 
(Fig.  2). However, in the building-block BTM, hydrodynamic models 
typically do not assign water depths to such locations. Consequently, 
direct comparisons at these discrete points are infeasible.



P. Chakraborty et al. Journal of Hydrology 665 (2026) 134578 
Therefore, the TCP method is used to interpolate or extrapolate the 
WSE through the building footprints. This enables direct comparison at 
the location of discrete HWMs.

Continuous raster based validation: In this approach a continuous 
WSE raster is created from the observed and modelled water depth 
rasters by adding the terrain elevations. Thereafter, errors in WSEs 
are quantified by computing the difference between the observed and 
modelled WSE rasters.

As stated before, the observed water depth raster is based on 
the 2013–14 DTM, which reflects the best available product at the 
time of creation of the ‘observed’ products. In contrast, the modelled 
water-depths are derived using the 2021–22 DEM (representing the 
topographical conditions with closest temporal proximity to the time of 
flood) as input to the hydrodynamic model. To ensure methodological 
consistency, the observed WSEs are constructed using the 2013–14 
DEM, while the modelled WSEs utilise the 2021–22 DEM.

𝐸ℎ = 𝑍M −𝑍O

⇒ 𝐸ℎ = (ℎM +𝐷M) − (ℎO +𝐷O)

⇒ 𝐸ℎ = (ℎM − ℎO) + (𝐷M −𝐷O) (3)

where 𝐸ℎ is the error in water surface elevation, 𝑍M and 𝑍O are the 
modelled and observed water surface elevations, ℎM and ℎO are the 
modelled and observed water depths, and 𝐷M and 𝐷O represent the 
DEMs (topographic elevations) used for the modelled and observed 
datasets.

Smith et al. (2021) highlight the significant challenge linked with 
validation of hydrodynamic models against observed depths/HWMs 
owing to the intricate uncertainties associated with DEM resolution, 
resampling or even the exact nature of the products used. Wing et al. 
(2021) further highlight that certain metrics such as the root mean 
squared error (RMSE) are sensitive to outliers, and thus may give 
unrepresentative outcomes. The authors use the mean absolute error 
(MAE) in their study. Given this range of discussion, in the present 
study, different error metrics at various scales are computed in order 
to meticulously analyse model performance. A Bias metric (Eq.  (4)) 
is employed to have a first view of the over- or under-predicting 
behaviour of the model and then domain-level MAE and RMSE values 
are computed as well (Equation (5) and (6)) (Wing et al., 2021). 
The final level of analysis comprises a detailed view of intra-sectorial 
variations using box-and-whisker plots of 𝐸ℎ, for all sectors.

Bias =
∑𝑁

𝑖=1(𝑍M −𝑍O)
𝑁

= 𝐸ℎ (4)

MAE =
∑𝑁

𝑖=1
|

|

𝑍M −𝑍O||
𝑁

(5)

RMSE =

√

∑𝑁
𝑖=1

(

𝑍M −𝑍O
)2

𝑁
(6)

where 𝑁 is either the number of observed HWMs or the number of 
inundated pixels in the observed raster.

3. Results

3.1. Flood extent validation

When operating at the highest resolution, the model demonstrates 
consistently high performance across most sectors, achieving a peak 
sectorial CSI score of 0.97 and sectorial mean of 0.83 (using the TCP 
reconciliation method) (as shown in Fig.  A.4(a)). On the other hand, 
sectors 30–32 (along the Hoëgne) and sectors 33–35 (along the Wayai) 
show contrastingly low CSI values (≤ 0.65). Agreement of modelled and 
observed flood extents is depicted in Fig.  4. While the TCP method 
emerges as the best performer, the four methods of reconciliation, 
8 
Fig. 6. MAE and RMSE in maximum flood depth prediction (for point-based 
evaluation).

across sectors, produce outcomes that are, on average, within ±5% of 
each other in terms of CSI (for case 2m-mean). However, there are 
notable instances viz. sector 1, 7, 8, 9, 17, and 25, as highlighted in Fig. 
4, where some methods result in a (>) 20% poorer CSI as compared 
to that of the TCP method (see also, Fig.  A.4). These deviations are 
discussed in Section 4.1.1.

In Fig.  5, each row corresponds to one of the three resampling 
operators, while each column depicts the use of one of the four rec-
onciliation methods. Each individual plot conveys the variation of CSIs 
across sectors for the three grid resolutions. Increasing grid resolution 
usually results in improved CSI values. This improvement is found to 
be more pronounced when using the mean and maximum resampling 
operators. The minimum operator yields the most stable CSI values 
across all four reconciliation methods and resolutions although for the 
IA method the usual trend of declining scores for reduced resolutions is 
still observed. The sector-specific effect of each reconciliation method 
is however not reflected in Fig.  5, since it only depicts the spread of sec-
torial CSI across the entire domain for each method. For this, one must 
again turn to an explicit comparison plot (such as the aforementioned 
Fig.  A.4).

3.2. Maximum flood depth validation

Fig.  6 depicts the domain-level MAE and RMSE values for each 
simulation. For the case 2m-mean, the MAE and RMSE are 0.56 and 
0.74 m respectively. The errors rise with decreasing resolution. The 
resampling operator has an even stronger impact with errors rising with 
the tendency - mean < min < max, except for the highest resolution 
where the maximum operator yields a marginally improved MAE as 
the mean while the minimum operator model has higher errors.

Sector-wise 𝐸ℎ for the 2m-mean simulation are presented in
Figs.  7(a) and 7(b) (for point- and raster-based comparisons, respec-
tively). In most sectors along the Vesdre river the bias is between 
±0.6 m. Four sectors along the Vesdre, viz. sector 3, 9, 21 and 23 show 
a strong underprediction bias while some others have marginal under-
prediction biases (sectors 2, 6, 18 and 22 for point-based comparison 
and sectors 1, 3, 12, 15, 18 and 22 for the raster-based comparison). On 
the other hand, along the Hoëgne and Wayai, 6 of the 11 sectors (for 
point-based comparison) presented strong negative mean bias errors.

Fig.  8 further shows the intra-sectorial variation of 𝐸ℎ (point-based 
comparison) across all evaluation sectors, for the use of the mean 
resampling operator. Outcomes corresponding to the other resampling 
operators are provided in Figs.  A.8–A.10. Once again, as the com-
putational mesh coarsens, an increase in errors is noticed although 
the median errors for the 2m-mean and 5m-mean simulations remain 
comparable.
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Fig. 7. Sector-wise bias error in maximum flood depth estimation (2m-mean).
4. Discussion

4.1. Interpretation of validation outcomes

Fig.  9 combines the domain-level outcomes of flood extents and 
maximum flood depth validation to depict the overall performance 
of the 9 simulations. In Fig.  9, the vertical axis is inverted such that 
points (simulations) appearing further towards the top-right of the plot 
show better overall performance. Here, one finds two consistent trends. 
Firstly, grid refinement (10 m (red) to 5 m (blue) to 2 m (green), in 
Fig.  9) leads to improvement of both extent and depth agreements. 
9 
This improvement is increasingly substantial when going from a mean 
resampling operator to minimum and maximum. Secondly, for a given 
resolution, the extent agreement is consistently better for the mean 
resampling case than the maximum (than the minimum). On the other 
hand, the maximum flood depth agreement follows the trend - mean, 
minimum and maximum (in order of increasing errors). However, 
at the highest resolution the maximum operator simulation (MAE = 
0.55 m) performs comparably to the mean operator simulation (MAE 
= 0.56 m). In terms of CSI, the 2m-mean simulation has a score of 0.86 
compared to 0.84 for simulation 2m-max. Nevertheless, from Fig.  9 it 
is clear that the errors yielded by the maximum operator simulations 
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Fig. 8. Box and whisker plot of WSE difference (point-based comparison) for different model grid resolutions and mean DEM resampling operator.
are significantly more sensitive to model resolution than those using 
the mean operator. Therefore, the 2m-mean simulation is deemed to 
be the ’reference/best-case’ in the present study.

4.1.1. Flood extents
On average, sectorial performance reaches approximately 0.83. The 

domain-level CSI of 0.86 is noteworthy when compared to values 
reported in the literature (de Arruda Gomes et al., 2021) (Table  1). 
Large-scale studies which rely on field data for validation have not re-
ported such values. Studies that evaluate model outcomes against other 
benchmark numerical models have reported higher CSI scores (Mosi-
mann et al., 2024; Falter et al., 2013). However, these comparisons 
often reflect consistency between models rather than absolute accuracy, 
as both models, even if differing in formulations, may share common 
underlying assumptions, parameterisations, or simplifications.

As stated in the previous section, the TCP reconciliation method 
consistently outperforms the others across most sectors (Fig.  4). Ad-
ditionally, in some sectors (as indicated in Fig.  4), certain methods are 
seen to produce a markedly different CSI score than the others. Upon 
examination of such sectors further insights can be drawn.

For instance, Fig.  10 shows the inundation map for sector 8 which 
is representative of a highly urbanised unit. Here, progression of flood 
waters is increasingly restricted along different road networks as the 
model resolution coarsens. Fig.  A.11 illustrates the declining accuracy 
of street network resolution with the coarsening of model grid, thus 
affecting conveyance. This, in-turn, leads to urban blocks that are not 
10 
Fig. 9. Model performance with respect to flood extents and maximum flood 
depth. Note: green, blue and red symbols indicate 2 m, 5 m, and 10 m grid 
resolutions respectively.

completely enclosed by flood waters. In such cases, the TCP method 
is able to propagate the water surface through the buildings till it 
is stopped by the terrain itself, while the BB approach manages to 
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Fig. 10. Inundation maps of a highly urbanised area (evaluation sector 8) - based on (a) 2 m, (b) 5 m, (c) 10 m resolution models and, (d) field data.
identify some buildings of the urban block as inundated (those whose 
building polygons encounter an inundated cell in its vicinity). The 
IA approach attempts agreement with the observed inundation by 
removing building footprints from the observed inundation map. For 
the FoH approach, however, this represents a significant limitation, as 
the method does not recognise several inundated built-up areas since it 
does not find ‘holes’ to fill, which leads to significant underprediction 
(Fig.  A.12) and thus a poor CSI score as reflected in Fig.  4. The same 
is the case for sector 1, 7, 9 and 25 which are similarly urbanised. In 
any case, at lower resolutions even the IA (already at 5 m resolution) 
and BB methods (at 10 m resolution) fail to reconcile the differences 
between the raw modelled and observed flood maps.

For sector 17 (Fig.  11), visual inspection suggests that the modelled 
inundation rasters for the 2 m and 5 m models are in very good agree-
ment with the observations. The 10 m resolution model overpredicts 
slightly. While the TCP, BB and IA methods would function without 
fallacies in such a scenario (i.e., make minor interventions at the few 
buildings), the FoH method ends up filling region 1 and region 2 
(since they are ‘holes’) (Fig.  A.13) which in-turn lowers the CSI score. 
Notably, for region 2 a minor correction was made in the DEM in 
the form of introducing a railway underpass so that the conveyance 
is not artificially blocked in the hydrodynamic model (see Fig.  A.14). 
Paradoxically, had the correction not been made region 2 would cease 
to be a hole and therefore the CSI would not be penalised as much.

The instances discussed above relate to the outcomes of the mean 
resampling operator simulations at various resolutions. It has been 
further observed that the minimum resampling operator poses problems 
at coarser resolutions particularly to the IA method. This may be 
illustrated using the example of Sector 27 (Fig.  12). Here, lower-rise 
structures and isolated built-up areas are increasingly flattened out due 
to resampling to reduced resolutions. This shows itself in the simulated 
inundation maps at different resolutions.

At 2 m resolution (Fig.  12(a)), most buildings appear as holes in 
the inundation map. As the resolution decreases, fewer buildings retain 
their elevation footprints in the DEM and therefore floodwaters are 
found to flow over them.

For the BB, FoH and TCP reconciliation methods, this does not 
present significant concerns because the three approaches involve 
11 
adding building footprints to the computed inundation map. At lower 
resolutions, if the building footprints are already inundated (as evident 
in Fig.  12(c)), these methods do not introduce any changes. However, 
this situation poses a challenge for the IA method. The IA method 
would incorrectly remove several building footprints from the observed 
inundation maps (Fig.  A.15), resulting in poorer CSI scores when 
comparing with the lower-resolution flood maps. Fig.  A.16, which 
compares the four reconciliation methods for the 10m-min simulation, 
depicts the recurrence of this problem of the IA method across various 
sectors of the simulation domain.

4.1.2. Maximum flood depth
For the reference model (2m-mean), the MAE of 0.56 m is very 

acceptable and comparable to others found in literature (Table  1). 
Further, Fig.  13 shows that the highest errors are encountered in sectors 
with less than 2% of the total observation points. In fact, sectors 34 
and 35, which yield very strong underprediction errors, contain less 
than 0.07% of all observation points. In the same way, low errors in 
other sectors with such minority of observation points are not viewed 
(relatively) as highly reliable markers of good performance. Beyond the 
2% mark, the errors are well-restricted to the ±0.6 m bracket, in all but 
one sector.

In Fig.  14, it is found that in all but one sector, the sectorial bias 
errors computed based on points and those based on rasters, are within 
±0.6 m of each other. This may be dependent on the validity of the IDW 
approach in specific sectors, among other factors.

Further, Eq.  (3) decomposes the observed and modelled WSEs into 
their respective water depth and DEM components. This separates the 
error into two components: ℎM − ℎO, which quantifies the difference 
in water depths, and 𝐷M − 𝐷O, which accounts for differences in the 
DEMs used. Ideally, the latter should be equal to 0. However, this is 
not always the case, as in the present case where different versions of 
DEMs were utilised for the model and the observed raster. Therefore, 
this could add on to (or compensate for) the actual error in water depths 
depending on how the DEM affects the flow dynamics. The discrepancy 
in the topographical layer versions used for observed and modelled 
WSE calculations is likely to have a greater influence on the continuous 
raster-based evaluation.
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Fig. 11. Inundation maps of a non-urbanised area (sector 17) - based on (a) 2 m, (b) 5 m, (c) 10 m resolution models and, (d) field data. Note: Black lines 
indicate evaluation sector boundaries.
Fig. 12. Inundation maps of sector 27 - based on (a) 2 m, (b) 5 m, (c) 10 m resolution models and, (d) field data.
Nevertheless, maximum flood depth outcomes may largely be con-
sidered a function of (a) model grid resolution, and (b) DEM resampling 
operator.

As reported in several past studies (Muthusamy et al., 2021; Shen 
and Tan, 2020; Savage et al., 2016), it is found that for a given re-
sampling operator, errors tend to increase significantly with decreasing 
model resolution. While the higher error across sectors (Fig.  8) is not 
observed to be biased in either direction, in urbanised sectors (such as 
sectors 5, 6, 7 or 27) grid coarsening is found to predominantly increase 
12 
predicted water depths. This is in line with the findings of Muthusamy 
et al. (2021).

The choice of DEM resampling operator has a much stronger influ-
ence on maximum flood depths. Across Figs.  A.8–A.10, the minimum 
and maximum operators are found to introduce clear biases in max-
imum flood depths (negative and positive, respectively). The extent 
of bias introduced increases with decreasing resolution. Further, it is 
found that at the domain level the use of the maximum operator gives 
1.6 and 3 times higher root-mean-squared errors than the minimum 



P. Chakraborty et al. Journal of Hydrology 665 (2026) 134578 
Fig. 13. Sector-wise mean bias error in maximum flood depth prediction as a function of the percentage of total observation points (2m-mean).
Fig. 14. Comparison of point- and raster-based sectorial bias errors (2m-mean).
Fig. 15. Example of a potential over-compensating effect of the TCP method (sector 25).
operator for the 5 m and 10 m resolution cases, respectively (see also, 
Figs.  A.9a and A.9c, or Figs.  A.10a and A.10c). This could be attributed 
to the fact that the minimum operator retains conveyance capacities in 
areas such as urban districts (streets), narrow reaches of rivers, among 
13 
others. The maximum operator, on the other hand, is much more likely 
to impede flood propagation which would lead to large localised errors 
as well as potential propagation via back-water effects (Muthusamy 
et al., 2021).
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Finally, perusing Fig.  9 highlights the importance of validating 
inundation models against both extents and depths. This is advocated 
strongly by the simulation 5m-max, where there is a very high-degree 
of agreement in terms of flood extents (CSI = 0.82) but very strong 
overprediction bias for maximum flood depths.

4.2. Flood map reconciliation method

The need for reconciliation of observed and modelled flood maps, 
when modelling based on the building-blocks BTM, has been detailed 
in former sections. However, the choice between the BB, IA, FoH and 
TCP approaches involves a careful consideration of the characteristics 
of the study area, the purpose of the validation, data availability and 
the specific limitations of each method that merit detailed evaluation.

The BB approach provides the benefit of assisting in highly ur-
banised areas while not meddling with outcomes in non-built-up en-
vironments. It allows for contextual flexibility by virtue of the vari-
able buffer size. This adaptability would enable users to fine-tune the 
method based on specific study conditions. In the present case, the 
domain-level CSI is found to not be sensitive to buffer radii varying 
from one to two times the cell dimensions (CSI = 0.82 in either case, 
for 2m-mean). But caution should be maintained and sensitivity to 
buffer sizes ought to be checked. Determining the appropriate buffer 
size depends on the complexity of urban block structures and model 
resolution. The former could additionally vary between regions in 
a large-scale simulation. Regardless of its effect on the CSI, overly 
large buffers could lead to significant overestimation of the number 
of inundated buildings (see for example, Figure S5), which is often a 
metric of importance in flood reports.

The IA approach is similar to the BB approach in that it restricts 
modifications to areas where buildings exist. While theoretically the IA 
approach might appear to be the most logically sound, there are certain 
drawbacks and pitfalls to look out for. While this method avoids over-
estimating flooded areas in the manner the BB approach might, it may 
inaccurately remove inundated areas from the observed flood map. This 
issue becomes pronounced during extreme flooding events with several 
meters of water depth, where low-rise structures might genuinely be 
inundated. This aspect of the IA approach conflicts with the building-
block BTM where buildings can be inundated under sufficiently high 
water levels (unlike the ‘building hole’ approach, which treats building 
footprints as areas of non-computation). Also, as illustrated in Fig. 
12, this effect is increasingly substantial at reduced mesh resolutions 
and upon the use of the minimum resampling operator. Finally, it 
is a significant shortcoming of this method that the total inundation 
area computed would be lower than the real values, since the method 
excludes built-up areas. Therefore, this method only serves the purpose 
of enhancing comparability of observed and modelled rasters for the 
sake of validation and is not suitable when the goal is to report on the 
total inundated area due to a flood.

Both approaches rely on the availability of geospatial building 
datasets, which is not commonplace for several parts of the world. Even 
when available, it is wise to inquire about the period of record. An 
outdated dataset may miss major constructions while data recorded 
long after a flood event might comprise additional buildings that did 
not exist at the time of flood. Some instances of this are found in Figure 
S5, where the building-polygon dataset is seen to miss certain buildings 
visible in the satellite image.

The FoH approach has the merit of being the most straight forward 
and computationally efficient. It is particularly useful in regions with 
simple topography and building layouts. However, the hit-or-miss na-
ture of the FoH approach has already been highlighted in Section 4.1.1. 
It carries inherent risks of both overestimating and underestimating 
flooded areas (e.g. Fig.  11). As a specific concern, models that have res-
olutions coarser than (or comparable to) the typical width of streets in 
a network are prone to inaccurate physical representation of the street 
networks. This would lead to inaccurate flood conveyance through the 
14 
network (Fig.  10(c)), increasing the chances of non-enclosed inundation 
areas - which is a pitfall for the FoH method, resulting in underes-
timation of inundated area. Conversely, genuine dry patches, caused 
by elevated terrain rather than buildings, might be inaccurately filled, 
leading to overestimation.

The risk of incorrect filling is reduced by the TCP method. Once 
again, however, the applicability of this method is contingent on the 
availability of both the DTM and DEM for the simulated domain. 
The TCP method also comes with the benefit of being able to act in 
extrapolation. For the present case, this approach yields improvements 
greater than 5 percent for 11 different sectors when compared to 
the FoH method (Figure S6). The simplicity of the FoH method, its 
computational ease and applicability in data-scarce domains may yet 
prompt modellers to adopt it instead of the above ‘improvement’ which 
is significantly more computationally intensive.

While the TCP method demonstrates potential in mitigating
resolution-induced problems in flood extents agreement, it also in-
troduces the caveat of potentially overcompensating for legitimate 
physical limitations of the simulation. In doing so, it may inadvertently 
undermine meaningful model deficiencies such as those related to flow 
conveyance, resistance, or structural blockages. One such instance is 
depicted in Fig.  15 (sector 25 - simulation 10m-mean). Here, water 
in the raw model output appears to be unable to propagate through a 
cluster/chain of buildings (highlighted using the yellow dashed ellipse). 
Once again, this is attributable to the hindrance generated in street 
conveyance due to resampling. Nevertheless, the application of the 
TCP method here results in an extrapolation of the water surface 
through more than 500 m of the building chain. Such an enforcement 
of a smoothed water surface, that does not arise naturally from the 
governing physics of flow through urban street networks, may brink 
on the realm of ‘bathtub modelling’ as critiqued by Sanders et al. 
(2024). Thus, the application of the TCP method should be followed 
by an assessment of whether the resulting inundation pattern reflects 
expected physics or serves merely as a heuristic correction.

4.3. Post-flood surveys

HWMs, in principle, are discrete points (coordinates) with associ-
ated water depths/levels. Very frequently, they are recorded on build-
ing facades (Koenig et al., 2016), the present case being no exception. 
In the field survey data used here, while the association of a HWM with 
a building is visible upon visualisation, nothing is known about the 
precise geolocation of these points i.e., neither are they centralised in 
the building polygons nor do they show clear proximity to a particular 
facade (Fig.  2). A work-around for this issue is the TCP method as stated 
in Section 2.3.3. In case sufficient data is not available to execute the 
TCP method, a nearest-neighbour approach may be adopted to find 
the closest inundated point in the modelled raster to a discrete field 
observation point (illustrated in Figure S4). However, adopting the 
nearest-neighbour approach, for cases where there are strong variations 
in WSE around structures would introduce an uncertainty in maximum 
flood depth validation. In fact, this could be a factor that prompts the 
use of a continuous rasterised evaluation.

To address these challenges, future post-flood surveys can be strate-
gically designed to collect data more compatible with relevant model 
practices. For HWMs on building facades, rather than allocating a water 
depth to the building as a whole, precise geolocation or indication 
of the particular facade where the HWM was recorded would reduce 
uncertainty in post-processing. Apart from building facades, surveys 
could also prioritise locations that allow for more direct comparison. 
For instance, it is beneficial to record HWMs at structures that experi-
ence similar water depths/levels all around it, such as trees, poles, and 
strategically placed crest-stage gauges (Koenig et al., 2016).
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4.4. Error attribution

The quality, resolution and version of topographic data used in-
fluences both the observed and modelled datasets. For the former 
this directly affects the flood extents map and the reconstruction of 
WSEs, while for the latter it does the same by affecting the physics 
of the flow. In the aforementioned case-study, the regional authorities 
generated the raster product using topography data from 2013–14, 
which may no longer accurately reflect evolved conditions (at the time 
before or after the flood event) across the domain. Over time, natural 
and anthropogenic changes — such as erosion (which may be severe 
during mega-floods), construction, or vegetation growth — can alter 
the landscape. Such discrepancies introduce a layer of uncertainty when 
using the raster for model validation.

Additionally, the spatial distribution of the field data significantly 
impacts the reliability of the flood extents. In regions with sparse 
observations (Fig.  A.3), interpolation techniques used to produce the 
‘observed raster’ may fail to capture localised variations. Moreover, 
areas where the raster is extrapolated beyond the spatial bounds of the 
observation points are particularly vulnerable to inaccuracies. These 
factors not only impact the representativeness of validation metrics, 
such as the CSI, but also hinder true performance assessment of the 
hydrodynamic model in areas of sparse data, making it difficult to 
discern whether observed discrepancies in these areas stem from model 
inaccuracies or are artifacts of the observation dataset itself.

Disentangling these effects is non-trivial and requires careful con-
sideration of model limitations, reconciliation methods and the quality 
of observed data. Therefore, modellers must maintain caution while 
attributing errors to any particular facet of the modelling exercise 
alone.

5. Conclusion

This study, aided by an unprecedented post-flood survey in the 
aftermath of the July 2021 mega-floods in Belgium, evaluates the 
performance of a detailed large-scale hydrodynamic model against 
flood extents and maximum flood depths. In examining the former, 
four flood map reconciliation methods - buffered-building (BB), inverse 
adaptation (IA), filling-of-holes (FoH) and terrain-constrained propa-
gation (TCP) - are proposed, and their effectiveness in the validation 
process is tested.

The study highlights the importance of selecting reconciliation 
method based on the study area’s characteristics and the intended pur-
pose of the analysis. The BB method excels in urbanised areas, offering 
flexibility and context-sensitive adjustments but requires selection of 
an appropriate buffer size to avoid over- or under-estimation of flood 
extents. Conversely, the IA method ensures greater comparability in 
urban areas but reports an underestimate of total inundation due to its 
exclusion of built-up regions. The FoH method, while computationally 
efficient, is more prone to errors in elevated regions, complex urban 
terrains or where grid resolutions are insufficient to capture conveyance 
characteristics of features such as narrow streets. The TCP method 
performs the best in terms of reconciling differences but may sometimes 
tend to overcompensate model deficiencies as illustrated in Fig.  15. 
Future work could focus on the development of a systematic approach 
to dynamically apply these reconciliation methods based on the nature 
of terrain, urbanisation, model resolution etc.

The findings reveal strong agreement between modelled and ob-
served outcomes, achieving a peak CSI score of 0.97 and an average 
of 0.83. However, its performance declines at coarser resolutions. The 
MAE in maximum flood depth estimation is found to be 0.56 m at 2 m 
resolution and when using the mean resampling operator. Additionally, 
the influence of DEM resampling operators on maximum flood depth 
predictions is significant, with the choice of operator introducing con-
sistent biases. The mean operator provides the best compromise in this 
15 
regard. Between the minimum and maximum operator, the former bet-
ter retains conveyance features, while the latter, at coarser resolutions, 
tends to exacerbates localised errors by impeding flow propagation. 
Careful selection of resampling operators is therefore recommended, 
with respect to model resolution, particularly in urban contexts where 
terrain complexity affects model accuracy.

The analysis also highlights limitations in the post-flood survey 
process, particularly the placement of HWMs within building footprints, 
which complicates direct validation against model outputs. Recommen-
dations are proposed to design post-flood surveys in a manner that 
facilitates model validation by reducing the highlighted uncertainties.

Ultimately, the study shows the challenges of detailed large-scale 
flood model validation, where uncertainties in observational data, ter-
rain representation, and reconciliation methods can interfere with the 
accurate evaluation of model performance. Moving forward, the inte-
gration of updated and high-resolution geospatial datasets, as well as 
strategically designed validation datasets, will be critical in improving 
model reliability and applicability. Far from being the last piece of the 
puzzle, high-resolution observational datasets highlight great scope for 
further research in the domain of flood model validation.
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Appendix A

See Figs.  A.1–A.16.

Fig. A.1. Deformation of buildings in digital elevation models (DEMs).

https://resiriver.nweurope.eu/
https://resiriver.nweurope.eu/
https://resiriver.nweurope.eu/
https://resiriver.nweurope.eu/
https://resiriver.nweurope.eu/
https://resiriver.nweurope.eu/
https://resiriver.nweurope.eu/
https://resiriver.nweurope.eu/
https://resiriver.nweurope.eu/
https://resiriver.nweurope.eu/
https://resiriver.nweurope.eu/
https://resiriver.nweurope.eu/
https://resiriver.nweurope.eu/
https://resiriver.nweurope.eu/
https://resiriver.nweurope.eu/
https://resiriver.nweurope.eu/
https://resiriver.nweurope.eu/
https://resiriver.nweurope.eu/
https://resiriver.nweurope.eu/
https://resiriver.nweurope.eu/
https://resiriver.nweurope.eu/
https://resiriver.nweurope.eu/
https://resiriver.nweurope.eu/
https://resiriver.nweurope.eu/


P. Chakraborty et al.

Fig. A.2. Areal units used for model evaluation.

Fig. A.3. Number of observation points per sector.
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Fig. A.4. CSIs across evaluation sectors for simulations with different grid resolutions. Note: These results correspond to the use of the mean resampling operator.
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Fig. A.5. Sector-wise bias error in maximum flood depth estimation for 2 m grid resolution (point-based).
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Fig. A.6. Sector-wise bias error in maximum flood depth estimation for 5 m grid resolution (point-based).

Journal of Hydrology 665 (2026) 134578 

19 



P. Chakraborty et al.

Fig. A.7. Sector-wise bias error in maximum flood depth estimation for 10 m grid resolution (point-based).
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Fig. A.8. Box and whisker plot of WSE difference (point-based) for different resampling operators and 2 m grid resolution.
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Fig. A.9. Box and whisker plot of WSE difference (point-based) for different resampling operators and 5 m grid resolution. Note: Vertical scale is altered for 
sub-figure (c).
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Fig. A.10. Box and whisker plot of WSE difference (point-based) for different resampling operators and 10 m grid resolution. Note: Vertical scale is altered for 
sub-figure (c).
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Fig. A.11. Resolved street networks at varying grid resolutions in sector 8.

Fig. A.12. FoH method applied to inundation maps of a highly urbanised area (evaluation sector 8) - based on (a) 2 m, (b) 5 m and, (c) 10 m resolution models.
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Fig. A.13. FoH method applied to inundation maps of a non-urbanised area (sector 17) - based on (a) 2 m, (b) 5 m and, (c) 10 m resolution models. Note: Black 
lines indicate evaluation sector boundaries.

Fig. A.14. Location of railway underpass that was manually introduced in the DEM (sector 17).
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Fig. A.15. IA method applied to the observed inundation map (sector 27).
Fig. A.16. CSI for evaluation sectors for case 10m-min.
1.
Appendix B. Supplementary data

Supplementary material related to this article can be found online 
at https://doi.org/10.1016/j.jhydrol.2025.134578.

Data availability

Data will be made available on request.
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