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Abstract. The increasing flood risk in urban areas, driven by rising urbanization and climate change, underscores the need for
accurate representation of buildings and urban features in flood hydrodynamic models. This study investigates the impact of
different building representation techniques on flood hydrodynamic and impact modeling, using the 2021 flood event in the
Ahr Valley, Germany, as example. Three methods — Building Block (BB), Building Hole (BH), and Building Resistance (BR)
—are applied across varying model resolutions to assess their influence on flood extent, water depths, and flow velocities.

Our findings reveal that building representation affects both simulated flood extent and flow dynamics. The Building Block
and Building Hole approaches generally lead to larger flooded areas with deeper water and higher velocities, while increased
resistance or omitting buildings results in smaller flood extents, shallower water, and slower flow. Additionally, we show a
strong link between building representation and model resolution. Our findings show that at coarser resolutions, the choice of
building representation is more critical, with larger differences in flood extent across setups. We show that while all methods
produce acceptable flood extents, variations in water depths and velocities highlight the importance of choosing the right build-
ing representation for accurate flood simulations—particularly in dense urban areas where accurate flood impact assessments
rely on realistic flow dynamics. Our results emphasize the importance of selecting appropriate building representation methods
based on model resolution to enhance urban flood modeling and impact assessment accuracy, with a general recommendation

to include buildings as physical obstacles (BH, BB) in hydraulic models.

1 Introduction

The changing climate is causing an increase in both the frequency and intensity of extreme weather events, resulting in more
frequent and severe floods (Skougaard Kaspersen et al., 2017). Hydrodynamic models are becoming increasingly important
for assessing the impact of floods and are widely used in flood management planning and risk assessments (Merz et al., 2020).
However, due to the limited availability of high-resolution data and the complexity of urban landscapes, accurately modeling
and forecasting urban floods remains a significant challenge for researchers and policymakers.

Uncertainties in hydrodynamic modeling can stem from various sources, such as the model structure, parameters, and bound-
ary conditions. These factors can significantly influence the reliability and accuracy of the model’s performance (Caviedes-
Voullieme et al., 2020; Alipour et al., 2022). Among the various sources of uncertainty related to model structure and parame-

ters, topographic data have been recognized as one of the key factors influencing the accuracy of flood simulations (Sharma and
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Regonda, 2021; Jiang et al., 2022). Catchment topographic features are known to play a significant role in controlling the spa-
tial distribution of runoff dynamics and influencing surface runoff connectivity (Khosh Bin Ghomash et al., 2019; Nithila Devi
and Kuiry, 2024). Typically in urban areas, a significant portion of the surface topography is made up of buildings. Previous
research has shown that buildings can significantly impact flood volume and flow propagation through a combination of stor-
age, obstruction, and resistance effects (Bruwier et al., 2018; Shen and Tan, 2020). Buildings walls may obstruct the flow or
the flow may pass through building structures at reduced speeds if the main entrance or windows are open, or if the floodwater
rises above the height of the entrance threshold. (Wang et al., 2010).

In urban flood modeling, various building treatment methods have been proposed to address these effects, including the
buildings block, building resistance and building hole approaches (Schubert and Sanders, 2012; Jiang et al., 2022; Iliadis et al.,
2024). In the buildings block method, the elevation of building footprints is raised to to a certain height or in case of availability
of detailed building data, to the rooftop level of each building. An example of this can be found at Hunter et al. (2008), where
building footprints in an urban catchment area in the UK were elevated by 12 meters for larger houses and 6 meters for smaller
houses. The building resistance method, as also discussed by Alcrudo (2004); Néelz and Pender (2007), increases the surface
friction coefficient in areas where buildings are located. In the building hole approach, building footprints are excluded from
the computational grid, functioning as reflective boundaries, which is equivalent to the building block method with infinite
building heights. This method has been widely used in previous studies, e.g. Apel et al. (2022, 2024); Khosh Bin Ghomash
etal. (2022, 2023, 2025a). Although in recent years the concept of Urban Porosity has been introduced to parameterize building
effects with an emphasize on computational efficiency (Dewals et al., 2021), it is still not widely adopted in flood modeling
applications. Further on, this method often fails to capture fine-scale flow dynamics, such as localized wave reflections and
flow channeling around individual buildings, leading to reduced accuracy in high-resolution simulations (Kim et al., 2015),
critical for detailed flood risk assessments.

The 2021 flooding event in the Ahr Valley, Germany, serves as a stark reminder of the devastating impact extreme weather
events can have. In July 2021, the region was hit by a catastrophic flood, leading to loss of life, displacement of residents, and
widespread damage to infrastructure, homes, and landscapes (Mohr et al., 2022). Of the 184 fatalities recorded in Germany,
133 occurred along the Ahr River, a tributary of the Rhine. Although relatively small in size (approximately 900 km?), the Ahr
River basin features morphological characteristics—such as narrow channels confined within gorges—that limit its capacity
to accommodate sudden water surges. This challenging topography becomes even more complex in urbanized areas like Bad
Neuenahr-Ahrweiler, a densely built town with a population of around 26,500 (Truedinger et al., 2023), which was severely
affected by the July 2021 flood. Such conditions naturally raise the question of how to adequately represent urban structures
within complex terrain to ensure reliable flood hydrodynamic simulations.

This study investigates how different building representation methods influence hydrodynamic modeling and flood impact
analysis for the July 2021 flood event. We apply three commonly used approaches—building block, building resistance, and
building hole—to evaluate their effects on predicted flood extent and flow characteristics, and also include a baseline scenario
where buildings are not explicitly represented in the domain. Moreover, since model resolution plays a key role in both the

feasibility and accuracy of urban flood simulations—and is often limited by computational resources or the availability of
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high-resolution data—we examine how these building representation methods interact with different grid resolutions by testing
spatial resolutions ranging from Im to 10m. Finally, we assess whether the differences in hydraulic behavior caused by these

modeling choices have a significant impact on flood impact assessment outcomes.

2 Case Study

The Ahr River, an 86 km-long tributary of the Rhine, flows through the federal states of Rhineland-Palatinate and North Rhine-
Westphalia in Germany. Our study area (Figure 1) focuses on the downstream section of the river, spanning roughly 30 km
from the towns of Altenahr to Sinzig. In this stretch, the valley is narrow and enclosed in the upper third, gradually widening
as it extends downstream toward the Rhine.

This region is characterized by a complex urban-rural landscape, with a mix of small settlements and the relatively larger
urban area of Bad Neuenahr-Ahrweiler, which has a population of around 26,500 (Truedinger et al., 2023). The valley’s urban
development is particularly dense in certain areas, where infrastructure, residential buildings, and commercial establishments
are concentrated in flood-prone zones. This urban sprawl has significantly altered the natural flow of the river and increased the
vulnerability of built structures. The surrounding rural areas, while less densely populated, also feature extensive agricultural
land use, contributing to the overall complexity of the landscape. Despite the region’s rural nature, the urban complexity
and building infrastructure play a critical role in how floodwaters interact with the environment. The area’s average annual
precipitation is around 675 mm, which is below the German national average (Truedinger et al., 2023).

In mid-July 2021, the Ahr Valley experienced one of the most catastrophic flood events in recent history, as heavy rainfall
triggered rapid flooding across much of Western and Central Europe, severely affecting Belgium, the Netherlands, and Germany
(Schifer et al., 2021). The Ahr Valley was among the hardest-hit regions, accounting for around 70 percent of all flood-related
fatalities in Germany (Truedinger et al., 2023). The flood’s impact was exacerbated by a combination of steep slopes, narrow
valleys, and the dense concentration of buildings in vulnerable zones. Over centuries, the valley has been extensively settled
and cultivated, with urban infrastructure often built in areas prone to rapid flow concentration, mass movement, and debris
accumulation. The narrowness of the valley, combined with the built environment, contributed to the rapid intensification of
floodwaters. During the flood on July 14, 2021, water levels in the Ahr River reached their highest on record at the gauging
stations, with depths peaking around 10 meters at Altenahr station (Mohr et al., 2022). However, due to widespread damage

and destruction of the gauging stations during the event, precise water levels remain uncertain (Schifer et al., 2021).
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Figure 1. The red line in the upper panel marks the boundary of the simulation domain, while the lower panel displays the topography. In the

upper panel, the purple point indicates the location of the Altenahr gauge station. The blue line shows the maximum flood extent observed

during the 2021 flood event. Satellite imagery © Google Earth 2025.

3 Methods

3.1 Hydrodynamic model: RIM2D

RIM2D is a two-dimensional, raster-based hydrodynamic model developed by the Section Hydrology at the German Research

90 Centre for Geosciences (GFZ) in Potsdam, Germany. It is designed to solve the local inertia approximation of the Shallow

Water equations, as outlined by Bates et al. (2010), which has proven effective for flood inundation modeling (Falter et al.,
2014; Neal et al., 2011; Apel et al., 2022, 2024; Khosh Bin Ghomash et al., 2024, 2025a). The model operates on a structured

grid of square raster cells, which provides a computationally efficient framework for representing terrain and flow dynamics

across large domains while maintaining spatial consistency.
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The local inertia formulation provides a more accurate representation of water flow dynamics compared to simpler models,
such as the diffusive wave model (De Almeida and Bates, 2013; Caviedes-Voullieme et al., 2020), by introducing a term that
accounts for the rate of change in local fluid momentum. This term influences how momentum is transferred from one time
step to the next, meaning that the flow at any given time step affects the subsequent step by requiring acceleration from its
previous state. As the local inertia approximation neglects the convective acceleration terms and as a consequence decouples

the fluxes in x and y directions. Thus, the fluxes F and G are reduced to:

Iz 0
F=|lgn?|. G=|gq |. M
0 %gh2
In the shallow-water equations below:
%7?—!-%4-88%:51;4-3,0, 2
Where:
h 0 0
U=\g|, Si=|-ghg|, Si=|-0]- 3)
Qy —ghg—; —0oy

Where the conserved variables U are water depth A [L] and momentum components [L2/T] in the Cartesian directions g,
and g,. The vectors F and G represent the fluxes. The term S, is the bed source term, where = is bed elevation [L]. The term
Sy is the friction source term, where o, and o, are the friction slopes, here computed using Manning’s equation. Finally,
g is gravitational acceleration [L/T?]. This formulation captures inertial effects more effectively than diffusive wave models,
serving as a bridge between those simpler approximations and the more comprehensive full-dynamic equations.

While the original explicit numerical solution proposed by Bates et al. (2010) may become unstable under near-critical
to super-critical flow conditions or with small grid cell sizes (De Almeida and Bates, 2013), RIM2D addresses these issues
by incorporating the numerical diffusion method introduced by de Almeida et al. (2012). This enhancement stabilizes the
solution across a wider range of flow regimes and grid resolutions. RIM2D is written in Fortran and has been coded for
massive parallelization on Graphical Processor Units (GPU) through NVIDIA CUDA Fortran libraries. The model supports
computations on multiple GPUs, enabling fast computation of high-resolution or large-scale models with a large number of

computational raster cells and is available as open-source under the European Union Public License 1.2.
3.2 Data and model set-up
3.2.1 Spatial data and Building representation

In this study, we utilize the DGM1 digital elevation model (DEM) provided by the German Federal Agency for Cartography
and Geodesy (BKG) for model setup. This DEM, with a resolution of dx = 1 meter, is generated through lidar mapping of the
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area. To examine the interaction between building representation in the model and DEM resolution, the 1-meter DEM is also
resampled by averaging into resolutions of 2, 5, and 10 meters, resulting in a total of four setups with different resolutions.

The 3D building model LoD1 Deutschland (LoD1-DE), produced by the German Federal Agency for Cartography and
Geodesy (BKG), was used for buildings representation. In the LoD1 model, all buildings are represented as basic blocks, with
their floor plans typically sourced from the official real estate maps. The dataset also provides the height of each individual
building.

We implement seven different building representation scenarios for this study: no building (NoB), building blocks (BB),
building hole (BH), and increased building resistance by factors of 2x (BR2x), 3x (BR3x), 5x (BR5x), and 10x (BR10x).
These scenarios, combined with four different resolutions, result in a total of 28 setups. In the NoB scenario, no buildings
are included in the domain, and no modifications are made to the DEM. In the building blocks (BB) scenario, the elevation
of cells containing building footprints as in LoD1-DE is raised by the height of each building, also taken from the LoD1-DE
building dataset. For buildings with missing height data, a default height of 6 meters is used, following Hunter et al. (2008).
In the BH scenario, cells containing building footprints as in LoD1-DE are removed from the computational grid, functioning
as closed reflective boundaries. In the increased resistance scenarios, the Manning roughness values of the cells containing
building footprints are multiplied by 2, 3, 5, and 10 for the BR2x, BR3x, BR5x, and BR10x setups, respectively.

Manning roughness values for the domain were assigned according to the 2020 land cover classification of Germany, which
was derived from Sentinel-2 data (Riembauer et al., 2021). The land cover classification is based on atmospherically cor-
rected Sentinel-2 satellite imagery, processed using the MAJA algorithm and provided by the EOC Geoservice of the German
Aerospace Centre (DLR). The classification utilizes training data derived from reference sources such as OpenStreetMap, as
well as the Sentinel-2 imagery itself. This land cover dataset was selected for the study due to its relatively high spatial res-
olution of 10 meters. Additionally, the main channel of the Ahr River was manually incorporated as a separate land cover
class. Appropriate Manning values were assigned to each land categories which are presented in Table 1 which also presents
their respective percentage coverage in the simulation domain. It should be pointed out that while calibrating the model for
each building scenario at every resolution could improve the accuracy of the results, the primary objective of this study is not
calibration. Instead, the goal is to compare different scenarios under identical conditions and model settings in order to isolate
the impact of varying building representations on simulation outputs. This approach is justified for several reasons. First, using
consistent Manning values across scenarios to study building representation effects is a standard practice, as seen in studies
like Schubert and Sanders (2012), Jiang et al. (2022), and Iliadis et al. (2024). Secondly, it is often unrealistic to expect detailed
calibration data for every valley where a hydrodynamic model is deployed. In many cases, especially in operational contexts
or data-scarce regions, the only feasible option is to use available spatial datasets and standardized parameterizations. While
calibration is preferable, the lack of data (e.g., flood mapping) and the need for rapid model setup in operational contexts make
uncalibrated models more realistic. For this reason, we deliberately avoid detailed calibration in this study, focusing instead
on evaluating how changes in building representation, under standardized parameters and consistent and controlled model set-
tings, influence the simulation results. The core objective is to compare the scenarios against one another to isolate the effects

of different building representations, independent of calibration influences. While a comparison to observed flood data is also
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included for context at the end of the manuscript, the primary focus remains on the internal consistency and relative differences

between scenarios.

Land category Manning roughness coefficient [m~1/3 5] Coverage [%]
Forest 0.084 52.17
Vegetation 0.055 18.82
Built-up/sealed areas 0.020 11.37
Bare soil 0.035 4.82
Agriculture 0.029 11.86
River channel 0.016 0.44
Waterbodies 0.050 0.52

Table 1. Land cover types, their corresponding Manning roughness coefficients, and their proportional coverage within the domain.

3.2.2 Flood event data for the inflow boundary

Inflow to the models is based on the reconstructed water levels (in meters above sea level) at the Altenahr gauge, provided by
the flood warning center of Rhineland-Palatinate (Mohr et al., 2022). This reconstruction was necessary because the gauge was
destroyed during the 2021 event. For model setup, the reconstructed water levels are applied to cells of the river cross section
at the western boundary of the model domain. To account for overbank flow, additional cells adjacent to the river channel with
elevations below the peak water level of the flood hydrograph were also included. Water depths are assigned to these cells
only when river water levels surpass their elevations. The reconstructed water level timeseries at the Altenahr gauge, used as

boundary condition in the model is depicted in Figure Al.

4 Results and discussion
4.1 Flood dynamics

Figure 2 presents the maximum inundated areas with water depths exceeding 1 cm and 100 cm for the following building
scenarios: no building (NoB), building blocks (BB), building hole (BH), and increased building resistance by 2x (BR2x), 3x
(BR3x), 5x (BR5x), and 10x (BR10x), across model resolutions of dx = 1, 2, 5, and 10 m. To allow for a clearer comparison,
inundated cells corresponding to building footprints are excluded. Additionally, to highlight differences more clearly, the
flooded area for each resolution is normalized by the flooded area of the NoB scenario and presented in subfigures b and d. The
results show that the different building scenarios produce flood extents with variations of up to 15% for water depths exceeding
1 cm and up to 18% for depths above 100 cm. This indicates that building representation has a slightly greater impact on
simulating deeper flooding, which typically causes the most significant damage during flood events. It is also worth noting

that the BR10X scenario with the most increased surface resistance shows the greatest deviation in flooded areas compared
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to other configurations. In contrast, differences in simulated flood extents among the other setups remain below 10% across
all resolutions, indicating that building representation has a limited impact on overall flood extent. Moreover, the BB and
180 BH setups show the highest flooded areas while the increased resistance setups result in the least flooded area, with the
BR10X resulting in the smallest extents. Regarding the influence of model resolution, the most pronounced differences in
flood extent among building scenarios are observed in the coarsest resolution (dx = 10 m), underscoring the critical role of
building representation when dealing with coarser-resolution models. One reason for this can be due to the building cells being
larger and occupying a greater portion of the domain in coarser setups, thereby exerting a stronger influence on flow dynamics

185 during simulations.
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Figure 2. Maximum inundated areas with water depths above (a) 1 and (c) 100 cm for the building scenarios: no building (NoB), buildings
blocks (BB), building hole (BH), increased building resistance of 2x (BR2x), 3x (BR3x), 5x BR(5x) and 10x (BR10x) for model resolutions
dx =1, 2,5 and 10 m. Subfigures (b) and (d) show the normalized maximum inundated areas relative to the corresponding values from the

No Building (NoB) scenario.
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Although it is seen that the different building representations result in relatively similar flood extents, the differences become
noticeable when inspecting the flood maps in detail. Figure 3 presents a close-up of the Ahrweiler region, showing the maxi-
mum water depth for various building scenarios: no building (NoB) (top left), building blocks (BB) (top right), building hole
(BH) (bottom left) and increased building resistance by 10x (BR10x) (bottom right) for a model resolution of dx = 5 m. In the
BB and BH cases, the seen larger flooded areas may be attributed to the same volume of water spreading over a smaller space
and going through narrower and more distinct flow paths (i.e. mainly streets), which is the result of the removal or elevation
of building footprints. In contrast, the increased roughness resistance leads to a smaller flood extent. This is due to the higher
roughness of the building footprint cells, which in term can slow down the spread of the flood, causing the flow to cover a
shorter distance. However, based on Figure 2 the differences in flood extents are relatively small. A larger portion of this result
has to be attributed to the fact that the simulated floods all cover the whole valley flood from side to side, thus the differences
in simulated flood extent is not only influenced by the model setup, but also the geographical situation. Furthermore, as seen in
Figure 3, there are also differences in simulated water depths, with the BB and BH scenarios showing greater depths, particu-
larly in comparison to the NoB and increased resistance configurations. This can be attributed to the reduced flow area caused
by the exclusion or elevation of buildings in the BH and BB setups, which leads to the concentration of higher water levels
in the remaining narrower flow paths. In the NoB and BR scenarios the water volume is also distributed over a larger area,
generally leading to lower water depths. Additionally, it should be noted that the flood paths in the NoB and building resistance
scenarios are likely more dispersed, as these configurations allow for the redistribution of water over building footprints and
involve fewer flow-blocking situations. Since water depths and flooded areas are commonly used as input data for flood impact
and risk assessments, our results demonstrate that the representation of buildings in the model can significantly influence the

outcomes of these analyses.

10
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Figure 3. Detailed view at Ahrweiler of the maximum water depth of the building scenarios: no building (NoB) (top left), buildings blocks
(BB) (top right), building hole (BH) (bottom left) and increased building resistance of 10x (BR10x) (bottom right) for model resolution dx =
5 m. Black lines represent building footprints based on the LoD1-DE dataset

And it’s not just the variations in water depths across different building representations; differences in flow velocities are also
observed, as expected from the model setups. Figure 4 provides a detailed view of the maximum water velocity in Ahrweiler
for the building scenarios: no building (NoB) (top left), building blocks (BB) (top right), building hole (BH) (bottom left), and
increased building resistance by 10x (BR10x) (bottom right), all with a model resolution of dx = 5 m. Significant differences in
water velocities are apparent among the four setups. The NoB configuration shows evenly distributed velocities ranging from
2 to 4 m/s, while the BB and BH setups reveal more concentrated, faster flows, with velocities exceeding 4 m/s. The BR10x
scenario demonstrates that increasing the roughness Manning value in the building footprint drastically reduces flow velocities,
with all cells registering velocities below 2 m/s. Flow velocity is a critical factor in calculating many flood impact indicators,
such as human instability or floating car maps (Apel et al., 2022; Khosh Bin Ghomash et al., 2025a). Our findings clearly
indicate that the choice of building representation can substantially influence simulated urban flood water flows, ultimately

affecting the outcomes of flood impact and risk assessments.

11



220

225

https://doi.org/10.5194/egusphere-2025-2304
Preprint. Discussion started: 17 June 2025 EG U h
© Author(s) 2025. CC BY 4.0 License. spnere

0.01

Figure 4. Detailed view at Ahrweiler of the maximum water velocity of the building scenarios: no building (NoB) (top left), buildings blocks
(BB) (top right), building hole (BH) (bottom left) and increased building resistance of 10x (BR10x) (bottom right) for model resolution dx =

5 m.

To gain a more quantitative understanding of how different building representations influence water depth and velocity,
Figure 5 shows the distributions of maximum flow depths (for cells exceeding 0.01 m) and maximum flow velocities (for ve-
locities above 0.01 m/s) across the whole simulation domain. The comparison includes four building representation scenarios:
no buildings (NoB), building blocks (BB), building holes (BH), and increased building resistance by a factor of 10 (BR10x), all
at a resolution of dx =5 m. Regarding water depth, the BB and BH scenarios exhibit a greater number of cells with higher water
depths, aligning with the trends observed in Figure 3. In contrast, the BR10x scenario yields the lowest water depths, which is
also consistent with Figure 3. As for flow velocity, the increased resistance approach (BR10x) leads to more extensive flooded
areas characterized by very low velocities, mostly below 1 m/s. Conversely, the BB and BH representations show larger areas
experiencing significantly higher velocities, indicating more dynamic and realistic flow behavior. These results reinforce the

view that the BB and BH approaches better capture the flow dynamics compared to the increased resistance method. Overall,

12
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these findings support the conclusion drawn by Néelz and Pender (2007), which suggested that while increased resistance may

be adequate for simulating flood extents, it is likely to produce inaccurate representations of urban flood dynamics.
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Figure 5. Distributions of (a) maximum flow depths (cells above 0.01 m) and (b) maximum flow velocities (velocities above 0.01 m/s) in the
simulation domain for building scenarios: no building (NoB), buildings blocks (BB), building hole (BH), and increased building resistance

of 10x (BR10x). The results are for the dx = 5 m setups.
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4.2 Flood impact

As seen in the previous sections, although different building representations lead to relatively similar flood extents, substantial
differences emerge in the simulated flow dynamics, particularly in velocity and depth patterns. These dynamic variations
have important implications for flood impact assessments that go beyond mere inundation mapping. To demonstrate this, we
calculated human instability maps for each building representation using the method proposed by Jonkman and Penning-
Rowsell (2008), which evaluates the potential for people to lose stability in floodwaters based on combined water depth and
velocity. We adopted a conservative critical threshold of 1 m?/s, which reflects the instability risk for lightweight individuals and
serves as a buffer for uncertainties inherent in hydrodynamic modeling, especially regarding velocity estimates near structures
and sharp gradients.

The resulting instability areas differ notably among the scenarios. For the NoB, BH, and BR10x configurations, the spatial
extents where human instability is likely were computed as 9.81, 9.03, and 6.4 km?, respectively, for simulations conducted at
a 5 m resolution. These values underscore how different representations of buildings in the model can significantly influence
hazard estimates that are critical to public safety. For illustrative purposes, Figure 6 displays a detailed view of the human
instability indicator in a subsection of Ahrweiler. The maps for the NoB (top), BH (middle), and BR10x (bottom) scenarios
visibly contrast the resulting risk zones. The BR10x scenario, which incorporates higher building resistance, shows a markedly
reduced area of human instability, indicating that increased structural resistance alters local flow paths and attenuates velocities
that would otherwise pose a hazard to human life.

These findings highlight a crucial point: while flood extent alone may suggest minimal sensitivity to building representation,
the underlying hydrodynamic behavior—and by extension, human exposure and risk—can vary substantially. This has direct
implications for flood risk management, emergency planning, and urban resilience strategies. If flow velocities and resulting
human instability zones are underestimated or overestimated due to simplified or inappropriate building representations, mit-
igation measures may be misallocated, and evacuation planning may fail to protect vulnerable populations adequately. Thus,
careful consideration of building representation in urban flood modeling is essential not only for hydraulic realism but also for
informing high-stakes decisions in disaster preparedness and response.

Lastly, since computational time is a key factor in selecting data for hydrodynamic models, it’s important to highlight that
the different building representations lead to only minor variations in computational cost. With the simulation runtimes on a
single Nvidia A100 GPU being approximately in the range of 5, 28, 321, and 1554 minutes for grid resolutions of 10, 5, 2,
and 1 meter, respectively. Naturally, these times can be significantly reduced by increasing the number of GPUs used in the

simulations.
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0 1 2 km
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Figure 6. Detailed view at Ahrweiler of the human instability indicator for the building scenarios: no building (NoB) (left), building hole
(BH) (center) and increased building resistance of 10x (BR10x) (right) for model resolution dx = 5 m. The critical value for human instability

was set to 1 m?s™*, following Jonkman and Penning-Rowsell (2008). Satellite imagery: © Google Earth 2025.
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4.3 Comparison to observations

Here, we compare the simulation results to observations from the actual 2021 flood event. This includes the observed flood
260 extent provided by the State Agency for the Environment of Rhineland-Palatinate (LfU — Landesamt fiir Umwelt), as well as
water depth measurements reported by residents at 65 locations (Apel et al., 2022).

In order to compare the resulting simulated flood extents to the observed flood extent of the 2021 flood event, a set of metrics
are employed. These metrics are computed by evaluating the maximum inundation maps of the RIM2D simulations against
the observed flood extent. Initially, cells are categorized based on Table 2. For this classification, RIM2D results are termed

265 ‘"simulated" and the 2021 observed extent "observed". A confusion map is generated from each comparison, providing the total
counts for the indices presented in Table 2. These counts are then utilized to compute the domain-wide inundation metrics as

illustrated in Table 3. These metrics are based on works by Wing et al. (2017) and Bernini and Franchini (2013).

Simulated
Wet Dry
Wet  True Positive (TP)  False Negative (FN)

Dry False Positive (FP)  True Negative (TN)
Table 2. Inundation confusion matrix. Each cell in the domain for a given simulation is compared to the corresponding cell in the observed

Observed

grid and classified according to this table.

Metric Equation Poor Perfect  Description
.. TP ratio of accurate wet cells to total wet cells and missed wet
Critical Success Index _ 0 1
TP+ FP+FN cells
Hit Rate L 0 1 ortion of observed wet cells reproduced by the model
TP+ FN P P Y

TP+ FP

Bias Percentage Indicator 100 <m -

1) -100 or 100 O relative percentage error of the final extent of the flooded area

Table 3. Flood inundation performance metrics

Figure 7 shows the comparison of flooded areas using the Critical Success Index (CSI), Hit Rate (HR), and Bias Percentage
Indicator (BI). The indices are presented for various building scenarios: no building (NoB), buildings blocks (BB), building

270 hole (BH), and increased building resistance by factors of 2x (BR2x), 3x (BR3x), 5x (BR5x), and 10x (BR10x), across model
resolutions of dx = 1, 2, 5, and 10 m. Overall, the RIM2D model demonstrates high accuracy in reproducing flood extents
across all building scenarios, with all scenarios achieving high scores on all three indices. Even the scenario without buildings

in the model (NoB) attains high scores (e.g., CSI scores above 0.80 in Figure 7a). These results are in line with findings of
Khosh Bin Ghomash et al. (2025b) that showed that calibration is not really necessary for simulation of flood extents in Ahr

275 valley at a good accuracy but is more needed for simulation of flow dynamics in the river channel. This finding, however, has to

be partly attributed to the widespread flooding of the valley from from side to side. More differentiation between the different
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model setups has to be expected in situations with less confined floodplains. In general from the figure it is seen typically higher
resolutions across all setups result in higher scores compared to lower resolutions, which is an expected result. It is worth noting
that the differences in performance scores between the various building representation scenarios are more pronounced in the
coarser resolution setup (dx = 10 m) compared to the finer resolution configurations. This may be attributed to the larger cell
size in the coarser grid, which causes building footprints to occupy a greater spatial extent and thus exert a stronger influence
on flow dynamics. This observation highlights the critical importance of accurate building representation in coarser-resolution

models, which are often favored due to their lower computational demands or the unavailability of high-resolution data.
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(a) Critical Success Index (b) Hit Rate (c) Bias Percentage Indicator

Figure 7. Comparison of flooded areas with the indices’ Critical Success Index (CSI), Hit Rate (HR) and Bias Percentage Indicator (BI).
The flooded areas of the building scenarios: no building (NoB), buildings blocks (BB), building hole (BH), increased building resistance of
2x (BR2x), 3x (BR3x), 5x BR(5x) and 10x (BR10x) for model resolutions dx = 1, 2, 5 and 10 m are presented.

In order to quantify the performance in terms of flood depths, simulated water depths in the domain are compared with
observation water marks reported by the residents. In this context it has to be noted that the observations were not systematically
surveyed, but simply reported by the residence without knowledge on how the measurements were taken or what the vertical
datum for the measurements were. Thus there is an unknown quantity of uncertainty associated to the observations, which needs
to be taken into account when interpreting the performance values. For the quantification of the performance two indicators,
Bias and Root Mean Square Error (RMSE), were used. The Bias is calculated as follows:

Bias = - 320 (9 — i)

and RMSE is calculated as:

RMSE = \/% S (G —yi)?

In both equations:

— n is the total number of observations.

— g, represents the simulated values.
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— y, represents the observed values.

Figure 8 presents the resulting RMSE and Bias values for all the building representation methods for resolutions 1,2, 5 and 10
m. The evaluation of model performance across different building representation scenarios and grid resolutions reveals mainly
mixed insights. At finer resolutions (dx = 1 m and 2 m), resistance-based approaches yield lower RMSE values compared
to explicit building representations (BB and BH); however, at coarser resolutions (dx = 5 and 10 m), the BB and BH setups
result in lower RMSE values. With regards to bias, resistance-based scenarios exhibit increasingly negative bias, indicating
a systematic underestimation of water depths. In contrast, at coarser resolutions, the BB and BH scenarios maintain a more
balanced bias—closer to zero, where they also tend to outperform other methods in terms of RMSE. Generally, BB and BH
offer a more physically realistic representation of urban structures and demonstrate acceptable performance across varying
resolutions, especially in coarser grids where building representation exerts a stronger influence on flow dynamics. Most
importantly, these results show uncalibrated model results. For getting more accurate simulations of water depths calibration
is essential (Khosh Bin Ghomash et al., 2025b), because in essence the roughness calibration has to compensate the effects of
resolution on flood dynamics and thus flood depths. Calibration may thus very likely shift the relative performance of different
building representation approaches. Nonetheless, the results clearly highlight that the choice of building representation leads
to notable differences in simulated water depths, underlining its importance in urban flood modeling. Therefore, selecting an

appropriate building representation should consider calibration potential and the intended application of the model.
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Figure 8. Calculated RMSE (a) and Bias (b) for comparison of simulated water depths to observed in 65 locations in the domain for the

building scenarios: no building (NoB), buildings blocks (BB), building hole (BH), increased building resistance of 2x (BR2x), 3x (BR3x),
5x BR(5x) and 10x (BR10x) for model resolutions dx = 1, 2, 5 and 10 m.
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5 Conclusions

This study assessed the influence of different building representation techniques on flood hydrodynamic modeling outcomes,
using the 2021 Ahr Valley flood as a test case. By evaluating three building representation methods — Building Block (BB),
Building Hole (BH), and Building Resistance (BR) — across various model resolutions, we demonstrated that the choice of
building representation plays a significant role particularly for the simulation of water depths and flow velocities.

Our findings indicate that while all building representation scenarios generally produced reasonable flood extents-with dif-
ferences of up to 15%- there were more pronounced discrepancies in the finer details of water depth and velocity distributions.
The BB and BH methods consistently resulted in greater food extents, water depths and higher velocities, especially in ur-
ban areas where buildings obstructed or redirected floodwaters. The increased resistance setups on the other hand resulted
in smaller extents with slower and shallower flow. These variations can have profound implications for flood impact assess-
ments, as deeper and faster-flowing water can lead to more severe flood impacts, such as heightened risks of human instability,
infrastructure damage, and increased flood hazard zones.

Furthermore, the study revealed a strong interaction between model resolution and building representation accuracy. It was
demonstrated that the influence of building representation on simulated flood extent is more pronounced at coarser spatial
resolutions, which are often favored due to reduced computational demands or limited availability of high-resolution data.
At these coarser resolutions, variations in building representation led to larger discrepancies in the simulated flood extents.
Moreover with regards to accuracy, at coarser resolutions (e.g., dx = 10 m), the BH and BB methods emerged as the most
reliable approach, producing the most accurate flood extent predictions when compared to observed flood data. This is likely
due to the methods ability to account for the physical blocking effect of buildings, even when individual structures are less
precisely defined at coarser scales. In contrast, at finer resolutions (e.g., dx = 1-2 m), the increased resistance method provided
slightly better flood extent predictions in the presented case study. This comes, however, at the cost of large deviations of the
simulated water depths and velocities. The increased resistance method was shown to highly underestimate the flow depth and
velocity during the simulations compared to the other building representation methods. This underscores the potential risks of
oversimplifying building representation in flood modeling. Simplified approaches, such as using a uniform resistance factor,
may lead to underestimations of flood impacts, particularly in densely built-up areas. Given that water depths and velocities
directly inform flood risk assessments and potentially also flood forecasts and disaster management, such inaccuracies could
lead to significant errors in evaluating potential flood damage, human safety, and emergency response planning. Moreover, it
should be pointed out that for optimized flow depth and velocity predictions, calibration would be required, regardless of the
building representation method used.

In practical terms, this research provides important guidance for flood risk practitioners and modelers, especially for mod-
eling endeavors in the studied area. If flood extent is the only concern, then a coarse resolution model with any of the building
representation techniques, even the increased resistance approach might be an appropriate choice. However, as the flood extent
in this case study is confined by a narrow valley floor floodplain, the latter finding cannot be generalized. Moreover, for all

other applications, where the flood dynamics are important, the BH or BB approaches should be used. The resolution to be
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chosen depends on the actual problem at hand, but from the presented results, the 5 m resolution appears to be sufficient to
represent the urban flood dynamics in typical Central European settings-a finding also in line with other recent flood modeling
studies conducted in similar regions (Apel et al., 2024; Khosh Bin Ghomash et al., 2025a).
In conclusion, the presented study and literature highlight the importance of the representation of buildings urban flood
350 modeling, affecting the accuracy and reliability of flood extent and flow dynamics simulation as well as impact assessments.
Although this is shown for a single case study only, the supporting literature and the underlying theoretical considerations
support a generalization of this finding beyond the test study.
For even more realistic urban flow simulations, future studies should consider more complex building representations that
account for factors such as flow-through effects, which could further refine flood modeling accuracy in complex urban land-
355 scapes. Additionally, expanding this research to different flood events, urban configurations, and building structures will help
establishing a larger empirical database for generalized guidelines for selecting appropriate building representation methods.
By incorporating these considerations, hydrodynamic models can better inform flood risk management, adaptation planning,
and mitigation strategies, ultimately contributing to more resilient urban communities in the face of increasing flood hazards

driven by climate change and urbanization.

360 Code availability. RIM2D is available at https://git.gfz-potsdam.de/hydro/rfm/rim2d (last access: 16 April 2025). RIM2D is open-source for

scientific use under the EUPL1.2 license. Access is granted upon request. The simulations were performed with version 0.2.

Data availability. The land cover raster, which was used to assign roughness values to the simulation domain, is openly accessible at
https://www.mundialis.de/en/germany-2020-land-cover-based-on-sentinel-2-data/ (last access: 16 April 2025).
The 1m DTM has recently been made available at https://gdz.bkg.bund.de/index.php/default/digitale-geodaten/digitale-gelandemodelle/digitales-
365 oberfaechenmodell-dom1.html (last access: 16 April 2025).
Flood extent data were obtained from the UFZ data investigation portal via https://doi.org/10.48758/ufz.14607 (Najafi et al., 2024).
The LoD1-DE building dataset can be requested and attained from the German Federal Agency for Cartography and Geodesy (BKG) via
https://gdz.bkg.bund.de/index.php/default/3d-gebaudemodelle-lod 1-deutschland-lod1-de.html (last access: 16 April 2025).
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Appendix A: Supplementary Material: reconstructed water level timeseries at the Altenahr gauge

Water Level Timeseries at Altenahr
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Figure Al. The reconstructed water level timeseries at the Altenahr gauge, used as boundary condition in the model. The first timestep in

the timeseries is at 2021-7-14 12:30:00.
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