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Abstract Floods are expected to increase in frequency and severity due to climate change. Recent floods
have shown that many catchments worldwide are vulnerable to floods, highlighting the need for additional
adaptation measures. This study extends the Geographical, Environmental, and Behavioral (GEB) model by
coupling it to a hydrodynamic and a flood risk model to assess the effects of dry‐proofing, wet‐proofing,
retention ponds, reforestation, and the creation of natural grassland. A key innovation is the integration of all
local‐scale models, thereby allowing for a catchment‐wide assessment of the impacts of various measures on
interlinked hydrological conditions, flood extents and depths, damages, and risk. We apply our method to the
Geul catchment (shared between the Netherlands, Belgium and Germany), which was heavily flooded in July
2021. Our results show that reforestation and creation of natural grassland (both 10 km2) reduce flood extent by
12% and average water depth by 10%. Damage is decreased up to 38%. Larger retention ponds (1 m deeper) have
a much smaller reduction in flood extent (3%), depth (0.5%) and damage (1.6%), due to limited storage capacity
compared to excess rainfall. The building‐level adaptation scenarios outperform all nature‐based solutions, with
dry‐proofing reducing more damage (up to 95%) than wet‐proofing (around 55%). A cost‐benefit analysis shows
that several adaptation measures are economically attractive. Overall, our findings show a coupled model is
essential for comparing the relative effectiveness of different flood adaptation measures and supporting
informed risk management decisions. The open‐source model is transferable to other catchments worldwide to
guide decision‐making.

Plain Language Summary Floods are expected to increase in frequency and severity due to climate
change, threatening people worldwide. To limit future damage, additional adaptation measures are needed.
Understanding how well these measures work requires reliable models. However, different measures often
require different types of models, which makes it difficult to compare their effectiveness. Therefore, in this
study, we further develop the Geographical, Environmental, and Behavioral (GEB) model so that several
adaptation measures can be assessed within a single framework. We simulate the effects of nature‐based
solutions (retention ponds, reforestation, creating natural grasslands) and building‐level adaptation measures
(dry‐proofing, wet‐proofing). The model is applied to the Geul catchment, which experienced severe flooding in
July 2021. Our results show that creating larger retention ponds has only limited effectiveness, reducing damage
by only 1.6%. Reforestation and creating natural grassland result in a damage reduction of 38%. The most
effective measures are the building‐level adaptation measures, which reduce damage by 55% (wet‐proofing) and
95% (dry‐proofing). The improved GEB model can also be used in other regions to assess how effective these
measures might be elsewhere.

1. Introduction
Flooding causes large damages: in the period 2018–2022 global flood losses amounted to $300 billion (Munich
RE, 2023). It is expected that the frequency and severity of floods will increase because of climate change (Arnell
& Gosling, 2016). One of the recent, large flood events was the July 2021 flood that hit parts of Northwestern
Europe, severely impacting Germany, Belgium, and the Netherlands, leading to over 200 casualties (Mohr
et al., 2023). In the Netherlands, no fatalities occurred, but direct damages were in the hundreds of millions
(Jonkman et al., 2023). One of the worst hit places was the city of Valkenburg along the Geul river, a trans-
boundary tributary of the Meuse river. The Netherlands has the highest flood safety standards in the world (Chan
et al., 2022), which has been achieved primarily by building levees. However, these high safety standards are only
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applicable to the coast and major rivers (Meuse and Rhine rivers) and not to small tributaries such as the Geul,
which has an average discharge of only ∼4 m3/s (Tsiokanos et al., 2024). In this setting, high levees are not
feasible because of the lack of space, high costs, or factors that may influence the aesthetic character of the area
(e.g., Aerts, 2018).

Therefore, smaller‐scale measures need to be considered in addition to flood protection works. Households can,
for example, reduce their flood risk by implementing wet‐ or dry‐proofing measures (Endendijk et al., 2023a).
With wet‐proofing measures, water can still enter the home, but damage is minimized. For example, flood losses
can be reduced by placing electrical installations at higher locations or by changing a wooden floor into a more
water‐resistant tile floor. Dry‐proofing measures, e.g., by installing a flood shield at the front of a house, aim to
prevent floodwater from entering (e.g., Aerts & Botzen, 2011). These relatively inexpensive building‐level
measures can reduce flood damage by up to 40% (Endendijk et al., 2023a).

However, not all damage can be prevented with building‐level measures. Therefore, the government in the Geul
area is assessing the added value of nature‐based solutions (NBSs) in upstream rural areas (Otto et al., 2016;
Santoro et al., 2019). These measures aim to create or restore ecosystems while reducing flood risk. Upstream
NBS measures include reforestation and wetland restoration to enhance evaporation and storage (Gutman, 2019;
Nadal‐Romero et al., 2023). Downstream NBSs include enhancing the natural flow of rivers by reintroducing
meandering to slow down discharge (Della Justina et al., 2019). Several studies have analyzed the effects of NBSs
on flood peaks, flood extent, and flood risk (e.g., Agarwal et al., 2024; Ferreira et al., 2020; Guido et al., 2023;
Ruangpan et al., 2020). While these studies show the potential of NBSs to reduce flood hazard and risk at the local
scale, Ruangpan et al. (2020) state that there is a research gap in assessing the effects of NBSs at a catchment
scale. Furthermore, only a few studies (e.g., Lallemant et al., 2021; Pudar et al., 2020; Ruangpan et al., 2024) have
valued the flood risk reduction of NBSs in monetary terms through a modeling approach. For example, Lallemant
et al. (2021), in a case study in Myanmar, found that reforestation can reduce flood risk by $1 million/year by
2040, corresponding to a 14% decrease in expected annual damage (EAD). Pudar et al. (2020) calculated that
detention ponds can reduce flood risk by €3.45 million/year (86% decrease in EAD) in Serbia. Ruangpan
et al. (2024) investigated the effects of several NBSs in Serbia. They found a flood risk reduction of €0.488
million/year for reforestation (11% decrease in EAD), €1.394 million/year for retention ponds (32% decrease in
EAD) and €0.0097 million/year for floodplain restoration (2% decrease in EAD).

The existing studies on the performance of NBSs for reducing flood risk seem promising. Yet, in practice, the
uptake of NBSs remains limited because knowledge is lacking on their (monetary) benefits, especially at a
catchment level, including their relative contribution compared to other types of measures (Martin et al., 2025;
Opperman & Galloway, 2022). For example, most NBS‐studies evaluate only one local NBS measure (e.g.,
Lallemant et al., 2021; Pudar et al., 2020), while several of these measures can be implemented simultaneously in
a river catchment. Furthermore, to make informed decisions, it is necessary to compare the effectiveness of
different NBSs to other types of measures (large‐ and local‐scale flood protection) and test combinations of
various measures under different flooding scenarios (Kumar et al., 2021). However, in the current literature,
NBSs are only compared to large‐scale flood protection measures such as dikes (e.g., Pudar et al., 2020; Tur-
kelboom et al., 2021; Vojinovic et al., 2021).

Despite the promising first studies on the effectiveness of NBSs and building‐level measures for flood risk
reduction, to our knowledge, no studies have holistically evaluated the benefits of these different type of measures
on a catchment scale. Most studies either use a setup where they use combinations of hydrological and hydro-
dynamic models, which sometimes are manually coupled (e.g., Ferreira et al., 2020), or couple their set up to a
damage model (e.g., Lallemant et al., 2021; Vojinovic et al., 2021). However, to date, many models have lacked
an automatic setup that can evaluate the effectiveness of several types of adaptation measures, such as NBSs,
building‐level measures, or technical measures, which have interlinked effects on hydrological conditions, flood
extents and depths, damages and flood risk. Moreover, a holistic evaluation (e.g., through cost‐benefit analysis,
CBA) has been done for NBSs (e.g., Ruangpan et al., 2024) and for combinations of gray and green measures
(e.g., Le Coent et al., 2021) but has not yet been implemented in a comparison of NBSs and building‐level
measures.

Given these research gaps, the aim of this paper is to assess the risk reduction of building‐level adaptation
measures and three NBSs (retention ponds, reforestation, and the creation of natural grassland instead of crop-
land). All measures are modeled in a way that reflects their maximum possible effect. The Geul catchment in the

Supervision: Jens de Bruijn,
Hans de Moel, Tim Busker,
W. J. Wouter Botzen, Jeroen C. J. H. Aerts
Validation: Veerle C. Bril
Visualization: Veerle C. Bril
Writing – original draft: Veerle C. Bril
Writing – review & editing: Veerle
C. Bril, Jens de Bruijn, Hans de Moel,
Tarun Sadana, Tim Busker,
W. J. Wouter Botzen, Jeroen C. J. H. Aerts

Water Resources Research 10.1029/2025WR041436

BRIL ET AL. 2 of 21

 19447973, 2026, 3, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025W

R
041436 by C

ochraneA
ustria, W

iley O
nline L

ibrary on [16/03/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Netherlands is used as an exemplar of small, flood‐prone river basins in temperate Europe, where additional
adaptation measures are needed to reduce flood risk. This case is particularly relevant because the regional Water
Board (a governmental organization responsible for water management) is currently developing NBSs such as
retention ponds and considering more widespread adoption of building‐level adaptation measures. The results of
this study therefore provide both scientific insights and practical guidance for the implementation of such
measures in similar international contexts.

To achieve this aim, the study has the following objectives: (a) to extend the open‐source socio‐hydrological
model GEB (Geographical, Environmental and Behavioral model; De Bruijn et al., 2023) with the hydrodynamic
model SFINCS and an object‐based flood risk model; (b) to use detailed building‐level exposure and vulnerability
data in the flood risk model, with data specifically collected for our case study area; (c) to perform CBA of all
measures. This approach allows for a detailed, object‐based assessment of flood risk reduction strategies and their
implications for flood risk management in small, flood‐prone catchments.

The remainder of the paper is structured as follows: Section 2 describes the Geul case study area, after which we
explain our methodology (Section 3) and present the main results (Section 4). We discuss these results in Sec-
tion 5, after which we provide our main conclusions in Section 6.

2. Case Study Description
The Geul River is a tributary of the Meuse and is located in the Netherlands, Belgium, and Germany (Figure 1).
The total catchment area is approximately 340 km2 (Van Heeringen et al., 2022). The Geul River flows through a
hilly catchment with elevation ranging from 50 to approximately 340 m over a distance of 58 km (Van Heeringen
et al., 2022). The yearly average precipitation is ∼870 mm/year with only slightly more rainfall in the winter
period (Tsiokanos et al., 2024). The land use can be roughly divided into three zones: agriculture on the plateaus,
forest on the steep hills and grassland in the river valleys (Van Heeringen et al., 2022). During heavy rainfall
events, the water flows quickly from the hills into the streams, resulting in local flash floods and damage to
buildings. For the Dutch part of the catchment, the regional flood protection standard is 1 in 25 years, and the

Figure 1. (a) Location of the Geul River catchment area, together with the stream network and the elevation, (b) Locations of reforestation scenario (see 3.4),
(c) Locations of cropland that is converted into natural grassland (see 3.4), (d) Locations of the existing retention ponds in lighter blue and newly created ponds in dark
blue, and (e) All houses located in the 1 in 1,000 years floodzone which are used for the dry‐ and wet‐proofing scenarios (see 3.5).
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development and maintenance of flood protection measures is the responsibility of the local water authority,
which is the Water Board Limburg (ENW ‐ Task Force Fact Finding Hoogwater, 2021).

In July 2021, Germany, Belgium, and the Netherlands were struck by heavy rainfall and severe floods. In the
Netherlands, 150–200 mm was recorded in 28 hr in the area surrounding the Geul catchment, which resulted in
large‐scale flooding (Mohr et al., 2023; Tsiokanos et al., 2024). The Geul River also flooded, reaching estimated
peak discharges of 100 m3/s (ENW ‐ Task Force Fact Finding Hoogwater, 2021). The total damage in the region is
estimated at approximately €250 million (ENW ‐ Task Force Fact Finding Hoogwater, 2021; Kok et al., 2023).
Following this event, a discussion was initiated to develop new flood adaptation measures for the area (Jonkman
et al., 2023).

3. Methodology
Figure 2 presents a framework to evaluate the performance of several NBSs and building‐level adaptation
measures, the components of which are described in detail in the sections below. The yellow boxes represent input
data sets: precipitation data (3.1.2), static geographic input data describing the catchment (3.1.3), and infiltration
data (3.1.4). The circles represent model outputs. The input data is used in the hydrodynamic model SFINCS
(3.1.1) to generate flood extent maps for several return periods based on rainfall statistics. In Section 3.2, the
exposure (3.2.1) and vulnerability (3.2.2) data are described, which are used to calculate damage for each flood
event. In Section 3.3, the simulations are compared to observed flood hazard data to validate the model. In the
baseline model, two types of measures are introduced: NBSs (3.4) and building‐level adaptation measures (3.5).
In Section 3.6, the performance of the measures is evaluated using flood extent, average flood depth, damages,
and costs. The damages and costs are combined into a cost‐benefit analysis (CBA).

The framework is implemented in the existing GEB model (de Bruijn et al., 2023; Kalthof et al., 2025). GEB has
been used before to simulate the adaptation decisions of farmers under drought conditions (de Bruijn et al., 2023;
Kalthof et al., 2025). The model previously consisted of a hydrological module and an agent‐based model (i.e., a

Figure 2. Framework depicting the modeling steps taken in the analysis. GEB = Geographical, Environmental, and Behavioral model; ERA = ECMWF Re‐Analysis,
STOWA = Stichting Toegepast Onderzoek Waterbeheer (translation: Foundation for Applied Research in Water Management), ESA = European Space Agency,
SFINCS= hydrodynamic model (Super‐Fast INundation of CoastS); DEM=Digital ElevationModel; OSM=OpenStreetMap. Numbers indicate the sections in which
each step is described.

Water Resources Research 10.1029/2025WR041436

BRIL ET AL. 4 of 21

 19447973, 2026, 3, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025W

R
041436 by C

ochraneA
ustria, W

iley O
nline L

ibrary on [16/03/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



model designed to capture the behavior of autonomous individuals farmers, Kalthof et al., 2025), but non‐farming
households were not included individually. In this paper we expand the model by integrating the hydrodynamic
model SFINCS (Section 3.1.1) and by creating a new flood risk module (Section 3.2). We also (for the first time)
include individual non‐farming households and their homes, but in this paper have not yet implemented auton-
omous dynamic behavior for household agents. This is, however, ongoing work and will be included in a future
version. Thus, in this manuscript, we do not use autonomous decisions to simulate adaptation decisions, instead
our objective is to assess the maximum potential flood risk reduction achievable by a set of adaptation measures,
both by individuals and governments.

3.1. Hazard

3.1.1. SFINCS Model

SFINCS is a 2D hydrodynamic model with reduced complexity, allowing for rapid simulations (Leijnse
et al., 2021). It uses the simplified Saint‐Venant equations of mass and momentum and subgrid discretization
(Leijnse et al., 2021). SFINCS has been successfully used to simulate compound flooding (Leijnse et al., 2021)
and coastal flood hazard (Parodi et al., 2020; Röbke et al., 2021), as well as studies to assess flood damages (e.g.,
Sebastian et al., 2021). SFINCS can be set up with different types of forcing data, such as storm surge, precip-
itation rates, or upstream discharge. In this study, we use SFINCS to set up a flood model where precipitation is
used as the primary forcing, because there is no inflow from other rivers within the Geul catchment. We chose to
use SFINCS in this study because of the short computation time, which makes it possible to compare a wide range
of alternative adaptation scenarios and rainfall events. We run SFINCS at a spatial resolution of 5 m with a grid of
60 m and a subgrid of 12 cells per gridcell. We did not calibrate the model.

3.1.2. Precipitation Data

We create design rainfall events for each return period using national extreme value rainfall statistics from
STOWA (see Table S1 in Supporting Information S1; Nicolai et al., 2024). We assume that the total accumulated
rainfall falls evenly in time and space; therefore, each pixel receives the same amount of rainfall every hour. We
use return periods ranging from 25 to 1,000 years, since floods with smaller return periods are assumed to be fully
protected against, given that the protection standard in the catchment is 1 in 25 years. For validation of our model,
we also add the actual 2021 flood event, thus allowing comparison with observations. Precipitation data from the
ERA5‐Land data set is used for the period 02‐07‐2021 until 16‐07‐2021 covering the 2021 flood event, including
several days before and after the event (Muñoz Sabater, 2019). Averaged over the catchment, the ERA5‐Land
rainfall during this event was 97 mm over 48 hr (during July 14th and 15th), corresponding to a return period
of 1 in 50 years.

3.1.3. Static Geographic Input Data

Land use data: Land use patterns are derived from the ESA WorldCover 2021 data at 10 m spatial resolution
(Zanaga et al., 2022). In addition, to parametrize the SFINCS model with Manning's roughness, we use the
relation between land use types and Manning's roughness (Table S2 in Supporting Information S1) estimated by
Deltares (2024a).

River network: We use a Digital Elevation Model (DEM) with a resolution of 5 m developed by De Jong and
Asselman (2022), who merged elevation data sets from the Netherlands, Belgium, and Germany. The DEM is
then used to derive river geometries. We assume rivers in cells where the upstream area is larger than 1 km2.
Because river bathymetry data are not available, we calculate the river dimensions based on bankfull discharge as
described by Sampson et al. (2015), using the 2‐year return period value calculated from observed discharge
(29.5 m3/s) with extreme value analysis. We use the BlockMaxima method to extract maximum annual discharge
and fit a Generalized Extreme Value (GEV) distribution. Using this discharge (Q), we employ power law
equations to calculate the width (w) and depth (d), based on Andreadis et al. (2013). Andreadis et al. (2013) also
give a 95% confidence interval, which is used to calibrate the river width and depth so that the 2‐year return period
rainfall event results in no flooding (Equations 1 and 2). We burn in the rivers with their corresponding width and
depth in the DEM, resulting in a lower topography in the river channels compared to the unaltered DEM.
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w = 7.2Q0.50 (1)

d = 0.63Q0.31 (2)

where w is the river width, d is the river depth, and Q is the bankfull discharge corresponding to a 2‐year return
period.

3.1.4. Infiltration

An important process to consider in assessing the effectiveness of NBSs, is the infiltration during the event, which
is dependent on the soil moisture capacity, the actual soil moisture at the start of the event, and percolation in the
soil during the event. We use the infiltration with recovery method within SFINCS, meaning that if no rainfall
happens the soil will dry up, creating more storage capacity within the soil. To do so, it requires three input files:
the maximum soil moisture storage capacity, the soil moisture storage capacity at the start of the event, and the
saturated hydraulic conductivity (Deltares, 2024b). We calculate these inputs using the hydrological module of
the GEB model (e.g., De Bruijn et al., 2023) based on the CWatM hydrological model (Burek et al., 2019). In the
context of this study, the most notable difference from the original CWatM, is the improved soil water fluxes
based on Darcy's law and parameterization of the soil water balance equation derived from soil properties. Soil
properties are in turn based on the SoilGrids data set (Poggio et al., 2021a, 2021b), which includes data on soil
layer height, organic carbon content, sand content, clay content, and silt content. We determine the saturated water
content (which equals the maximum soil moisture storage capacity) using the pedotransfer function developed by
Tóth et al. (2015). We calculate the saturated hydraulic conductivity using Brakensiek et al. (1984). The soil
moisture storage capacity is calculated for a daily timestep. This is used to indicate the soil moisture storage
capacity at the start of the flood event. An example of these input maps is shown in Figure S1 in Supporting
Information S1.

3.2. Exposure and Vulnerability

3.2.1. Exposure

Where available, we use object‐based data from OpenStreetMap (OSM) to represent buildings, roads, and rail-
ways in flood zones (Sieg et al., 2019). OSM data has been reported to be (near) complete for the study area
(Barrington‐Leigh & Millard‐Ball, 2017; Herfort et al., 2023; Oostwegel et al., 2023). The use of OSM data is
common in flood risk analysis, demonstrating the suitability of the data for this purpose (e.g., Bubeck et al., 2019;
Figueiredo et al., 2020; Koks et al., 2019; Sieg et al., 2019; Sieg & Thieken, 2022). For simulating the exposure of
agricultural and natural areas, we use the ESA WorldCover database on a 10 m resolution, as done in similar
raster‐based flood risk assessment approaches (e.g., De Moel et al., 2011). The data set is resampled to a 5 m
resolution for use in SFINCS.

3.2.2. Vulnerability

Figure 3 shows the vulnerability curves used in this study. The vulnerability curve shows the relationship between
inundation depth and the damage factor i.e., the fraction of the maximum damage for a certain water depth (e.
g., Huizinga et al., 2017). For buildings, we use empirically derived vulnerability curves for the area, based on
data collected after the 2021 flood event (Endendijk et al., 2023a). The curves start rising quickly after a 0.1 m
water depth (damage ratio 0.5), but then rise more slowly until 5 m (damage ratio 0.8). We chose these curves
instead of the commonly used Dutch curves published in Huizinga et al. (2017), because the Huizinga curves were
created after the coastal floods in 1953 in the Netherlands, making the data partly outdated and unrepresentative of
a riverine flood (De Bruijn et al., 2015; DeMoel et al., 2025). The curves by Endendijk et al. (2023a) represent the
current vulnerability in the study region for this type of flooding. For roads, we use European vulnerability curves
and estimates of maximum damage for different road types (Van Ginkel et al., 2021). For railways, we use
Austrian curves and maximum damages from Kellerman et al. (2015), due to the lack of such data for the
Netherlands (Nirandjan et al., 2024). For nature and agriculture, we use curves developed by De Moel
et al. (2014). For nature, we take into account only clean‐up costs as the maximum damage (DeMoel et al., 2014).
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3.3. Validation

Flood extent: We use maximum flood extents during the July 2021 floods in the Netherlands (Slager et al., 2021),
based on remote sensing imagery, and compare this to the simulated flood extent to validate our model. In the
simulations, we consider a pixel flooded if water depth exceeds 0.15 m, following Wing et al. (2017). We
calculate hits (flooded pixel in both model and observations), misses (flooded pixel in observations, dry pixel in
model), and false alarms (flooded pixel in model, dry pixel in observations) (see Table S3 in Supporting In-
formation S1, adapted from Wing et al., 2017).

Hit Rate (HR): The hit rate is the ratio of correctly flooded pixels (higher is better), ranging from 0 (no flooded
observation pixels match the flooded model pixels) to 1 (all flooded observations pixels match the flooded model
pixels).

HR =
Hits

Hits +Misses
(3)

False Alarm Ratio (FAR): The FAR indicates the ratio of falsely flooded pixels (lower is better), ranging from
0 (no false alarms) to 1 (all false alarms).

FAR =
False Alarms

Hits + False Alarms
(4)

Critical Success Index (CSI): The CSI balances the hit rate (i.e., underprediction) and the FAR (i.e., over-
prediction). It can range from 0 (no match between modeled flood and observed flood) to 1 (perfect match be-
tween modeled flood and observed flood). A critical success index above 0.7 is considered good model
performance (e.g., Bernhofen et al., 2018).

CSI =
Hits

Hits +Misses + False Alarms
(5)

Water depth: Endendijk et al. (2023b) conducted a survey among inhabitants of the flooded area in July 2021 to
estimate the water depth on the streets and in houses. Each water depth is reported per 4‐digit postal code level
(PC4) (n= 305). We calculated the average water depth for each postal code. Moreover, we estimated the average
simulated water depth of the July 2021 for the same postal codes. For each postal code, we compared the average
simulated water depth to the average observed depth. Because not all postal codes have the same number of
observations, we calculated a weighted average difference for the entire catchment area, using the number of
observations per postal code as weight.

Figure 3. The vulnerability curves (left) used in this study derived from multiple sources. The damage is estimated by multiplying the damage ratio with the maximum
damages per category (right).
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Flood damages: Kok et al. (2023) reported the number of exposed assets and the associated damages after the July
2021 flood based on ENW ‐ Task Force Fact Finding Hoogwater, (2021) for the Netherlands, which we compare
to the simulated damages of the same flood event for the Dutch part of the catchment.

3.4. Nature‐Based Solutions

We implement three types of NBSs in our model. We focus on these three NBSs because they are currently being
considered by the Water Board for implementation:

1. Retention ponds: Retention ponds can temporarily store water to reduce the amount of water that flows
downstream (Mubeen et al., 2021). There are currently 151 retention ponds in the Dutch part of the catchment
(Waterboard Limburg, 2019a). Therefore, we produce a scenario where we create 37 additional retention
ponds in Belgium, and increase the storage in the current ponds by making them 1 m deeper. We do not change
the spatial extent of the ponds. We choose this configuration so that the current strategy of the water board can
be evaluated and better options can be identified. Within the model, we assign a storage volume to each cell.
Only once the storage volume is reached, does any extra water contribute to flooding the area.

2. Reforestation: Reforestation reduces flood risk through three main mechanisms. First, the porosity underneath
a reforested area is greater than underneath a non‐forest area, resulting in a larger soil water storage capacity
(Moos et al., 2018; Rüegg et al., 2022). Secondly, the saturated conductivity increases, resulting in higher
infiltration rates (Moos et al., 2018; Rüegg et al., 2022). Lastly, the water flow velocity is reduced by increased
hydraulic overland flow resistance (Moos et al., 2018; Rüegg et al., 2022). The first two mechanisms (porosity
and saturated conductivity) are implemented by developing new soil property maps, that change the bulk
density and soil organic carbon content in the topsoil layers for the reforested areas (see Figures S2 and S3 in
Supporting Information S1). Increased evapotranspiration is modeled in the hydrological model by changing
the land use from the original land use to forest. The increased flow resistance is implemented in the model by
changing the Manning's roughness coefficient to 0.12 following Dixon et al. (2016) and Table S2 in Sup-
porting Information S1. Our scenario consists of expanding the current forested area by 10%, in line with
Dutch policy plans for the region (Provincie Limburg, 2022). This corresponds to 10 km2 of reforested areas.
We convert cropland and grassland to forest on hills steeper than 10% because these hills tend to be less
suitable for agriculture (e.g., Bandyopadhyay et al., 2009, see also Table S5 in Supporting Information S1).We
assume our forest is 100 years old, similar to the oldest forests found in the catchment (Besnard et al., 2021).

3. Conversion of cropland into natural grassland: Conversion of cropland into grassland changes flood risk
through mechanisms similar to those of reforestation. Firstly, grasslands have 25%–32% higher infiltration
rates than cropland (Strock et al., 2022). Secondly, the soil water storage capacity increases, because of higher
porosity (Wu et al., 2016). We implement these mechanisms by decreasing bulk density and increasing soil
organic carbon content in the topsoil layers (Figures S4 and S5 in Supporting Information S1). These changes
have also been found by Strock et al. (2022) and Wu et al. (2016) using field experiments. It is important to
note that these changes are smaller than for the reforestation scenario. There are currently no plans by local
governments to implement this NBS. Therefore, we convert 10 km2 of cropland on slopes steeper than 2% into
grassland (see also Table S6 in Supporting Information S1). Using the same total surface area allows for
comparison with the reforestation scenario.

3.5. Building‐Level Adaptation Measures

We develop two building‐level adaptation scenarios: wet‐ and dry‐proofing. We implement these measures in the
model using the information from Endendijk et al. (2023a). Recall that vulnerability curves [0–1] express the
relative damage as a fraction of the maximum possible damage for a given flood depth. For wet‐proofing, we shift
the curve down with 0.203 for building structure and 0.382 for building content (Endendijk et al., 2023a), each
with a minimum of 0. Buildings cannot be safely dry‐proofed above 1 m, because the water pressure resulting
from higher water levels would reduce the structural integrity of buildings (Mortensen et al., 2024). Therefore, we
assume that no damage occurs for the first meter of flooding in our dry‐proofing scenario (as done in de Moel
et al., 2014; Mortensen et al., 2024). The adapted curves can be seen in Figure S6 in Supporting Information S1.
We assume that all households in the floodplain implement these measures. However, from survey data we know
that the current implementation rate is around 6%–18% (Endendijk et al., 2023b).
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3.6. Evaluation of Measures by Comparing Adaptation Scenarios

We compare five adaptation scenarios (three NBSs and two building‐level; Section 3.4 & 3.5) with a baseline
scenario where no additional measures are implemented. To compare the effectiveness of each adaptation sce-
nario for flood risk reduction, we use seven different evaluation criteria: expected annual damage (EAD), effect
on damages, effect on flood extent, effect on average water depth, implementation costs, net present value (NPV),
and the benefit‐cost ratio (BCR). For estimating the EAD and damages we consider the full range of return periods
(25, 50, 100, 200, 250, 500, and 1,000 years). For the effect on flood extent and average water depth, we consider
the effects for three return periods—25, 100, and 1,000 years—to cover the range from smaller, more frequent
floods to larger, less frequent floods.

Expected Annual Damage (EAD): We calculate the EAD for all scenarios using Equation 6 following Ruangpan
et al. (2024). We use the trapezoidal rule to provide a numerical approximation of the continuous integral.

EAD = ∫

∞

f=0
Damage( z f ) df (6)

where f is the exceedance probability and Damage is the flood damage caused by water level zf during an event
with an exceedance probability f.

Damage: We calculate the damage for all scenarios. We use Equation 7, modified from Zeleňáková et al. (2020),
to calculate the damage to a specific object, and calculate the sum to obtain total damage.

Damage = ∑i,kEi,k ∗MaxDami,k ∗DRd,k (7)

Where i is an object in land use category k. Ei,k is the exposed area for object i in category k, MaxDami,k is the
maximum damage for object i in category k, and DRd,k is the damage ratio corresponding to a certain water depth
d for category k.

Flood extent: We calculate flood extent as the total number of flooded cells multiplied by the model resolution for
all scenarios for three return periods (e.g., Lallemant et al., 2021).

Average water depth: We calculate the average water depth as the mean depth across all flooded cells for all
scenarios for three return periods (e.g., Ferreira et al., 2020).

Costs: We compare the investment costs of all adaptation scenarios. An overview of the implementation costs
used in the study can be found in Table S5 in Supporting Information S1. We collected this information from local
governments, as well as the literature. All monetary values were converted to 2024 euros to account for inflation.
Land acquisition costs are estimated to be around € 91,300/ha (Kadaster, 2025).

Net Present Value (NPV): We calculate the net present value (NPV) for all five adaptation scenarios using
Equation 8 following Ruangpan et al. (2024). The NPV gives an indication of the total net benefits an investment
generates. If the NPV is positive, the investment is expected to generate more benefits than costs. Conversely, a
negative NPV reflects that the investment will generate more costs than benefits.

NPV = ∑
T
t=0

EADt,baseline − EADt,measure

(1 + r)t
− (CC +∑

T
t=0

MCt

(1 + r)t
) (8)

where the benefits and costs are summed over the time horizon (T ) of the project, EADt, baseline is the EAD of the
baseline scenario in year t, EADt, measure is the EAD of the adaptation scenario in year t, r is the discount rate, CC
are the construction costs andMC are the maintenance costs. We use a time horizon of 30 years and a discount rate
of 3% following the guidelines of the European Union for infrastructure projects (European Commission, 2021).

Benefit‐Cost Ratio (BCR): We calculate the BCR for all five adaptation scenarios using Equation 9 following
Ruangpan et al. (2024). The BCR gives an indication of the benefits generated per specific unit of investment. A
BCR above 1 indicates that the benefits are expected to outweigh the costs.
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BCR =
∑

T
t=0

EADt,baseline − EADt,measure
(1+ r)t

CC +∑
T
t=0

MCt
(1+ r)t

(9)

where the notation is the same as in Equation 8.

4. Results
4.1. Model Validation for 2021 Event

We validated the modeled flood extent on the flood extent observed during
the July 2021 flood event. We find an average CSI of 0.74 over the catchment
area, indicating good model performance (e.g., Mester et al., 2021). The
model performs best downstream, capturing almost all observed flooded
pixels (Figure 4). In the upstream tributaries, the model performs less well
(CSI ranging from 0.15 to 0.47, an extensive analysis can be found in S1.9),
producing more false alarms and misses. However, this could also partly be
explained by uncertainty in the flood observation data, which were manually
delineated using flood marks from aerial pictures taken after the water had
subsided (ENW ‐ Task Force Fact Finding Hoogwater, 2021). Note that for
some of the upstream rivers no observation data were available.

We also compared our simulated flood depth (see Figure S8 in Supporting
Information S1 for a histogram of simulated water depth) to survey obser-
vations (Endendijk et al., 2023b) to determine whether the observed and
simulated values fall in the same range. The survey respondents estimated
water depth in 5 classes: <0.2, 0.2–0.5, 0.5–1, and >2 m (Endendijk et al.,
2023b). This estimation was then translated into a water depth by Endendijk
et al. (2023b). Respondents reported an average water depth of 0.53 m outside
on the street. When we compare the weighted difference between observa-

tions and simulations, the differences range from an underestimation of 0.19 m up to an overestimation of 0.55 m.
When we calculate an average weighted difference, we arrive at a difference of 0.24 m. This relatively small
difference provides confidence that our model simulates realistic water depths, especially considering that both
data sets are associated with uncertainty. One of these uncertainties is the estimation of observed water depth.
Since the water depth class intervals are broader than our difference of 0.24 m, we conclude that the model
simulates realistic water depths.

Lastly, we compared our simulated damages to estimated damage and insurance claims. From our model we find
damages of approximately €309 million for the Dutch part of the Geul catchment. This is in the same order of
magnitude as the estimated €200–250 million by Kok et al. (2023) and ENW ‐ Task Force Fact Finding
Hoogwater (2021). The €200–250 million was estimated using the SSM‐2017 model (Slager &Wagenaar, 2017).
This model uses vulnerability curves for building content and structure, which were been developed using data
primarily from the 1953 coastal flood in the Netherlands (De Bruijn et al., 2015). Since the flood in the Geul was a
riverine flood, these curves are less suitable to our case study compared to the curves developed by Endendijk
et al. (2023a). Considering these uncertainties in the SSM‐2017 model, this difference in damage is acceptable
and a strong indication of the high quality of our model. A comparison of our total losses with insurance claims
shows that the insurance claims are much lower (€43 million). This difference can be explained because: (a) a
significant amount of damage (around 40%) was not compensated by insurance companies (Endendijk
et al., 2023b; Kok et al., 2023); (b) insurance companies use depreciated values for building structure and content
damages, while we use replacement cost values in this study (Endendijk et al., 2023a); and (c) the insurance
claims were only for homeowners with insurance, while we also include simulated damage for infrastructure, the
entire building stock, agriculture and nature.

Figure 4. Flood map of a part of the Geul catchment comparing the
simulation of the 2021 floods with the observation data. We show hits in
green, misses in red and false alarms in orange. For some side streams, no
observations were available; these are marked in blue.
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4.2. Evaluation of Adaptation Measures

We evaluated our adaptation measures using estimates of the damage for seven different return period events.
Figure 5 shows the damage per return period. The current situation is shown in black. For the current situation,
damages are approximately €180 million for a return period of 1 in 25 years (see also Table 1). For the largest

Figure 5. Damages per return period for each of the adaptation scenarios.

Table 1
An Overview of the Effectiveness of the Selected Adaptation Measures

Return
period

Current
situation

Retention
ponds (+1 m)

Reforestation
(+10 km2)

Cropland to grassland
conversion (+10 km2)

Wet‐proofing (all buildings
in flood zone)

Dry‐proofing (all buildings
in flood zone)

EAD
[Meuro/yr]

– 8.45 8.37 5.27 5.27 3.66 0.40

Damage
[Meuro]

25 180 177 110 110 77 8

100 231 230 148 148 100 10

1,000 332 332 217 217 148 37

Flood
extent [km2]

25 6.06 5.88 5.34 5.34 6.06 6.06

100 6.92 6.78 6.20 6.20 6.92 6.92

1,000 8.51 8.38 7.46 7.46 8.51 8.51

Average water
depth [m]

25 0.48 0.47 0.43 0.43 0.48 0.48

100 0.53 0.53 0.47 0.47 0.53 0.53

1,000 0.63 0.62 0.54 0.54 0.63 0.63

Benefits
[Meuro/yr]

– – 0.78 3.17 3.18 4.78 8.05

Costs [Meuro] – – 9.9 16.8–108.1 11.2–102.5 86.6 135.4

NPV [Meuro] – – − 8.3 − 45.8–45.5 − 43.6–47.9 12.0 30.5

BCR – – 0.16 0.59–3.28 0.60–3.72 1.14 1.23

Note. For every measure the EAD, damage, flood extent, average water depth, benefits, costs, NPV and the BCR are reported. For reforestation and cropland to grassland
conversion, we provide a cost range for only the implementation costs (lower bound) and including land acquisition costs (upper bound), translating into a range for NPV
and BCR.
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return period (1 in 1,000 years) damages are estimated to reach approximately €330 million. By implementing an
adaptation measure, the damage can be reduced substantially. For the 1/25 and 1/100 events, only a small
reduction in losses is observed when implementing retention ponds with damage reduction of €3 million and
€1 million compared to the current situation, respectively. For more extreme floods (<1/100 years), retention
ponds do not lower losses compared to the current situation. The NBS scenarios of reforestation and cropland to
grassland conversion perform similarly, reducing damage by 35%–39% depending on the return period. The
damage reduction is largest for the 1/25 event with 39% damage reduction, and smallest for the 1/1,000 years
event with 35% damage reduction. NBSs are therefore most effective for the more frequent, smaller‐scale floods.
The building‐level adaptation scenarios outperform all NBSs, with dry‐proofing reducing more damage than wet‐
proofing: dry‐proofing can reduce damage up to 95%, while wet‐proofing reduces around 55% of the damage.

Table 1 presents a broader evaluation of the adaptation scenarios using different metrics: damage estimations (a
breakdown of damage per sector can be found in S7), EAD, flood extent, average water depth, benefits, costs,
NPV, and the BCR. Reforestation and cropland to grassland conversion have the largest effect on the physical
properties of the flood, reducing flood extent by 12% and average water depth by 10% for the 1‐in‐25‐year flood.
Retention ponds, in comparison, have a much smaller reduction in flood extent (3%) and flood depth (0.5%) for
the same flood; not all flood water encounters a retention pond and storage is limited. The dry‐proofing and wet‐
proofing scenarios do not change the physical properties of the floods. It is important to note that not all measures
have the same size. The reforestation and cropland to grassland conversion both require large areas of land to be
converted (10 km2), while the retention ponds scenario is implemented on a much smaller scale by deepening
existing ponds by 1 m and only installing 37 new ponds. From Table 1, we can conclude that large‐scale measures
have more benefits than small‐scale measures.

We observe a major difference in the implementation costs of the adaptation measures. Expanding the retention
ponds is the cheapest option requiring €9.9 million. When land acquisition costs are not included, the other NBSs
cost only slightly more: €16.8 million for reforestation and €11.2 million for cropland to grassland conversion,
respectively. However, if we include land acquisition costs, the total costs rise to €108 million for reforestation
and €103 million for cropland to grassland conversion. Building‐level adaptation measures, however, are much
more expensive. For these scenarios, around 3,000 houses in the flood zone need to be adapted, resulting in costs
of €86.6 million for wet‐proofing and €135.4 million for dry‐proofing.

However, the resulting benefits are also important. Therefore, we weigh costs against benefits. For this analysis,
we use the NPV and BCR, which are widely used metrics in flood adaptation decision‐making (e.g., Aerts
et al., 2014; De Ruig et al., 2019). The NPV is highest for reforestation and cropland to grassland conversion
(excluding land acquisition costs). The NPV becomes negative when including land acquisition costs, reflecting
uncertainty regarding the economic attractiveness of these measures. Wet‐proofing results in a much smaller NPV
(€12.0 million) than dry‐proofing (€30.5 million). The expansion of the retention ponds has an NPV of ‐
€8.3 million, which is negative but still higher than the NPV for the other NBSs when including land acquisition
costs. The BCR is highest for reforestation (3.28) and cropland to grassland conversion (3.72), but if we include
land acquisition costs, the BCR drops below one to 0.59 and 0.60, making these adaptation scenarios not
economically attractive. The retention ponds are economically unattractive with a BCR of 0.16. The two building‐
level adaptation measures are both economically attractive options with a BCR just above one: 1.14 for wet‐
proofing and 1.23 for dry‐proofing.

4.3. Upstream‐Downstream Dynamics

Figure 6 shows the spatial differences in the EAD, total economic value, and spatial effects of two adaptation
scenarios. We chose to focus on only reforestation and dry‐proofing because the other three adaptation measures
show similar spatial patterns (see Figure S9 in Supporting Information S1). The EAD in the current situation is the
highest in the downstream municipalities such as Meerssen, Valkenburg aan de Geul and Gulpen‐Wittem. When
comparing this map with the total asset value in those areas, we see that these municipalities have high asset
values, but there are other upstream municipalities with high asset values as well (e.g., Plombières, Vaals and
Kelmis). However, these upstream municipalities have less risk of flooding because of their upstream location
with lower flood depths in the simulations.

An examination of the benefits of the different adaptation scenarios, reveals several patterns. For the reforestation
scenario, the municipality that benefits most is Gulpen‐Wittem, which is the municipality in which several
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tributaries confluence into the main branch of the Geul. This region lies at the border between the upstream and
downstream municipalities. Nevertheless, the downstream municipalities, such as Valkenburg aan de Geul and
Meerssen, also benefit from the reforestation scenario. The municipality of Simpelveld also has a higher damage
reduction, being one of the municipalities where some of the forest is created. In the dry‐proofing scenario, the
municipalities with the largest share of buildings also have the largest share of EAD. Therefore, when reducing
the damage to buildings, we observe the same pattern with the most risk reduction occurring in urbanized areas. In
conclusion, implementing building‐level adaptation measures has the largest benefits in municipalities with many
buildings: in this case, the downstream communities. NBSs are most effective where they are implemented, in our
case upstream, but also reduce some of the EAD in downstream communities.

4.4. Effectiveness for the 2021 Flood

When focusing only on the 2021 event (thus not on other floods with other return periods as in the previous
sections), our results are mostly in line with the findings presented in Sections 4.1–4.3 (Figure 7). However, the
retention pond scenario seems even less effective. Only around €1 million of damage could have been prevented.
This can be explained by the mismatch between the location of the heaviest rainfall (upstream, in the Belgian part
of the catchment) and the location of the majority (80%) of the retention ponds (downstream, in the Netherlands).

Figure 6. Spatial analysis of expected annual damage (EAD) for all the municipalities located in the Geul catchment, with the
current EAD (top left panel), total economic value (top right panel), the EAD after reforestation (bottom left panel), and the
effect of dryproofing (bottom right panel).
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Therefore, most rainwater never passed the retention ponds on the way to the river, resulting in high discharge.
Reforestation and cropland to grassland conversion yield similar outcomes. For both NBS scenarios, the locations
of the land use changes are upstream in the catchment, where most rainfall fell during the 2021 event. Therefore,
reforestation would have been an effective strategy for this specific event by slowing down discharge and
enhancing soil infiltration. By far the most effective are the building‐level adaptation measures, with dry‐proofing
having the best results. In our modeled results, around 3,800 buildings were flooded for this specific flood, but
only 210 of them had water depths greater than 1 m. By implementing dry‐proofing until 1 m, most buildings are
protected. Therefore, dry‐proofing is the most efficient way to reduce damage for this particular event.

5. Discussion
5.1. Nature‐Based Solutions

This study shows that several adaptation measures can effectively reduce flood risk. Our results indicate that
expanding the current retention ponds is economically inefficient with low BCRs. Currently, there is a storage
capacity of around 0.7 million m3, which is expanded to around 1.7 million m3 in the retention ponds scenario. In
comparison, the rainfall events we use result in 30 million (1‐in‐25‐year event) to 54 million (1‐in‐1,000‐year
event) m3 of water flowing downstream. Therefore, it is intuitive that this scenario reduces flood risk only
marginally. In order for the retention ponds to be effective, much more storage capacity has to be implemented in
the catchment. Ruangpan et al. (2024) find a much larger flood risk reduction (− 32%) for retention ponds in the
Tamnava basin in Serbia, which results in a BCR of 0.5. The retention ponds used in their study have a capacity of
14.2 million m3, while the catchment is around 726 km2. In our case, this is 1.7 million m3 relative to a surface
area of 340 km2, which is roughly four times lower retention capacity relative to the size of the catchment.
Retention ponds can have more efficient results if their storage capacity is increased. For example, if we make all
retention ponds the size of the current largest pond in the catchment, the total storage capacity will be
11.75 million m3. This can reduce flood damages by up to €20 million (− 11%) for a 1‐in‐25‐year event.
Therefore, we can conclude that the size and location of the retention ponds is essential to consider when
designing flood adaptation scenarios.

The results for reforestation show a large decrease in EAD (− 38%). Ruangpan et al. (2024) also model a
reforestation scenario of +1,409 ha in a catchment of 726 km2 and find a risk reduction of − 11%. This can be
explained by the difference in reforestation: in our scenario, we convert 1,000 ha into forest, which is around 3%
of the total catchment, while in Ruangpan et al. (2024) around 2% of the catchment is reforested. The BCR in
Ruangpan et al. (2024) is approximately 0.6, which is very similar to our results when we include land acquisition
costs (0.59). Ruangpan et al. (2024) highlighted that it is important to include co‐benefits of NBSs, such as
recreation and biodiversity values, and demonstrated that by including co‐benefits BCRs often rise. We estimate
the co‐benefits for reforestation to be valued around 13.3 million euro per year using the value transfer function

Figure 7. The damage reduction of each adaptation scenario for the July 2021 flood.
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developed by Garcia Alvarez et al. (2025). If we include these co‐benefits in our CBA, the BCR increases from
0.59 to 3.06 (including land acquisition costs), clearly illustrating the sensitivity of economic evaluations to the
inclusion of non‐market benefits. This finding underscores that evaluations based solely on avoided flood
damages may underestimate the broader societal value of NBSs, particularly in terms of ecosystem services,
biodiversity conservation, and long‐term climate adaptation. Future research could further refine these estimates
by applying site‐specific economic valuation methods for NBS co‐benefits in the Geul catchment. Incorporating
such benefits would allow for a more comprehensive assessment of adaptation strategies and may alter the relative
ranking of measures.

There are some uncertainties in the modeling of NBSs. In this study we assumed that the NBSs would be
immediately effective when implemented at t = 1. However, the effectiveness of reforestation against flooding
increases with forest age (Archer et al., 2016). Older forests have higher infiltration rates and larger porosity
(Archer et al., 2016; Zema et al., 2021). Zema et al. (2021) show that forests older than 80 years have the highest
hydraulic conductivity. Therefore, the CBA we performed is a simplification of reality: in real life the benefits of
reduced flooding gradually increase, instead of being fully effective at timestep 1. Nevertheless, Keesstra
et al. (2018) show that most soil improvement already occurs in the first 5–10 years after land abandonment.
Therefore, we can conclude that at least part of the flood risk reduction benefits are already in place after 5–
10 years for both reforestation and cropland to grassland conversion. It should be noted that for gray measures as
well, the implementation time can be several years (Vikolainen et al., 2013), for example, due to the time spent on
planning, obtaining permits, and construction. Moreover, while interception and evaporation are included in the
hydrological model to obtain the conditions at the start of the event, these processes are not included in our
hydrodynamic model. In the UK, an average of 10%–25% of annual rainfall is intercepted by broadleaf forests
(Nisbet, 2005). However, there is still ongoing debate about the amount of rainfall that can be intercepted during a
high‐intensity rainfall event (i.e., the total canopy storage, Cooper et al., 2021). There is general consensus that
once the total canopy storage volume is reached, the rest of the rain will become throughfall (Cooper et al., 2021;
Link et al., 2004). Moreover, evaporation rates become very low during rain because of a low humidity deficit and
low radiation due to clouds (Klaassen et al., 1998). Therefore, we assume that during our high‐intensity rainfall
events interception and evaporation play a limited role. Future research could further assess possible effects.

Moreover, there is uncertainty in the soil parameters used in our analysis (see Section 3.1.4), particularly in the
saturated hydraulic conductivity and the antecedent soil moisture conditions prior to heavy rainfall events. We
performed a sensitivity analysis to assess how these parameters influence our results (see S.1.14). These results
show that the outcomes are not very sensitive to changing saturated hydraulic conductivity, with a damage range
between − 0.25% less damage and+0.07%more damage. Antecedent soil moisture conditions play a larger role in
sensitivity. If the soil is completely dry, damages can be up to 10% lower because the flood is less severe due to
increased water storage in the soil. Conversely, if the soil is completely saturated, damages can be up to 10%
higher due to a more severe flood. However, this effect is strongest for the 1‐in‐25‐year event and has almost no
influence for the 1‐in‐1,000‐year flood event. This is most likely due to the extreme precipitation associated with
such events, for which infiltration plays a much smaller role. Moreover, even when accounting for uncertainty,
damage reduction remains substantial (56–80 million euros for the 1‐in‐25‐year event), clearly exceeding un-
certainty linked to soil parameters. We also incorporated our newly derived sensitivity bounds of the EAD into the
CBA (see Table S14 in Supporting Information S1). The results indicate that BCR outcomes remain relatively
stable, ranging from 0.55 to 3.40 for reforestation and from 0.56 to 3.85 for cropland to grassland conversion.
Therefore, we conclude that uncertainty in the soil parameters does not affect the main findings of this study.

5.2. Building‐Level Adaptation Measures

Our results show that dry‐proofing is more effective than wet‐proofing, with a flood risk reduction of 95% versus
55%. This is in line with the findings of De Moel et al. (2014), who showed a risk reduction of 61% for dry‐
proofing and 29% for wet‐proofing. Both our case study and De Moel et al.’s (2014) show average inundation
depths up to 1 m. Yet, the flood risk reduction effect is larger in the Geul case study compared to De Moel
et al. (2014) because the share of EAD explained by building losses is around 95%, which is larger than in De
Moel et al. (2014)'s case (around 85%).

Based on survey results from the Geul region, Endendijk et al. (2023a) find flood damage reduction of 30%–40%
for dry‐ and wetproofing measures combined, while we find a reduction of 67%–88%. However, in our modeling
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study, we assume perfectly working measures, while two thirds of the survey respondents reported that placed
sandbags or flood shields were either not high enough or strong enough to prevent water from entering the
building (Endendijk et al., 2023b). Nevertheless, Endendijk et al. (2023a) also conclude that dry‐proofing is more
effective than wet‐proofing in this area because of predominant inundation depths below 1 m in urban areas.
Moreover, we assume in our study that all inhabitants in the 1‐in‐1,000‐year flood zone implement floodproofing
measures. However, in reality, we see that only 6%–18% of people living in the area (Endendijk et al., 2023b)
have taken structural floodproofing measures. In order to improve the uptake, it is important to understand the
constraints to flood adaptation to obtain a realistic estimation of howmuch flood risk reduction can be realistically
be expected through these measures: that is, it is necessary to understand the limits of flood adaptation through
household behavior (Aerts et al., 2024).

5.3. Model Innovations and Limitations

In our study, we extended the open‐source socio‐hydrological model GEB (de Bruijn et al., 2023) with a hy-
drodynamic, and flood risk model. Such a model did not previously exist. For example, Ferreira et al. (2020)
manually couple the hydrologic HEC‐HMS and the hydraulic HEC‐RAS model but do not couple this to a flood
risk model. Similarly, Vojinovic et al. (2021) use the hydraulic model MIKE URBAN and hydrodynamic model
MIKE FLOOD but also do not couple this to a flood risk model. In contrast, Lallemant et al. (2021) use a similar
setup to ours, with their own hydrologic model, the hydraulic model LISFLOOD‐FP, and damage model
OpenProFIA. However, their setup is not integrated within a single modeling framework. Ruangpan et al. (2024)
develop a similar approach with the hydrological HEC‐HMS and hydrodynamic model HEC‐RAS and couple this
to their own flood risk model. However, this setup is not available open source. Our model makes it possible to
model the effectiveness of several flood risk adaptation measures within one modeling framework, making it
quick and easy to compare several measures with each other. In addition, the fully open‐source nature of the
modeling framework is particularly advantageous for transboundary catchments such as the Geul, where flood
risk management involves multiple jurisdictions. The open‐source implementation ensures full transparency
regarding the data used and the representation of processes, thereby facilitating collaboration between countries.
Furthermore, the model is developed to use global data sets, which reduces inconsistencies arising from dif-
ferences in national data standards, data availability and spatial resolution. This also accelerates model setup for
new regions, which is especially beneficial in transboundary settings. Moreover, there is also support for
manually adding local data sets, such as DEM data.

Nevertheless, although our model presents several innovations, there are also several sources of uncertainty, since
our model is based on a combination of several models that are associated with uncertainties. For example,
creating return period maps based on rainfall data may introduce uncertainty. Vangelis et al. (2022) show that a
50‐year return period flood corresponds to a rainfall return period of 110 years. However, this mismatch decreases
for smaller catchments and catchments with rapid hydrological responses, which is also the case for the Geul
(Viglione & Blöschl, 2009). Another source of uncertainty is hydrodynamic modeling stemming from the input
data such as river bathymetry, the DEM, and surface roughness estimates (Teng et al., 2017). Moreover, the
SFINCS model has so far mainly been used to simulate coastal floods (Leijnse et al., 2021; Parodi et al., 2020;
Röbke et al., 2021; Sebastian et al., 2021), while we use the model for riverine flooding. To ensure that our
SFINCS model provides valid results, we validated our model against the 2021 observations. We calculate a CSI
of 0.74, showing that our model performs well. There are also uncertainties associated with damage calculations,
such as the data on exposed assets as well as the corresponding vulnerability curves, which also affect flood risk
estimations (De Moel & Aerts, 2011; Merz & Thieken, 2009). However, relative differences in flood risk have
been found to be robust, that is, the relative flood risk reduction remains similar across different combinations of
input data (Bubeck et al., 2011; De Moel & Aerts, 2011). Moreover, during our validation process, we showed
that our model produces damage estimations similar to those observed during the 2021 flood. Therefore, we are
confident that our results provide a reasonable estimate of the possible flood risk reduction achieved through these
adaptation measures.

Lastly, we performed an uncertainty analysis with the two most uncertain parameters from our analysis: river
depth and the vulnerability curves for buildings (for more see S.1.13). Our results show that changing river depth
by 10% can change EAD estimates by 4%–6% (Table S8 in Supporting Information S1). We used these new
estimates in our CBA and show that BCRs are robust to these uncertainties in EAD (Table S9 in Supporting
Information S1): ratios change slightly but if they were above 1 in the original analysis they remain above 1 in the
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uncertainty analysis. Therefore, we can conclude that uncertainties coming from the hydrodynamic model do not
largely affect the conclusions from this paper. Changing vulnerability curves, however, has a larger effect on our
estimates: EAD decreases by 27%–89% because damages decreased for every return period (Table S8 in Sup-
porting Information S1). Using the new EAD estimates, BCRs dropped below 1 for all tested scenarios.
Consequently, it raises the question whether any of the measures are economically attractive to be implemented in
the region. However, the relative ranking between the measures persists: thus, building‐level measures remain
more economically efficient than NBSs. This finding gives confidence in the overall conclusions of the paper that
building‐level measures are more effective for this catchment than NBSs.

6. Conclusions
In this paper, we evaluated the effectiveness of building‐level adaptation measures with nature‐based solutions
(NBSs) in reducing flood risk. We extended the coupled socio‐hydrological model GEB (de Bruijn et al., 2023)
with a hydrodynamic and flood risk model, which we published open source. Our coupled model allows for a
detailed object‐based assessment of flood risk impacts, which we use to evaluate the effect of building‐level
adaptations and the effect of NBSs. We combined the risk reduction estimates with cost estimates to perform
a CBA. We applied our method to the Geul catchment in the south of the Netherlands, bordering Belgium and
Germany. The building‐level measures are dry‐ and wet‐proofing, and we also tested three NBSs: retention ponds
(1 m deeper + 37 new ponds), reforestation (10 km2), and the conversion of cropland to natural grassland
(10 km2).

The results show that reforestation and conversion of cropland to grassland have the largest effect on the physical
properties of the flood, reducing flood extent by 12% and average water depth by 10%. Retention ponds, in
comparison, result in a much smaller reduction in flood extent (3%) and flood depth (0.5%), as, given the modeled
number and distribution of ponds, they are limited in the amount of water they can store during heavy rainfall
events. The building‐level adaptation scenarios outperform all NBSs, with dry‐proofing reducing more damage
than wet‐proofing: dry‐proofing can reduce damage up to 95%, while wet‐proofing reduces around 55% of the
damage. The outcomes of the cost‐benefit analysis show that dry‐proofing (BCR = 1.23) and wet‐proofing
(BCR = 1.14) are the most economically attractive options, while NBSs remain difficult to monetize due to
uncertainties in land acquisition costs and a wide‐range of co‐benefits.

Our model is a new addition to the well‐known published such as HEC‐HMS, HEC‐RAS, and MIKE FLOOD. It
has several innovations: (a) it is published open source, (b) it has an integrated setup consisting of a hydrological,
hydrodynamic, and flood risk model, (c) it is a high‐resolution (5 m) and high‐quality (CSI = 0.74) flood model
and, (d) it makes it possible to model both the impacts of building‐level adaptation measures and NBSs within one
model setup. Future research may further improve our approach. While our model is validated with a CSI of 0.74
(for flood extent), our setup has some sources of uncertainty. For example, we assume that the rainfall return
period equals the discharge return period. Further research can test whether this relationship holds true for the
Geul River. Furthermore, new research on the co‐benefits of NBSs will allow for including those benefits in a
more holistic CBA analysis. Moreover, although our estimates show that building‐level measures are more
effective than NBSs, it remains to be seen whether households will implement such measures at large scales.
Future research can develop our model further by combining it with a dynamic agent‐based model that simulates
heterogeneous adaptation decisions of households. In this way, we can include human behavior in the modeling
approach to provide a more realistic estimation of how much flood risk reduction can be achieved through these
measures and how this behavior may be affected by various policies. Moreover, we invested in the creation of an
integrated open‐source modeling chain so that future research can apply our approach to other catchments in the
world. These applications will reveal whether our results hold in other contexts, such as in catchments with other
sizes, topographies, land uses, or climatic conditions.
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Data Availability Statement
All model inputs, code, and results of the GEB model used for this paper are preserved at https://doi.org/10.
5281/zenodo.15488420 (Bril et al., 2025) available via GNU General Public License v3.0 and developed openly
at https://github.com/GEB‐model. The ESA Worldcover data set can be accessed at Zanaga et al. (2022). The
SoilGrids data set developed by Poggio et al. (2021a, 2021b) is available at https://files.isric.org/soilgrids/latest/.
OpenStreetMap data is available at https://www.openstreetmap.org/. The flood extents used for validation can be
found at Slager et al. (2021). Aside from the GEB model, we use the other software programs: Hydro‐MT
(Eilander, Boisgontier, et al., 2025), HydroMT‐SFINCS (Eilander, de Goede, et al., 2025) and SFINCS (van
Ormondt et al., 2025).
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