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Introduction: Global coastal flooding maps are now achieving a level of detail
suitable for local applications. The resolution of these maps, derived from
widely available open data sources, is approaching that of local flooding maps
(0.5–100 m), increasing the need for a standardized approach to evaluate
underlying assumptions and indicators for local applications.

Methods: This study introduces the Waterlevel, Elevation, Protection, Flood,
Impact, Future (WEPFIF) notation, a structured notation for documenting and
comparing keymethodological choices and data variations across global coastal
flooding studies. This approach enhances the understanding and explanation of
the fitness-for- purpose of flood maps. This notation builds on commonly used
methodological choices, dataset variations, and model approaches in global
flooding risk research. Analysis of these workflows identifies common elements
and highlights the need for a more structured reporting approach to improve
comparability.

Results: Applying the WEPFIF notation to a case study in the Netherlands reveals
significant variations in flood risk assessments originating from differences
in Digital Elevation Model (DEM) and water level selection, and inclusion of
protective infrastructure.

Discussion: WEPFIF, by annotating these methodological variations, enables
more informed comparisons between local and global flood studies. This allows
researchers and practitioners to select appropriate data and models, based
on their specific research objectives. The study proposes tailored approaches
for three common types of flood studies: raising concern, optimizing flood
protection investments, and representing the state of coastal risk.

KEYWORDS

coastal flooding, local relevance, flood risk, floodmapping,WEPFIF, transparency, flood
model
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1 Introduction

Populations often concentrate in the Lower Elevation Coastal
Zone (LECZ) (Neumann et al., 2015). Anticipated sea-level rise
raises concerns for the lives and livelihoods of coastal inhabitants
(e.g., Lichter et al., 2011; Kummu et al., 2016; MacManus et al.,
2021; Hauer et al., 2021). The United Nations initiated the global
application of Integrated Coastal Zone Management (ICZM) with
Agenda 21 (UNSD, 1992). Applying ICZM entails estimating the
area, population, and value of the coastal zone susceptible to
flooding (Borrego, 1990). Steven et al. (2023) provides an overview,
van Koningsveld et al. (2005); Rosendo et al. (2018) provide
reflections.

Global coastal flood maps are crucial for disseminating estimates
of flood susceptibility. Their creation began in the early 1990s. Up
to then, each country that assessed its coastal hazards used local
methods. Estimates of accelerated sea-level rise motivated efforts
towards an approach with global coverage (e.g., Tegart et al., 1990).
A first structured approach, where each country had to provide
datasets, resulted in the first global estimates of the population at
risk (200–250 million people) (Hoozemans et al., 1993), based on the
people living below the 1

1000
per year storm surge level, expected to

double by 2020. The Sendai Framework for Disaster Risk Reduction
adopted the concept of structured risk assessment, assigning the
responsibilityofdisseminatingupdated riskmaps to local andnational
authorities and promoting the principle of building back better after
disasters (see Aitsi-Selmi et al., 2015, for a discussion).

The AR6 Intergovernmental Panel for Climate Change (IPCC)
report estimates the recent (2006–2018) sea-level rise at 3.7 mm yr−1

(IPCC, 2022), and a current estimate of 896 million people living in
the LECZ, of which Neumann et al. (2015) estimates that 30% will
live in the 1

100
per year floodplain. Future sea-level rise can contribute

to a rapid increase in the frequency and severity of coastal flooding
for unmaintained coasts due to the exponential nature of the tail of
extreme value distributions.

A comprehensive workflow for global coastal flood risk
studies has now been established, as demonstrated by (e.g.,
Vousdoukas et al., 2018a; Kirezci et al., 2020; Tiggeloven et al., 2020;
Almar et al., 2021; Mortensen et al., 2024). Major contributions
that made this possible include the global reanalysis and projections
of weather, water and subsoil. These include: National Centers for
Environmental Prediction (NCEP) (Saha et al., 2010), Global Tide
and Surge Model (GTSM) (Muis et al., 2016), European Centre for
Medium-Range Weather Forecasts (ECMWF) Re-Analysis version
5 (ERA5) (Hersbach et al., 2020), WAVEWATCH (Tolman, 2009),
subsidence (Peltier, 2004), and Coupled Model Intercomparison
Project (CMIP) climate models (Meehl et al., 2000). These datasets
provide input data and boundary conditions, in line with the
general trend towards open data (Murray-Rust, 2008). Better model
standardization (Rew and Davis, 1990; Peckham et al., 2013) allows
for more accessible and interoperable models. Improvements in
model integration (e.g., Hill et al., 2004; Hoch et al., 2017) allow
to integrate models that need two-way coupling. Advancements
in cloud technology and scalable analysis (e.g., Gorelick et al.,
2017; Hoyer and Hamman, 2017) allow for tractable data-driven
computations (as used by e.g., Peter et al., 2022). With these
developments, it is now possible to make global maps with global
coverage at a relevant local scale, a major step forward.

The emergence of a wide variety of flood maps presents a
new challenge: how to evaluate and compare these ‘flooded world’
maps? This challenge arises due to the clash between two distinct
methodologies. On one hand, global models and datasets are
increasingly valuable even at a local level. On the other hand, local
models, enriched with abundant domain-specific knowledge and
detailed datasets, currently lack global coverage. Figure 1 shows an
example of the collision between a global and a local approach. It
shows two completely different maps, based on the same return
period flood.

In the global approach (Figure 1 - left panel), a large part of
the country is flooded, while in the local approach (Figure 1 - right
panel), only the river flood banks are affected. Interpreting these
maps leads to vastly different conclusions, which can cause concerns
as they are not only used in scientific and media contexts but also in
political discussions (e.g., House Committee on Natural Resources
Committee, 2020).

This raises the question of which map is “true.” How can
these two maps, based on the same return period flood, vary so
much? What explains the differences, and how can we quickly
understand them?

Many fields have struggled with models that need an accessible
and brief annotation. A common solution is to find a short,
understandable notation that defines which methodology was
applied. Often a simple linguistic or semiotic notation is used to
provide a convention about the technical details. Table 1 provides
a few examples.

This study provides an overview of the current methodological
choices for assessing susceptibility to flooding and introduces a
summarizing notation that reflects these choices. To describe the
current methods for assessing flood susceptibility, this study first
shows the general workflow. The available methods, approaches,
and corresponding datasets offer considerations for methodological
choices in each component. These choices affect the resulting
flood map, and thus its suitability for certain uses. The case
study shows this sensitivity for an example region. The discussion
section reflects on the suitability of different choices for a set of
applications.

2 Methods

To define a workflow and corresponding annotation for creating
coastal flood susceptibility maps, global coastal flooding studies
such as (Gutenson et al., 2017; Jongman et al., 2012; Kulp and
Strauss, 2019; Neumann et al., 2015) were reviewed.

The common steps in these studies provide the basis for the
proposed workflow and corresponding annotation. It is important
to note that not all steps are present in all studies. In some studies,
the coastal defence step is absent, whereas other studies focus only
on present or future scenarios, et cetera. These steps also form the
name of the proposed annotation: Waterlevel, Elevation, Protection,
Flood, Impact, Future (WEPFIF).

Waterlevel
A first decision is the water level to use. Coastal flooding
can only occur if the water level of the sea exceeds the local
land level.
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FIGURE 1
Two coastal flooding maps. Left: global scenario from CoastalDEM (Dataset (Kulp and Strauss, 2019), Map analogue to Climate Central (Central, 2024)
(return period 10 years, sketched due to copyright restrictions, background map by OpenStreetMap), Right: local scenario from Landelijk
Informatiesysteem Water en Overstromingen (LIWO), from the responsible government authority Rijkswaterstaat (mosaic of scenarios with return
periods of 10 years).

TABLE 1 Examples of notation conventions for various fields.

Field Naming scheme Example Reference

Q ueueing theory Kendall’s notation M/M/n/∞/∞/ FIFO Kendall (1953)

Tidal constituents Doodson number 255.555 Doodson (1921)

Time series analysis Box and Jenkins notation ARIMA(2,1,1) Box et al. (2015)

Climate scenarios Representative Concentration Pathway RCP85 Moss et al. (2010)

Multivariate analysis Generalized linear models ANOVA introduced by Fisher (1921), generalized by Nelder and Wedderburn (1972)

Open Source Licenes Creative Commons CC BY-NC-SA Lessig (2004)

Elevation
The second decision concerns which land elevation to use.
Elevation determines the area susceptible to flooding and
the path that the water will take.

Protection
Flooding can only occur when there are no barriers that
prevent the water from overflowing the land: natural and
man-made flood defences.

Flood
If the water indeed managed to pass by natural or man-
made flood defences, a fourth decision concerns the way
in which the water is assumed to reach the lower regions.

Impact
The societal impact step translates the hazard to risk
using flood exposure and vulnerability (following Aitsi-
Selmi et al., 2015).

Future
These maps are often made for the current
situation but also for a potential future. This future
can affect any of the steps. Section 3.6 discusses
the choices for a future for all steps in the
workflow. The combination of these choices for
“the future” are often implemented as a scenario
or storyline.
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FIGURE 2
General workflow to generate a coastal flood map consisting of choosing how to represent Waterlevel (cyan blue), Elevation (metallic blue), Protection
(tan) Flood model (denim), Impact (red) and possible Future (rose pink).

Figure 2 presents a visual format of the workflow. The directed
connectivity shows that some elements are required for other
elements. Water levels, bathymetry and coastal defence, are used
as input to the flooding model. The flood extent generated by the
floodingmodel is input to the societal impact assessment. As we will
discuss both hard and soft protection we have used visualization of
a coast with dunes, similar to the coast used in Section 4.

Section 3 expands the proposedWEPFIFworkflow by providing
notation for each of the steps using example studies, available
datasets, and available models. Section 4 applies the proposed
notation to a coastal town (Katwijk aan Zee, NL) and a low lying
country (Netherlands).

3 The WEPFIF approach

3.1 W: Water level

The first choice in Figure 2 is which water/sea surface level to
use. There are several relevant indicators for the height of the sea.

A systematic analysis by Hauer et al. (2020) shows that
common sea-level indicators include (from low to high): Mean
Sea Level (MSL), Mean High High Water (MHHW), or more
general High Sea Level (HSL), a water level with a specific
annual return period (e.g., 100 years, see Section 3.1.3 for a
detailed discussion), and a fixed level of 10 m referred to as LECZ
(originating from McGranahan et al., 2007).

In meso- and macro-tidal areas, tidal high water is an important
precondition for flooding. That is why taking into account tide is
important to evaluate the flood proneness. We refer to the sea-level
including tides as HSL. There are different HSL’s. Common in the
context of coastal flooding are Mean High High Water (MHHW)
and Highest Astronomical Tide (HAT).

MHHW is the average height of the highest tide recorded each
day over a certain observed period. The Highest Astronomical
Tide (HAT) is the highest predicted astronomical tide expected
to occur (in a 18.6 years cycle), which can be significantly

higher than MHHW due to the amplitude magnification of the
nodal tide (Baart et al., 2012).

In areas with a non-reflective gentle sloped coast the
combination of storm surge and wave run-up is also an important
factor for flooding. Including storm surge levels (without waves)
can be referred to as Storm Surge Level (SSL).This typically includes
both the inverse barometer effect (low pressure at the coast and
high pressure offshore pushing the water towards the coast) and
storm surges due to the wind forcing water towards the coast. Since
2020s studies (Vousdoukas et al., 2020b; Kirezci et al., 2020) have
opted also to include waves. This can include wave set-up and wave
run-up (see discussion Melet et al., 2018; Aucan et al., 2019). The
sum of tides, storm surge and wave setup is commonly referred to
as the eXtreme Sea Level (XSL). Both for surge and wave height one
needs to define which surge/wave height to take into account. This
is addressed in Section 3.1.3.

The motivations for selecting between different water levels
can vary. Kulp and Strauss (2019) use MHHW and add a water
height of 2 m as a representative water level corresponding to a
“bad flood in the nearer term or an extreme sea-level scenario
for 2,100”. Kirezci et al. (2020) aim to quantify the relative
importance of tidal variations to potential episodic coastal flooding
by 2,100. To do that they sum up surge, wave setup, and sea-level rise
with event probabilities of 1

100
per year.

3.1.1 Datasets
Relevant data sources for Absolute Mean Sea Level

(AMSL) include the MSL product from the NASAs MEaSUREs
program (Zlotnicki et al., 2019) or the similar product from
Copernicus (Taburet and Pujol, 2021).

Relevant data sources for tide include the constituents datasets
by the global tidal models TPXO (Egbert and Erofeeva, 2002)
(available as open source/data up to version 7) and FES 2014
Carrère et al. (2016). These datasets are derived from satellite
observations. Satellite observations only allow to resolve a limited
number of tidal constituents due to their low revisit frequency
(O(1 day−1)), only allowing to estimate MHHW globally and not
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HAT. The alternative is to do tidal analysis on the water levels from
coastal stations and interpolate and extrapolate these to a global
dataset. For this purpose SOEST HAWAII archives high frequency
tide ( < = 1

10
min−1) gauge measurements (see Piccioni et al., 2019,

for an analysis of 1,145 records).
On top of the tidalwater level a storm surge level can be included,

and also wave setup. These are commonly denoted with their return
period. A storm surge with a probability of occurring each year
1

100
yr−1 is noted as a 100years storm surge.A global reanalysis dataset

that includes coastal storm surges and also solves tidal constituents
based on tidal forcings is provided by the GTSM reanalysis product
(Muis et al., 2016; Dullaart et al., 2020). These, however, do not
include density-driven circulations, which are important in the
deeper, less mixed regions. There one would prefer ocean models.
However, thesemodels do not include tide or at least not on the same
temporal scale as coastal models do. There are efforts ongoing to go
towards a hybrid approach (Wang et al., 2022).

The combined effect of storm surge, wind and waves with
an accurate free surface is implemented in local coastal models.
In global applications waves, surge, and tides are often treated
separately. Arns et al. (2020) showed that it is important not to
just add the different components. Storm surge can be lower during
high tide due to non-lineair interaction effects. Datasets for XSL
include coastal global wave reanalysis datasets, such as Wave Watch
III (Tolman, 2009). Excluding waves is sometimes referred to as the
StillWater Level (SWL) (see FEMA, 2015).

A final aspect, which links this section with Section 3.2 is the
choice of local reference level. There is a distinction between AMSL,
the absolute sea-level relative to a geoid and Relative Mean Sea Level
(RMSL), relative to a local benchmark connected to the solid earth.
For coastal flooding the RMSL is important. To translate absolute
sea-level to a local reference level one has to match datums. This is
not always trivial. Global covering mean sea-level based on satellite
measurements is referenced as an anomaly and local relative sea-
level based on tide gauges is centrally collected as a revised local
reference level. Although matching horizontal geospatial reference
systems is well addressed by the central collection of the different
projections in the European Petroleum Survey Group (EPSG)
registry, connecting vertical reference levels can be quite challenging
(Muis et al., 2017). One way to consistently connect global absolute
sea level to local measured relative sea level is using Lowest
Astronomical Tide (LAT) maps (Slobbe et al., 2013).

3.1.2 Codes
Based on the analysis of the inclusion of sea-surface height

in coastal flooding models we come to the following coding
for the methodological sections (see Figure 3). The wave and
storm surge codes can make use of the extra subscript code
discussed in Section 3.1.3.

Mean
Mean Sea Level (MSL)

Tide
MSL + Tide, High Sea Level (HSL), including high tidal
level MHHW, MHHW, HAT

Surge
MSL + Ttide + Surge, Storm Surge Level (SSL) HSL
including a return periods of storm surge

eXtreme
MSL + Ttide + Surge + Waves, eXtreme Sea Level (XSL),
SSL including wave setup and or swash.

Fixed
Fixed heights, such as Lower Elevation Coastal Zone
(LECZ), 10 m above MSL or geoid.

3.1.3 Subscript codes for probabilities of surge
and waves

To estimate a representative surge or wave height, one of the
challenges for a coastal flooding approach is how to deal with
extreme weather events. One of the challenges with extreme events
is that they are, per definition, rarely observed which makes it
necessary to infer the probability of an event. There are different
approaches to infer the probability:

For regions with tropical storms it is common to use a
probability model based on observed or generated storm tracks
(Knapp et al., 2010; Nederhoff et al., 2021). However, cyclones
can miss a single location for several decades. Therefore local
measurements of storm surge are not representative of the expected
storm surge (see O’Grady et al., 2022, for a discussion and
suggested approach). Resampling and generative techniques (e.g.,
Emanuel et al., 2006; Lin et al., 2012) can be employed to estimate
storm surges for these specific types of storms. The extensive
set of synthetic simulations generated in this process enables the
utilization of both empirical and fitted extreme value distributions
(Bloemendaal et al., 2020; Dullaart et al., 2021). For extra-tropical
storms, it is common to use a parametric approach based on extreme
value theory (de Haan, 1990), often based on local tide gauge
measurements. Satellite measurements have a lower frequency (they
might miss the highest storm surge) and are less accurate near the
shore, where the highest storm surges occur.

There are two methods within the parametric approach.
One uses a Generalized Extreme Value (GEV) distribution, with
an annual maximum series (see Jenkinson (1955) for an early
application; Lin et al. (2019) for a recent example). The other
uses the Generalized Pareto Distribution (GPD) with a Peak
Over Threshold (POT) approach (see Pickands (1975) for an
early example; Vousdoukas et al. (2016a) for a recent example).
Both methods can be used to infer the probability distribution
of unseen extreme events. The annual maxima approach works
better with historic data (Baart et al., 2011), because only the
maximum of a year is needed. This makes it better suitable
for using historical records. The POT method requires more
measurements, hourly or higher frequency. See Caires (2016) for a
recent comparison. See also Wahl et al. (2017) for an overview of the
sources of
variations in XSL.

Extensions can include conditional probabilities using a
Bayesian approach (Calafat and Marcos, 2020), spatial dependence
(the probability of an extreme event to occur in nearby locations)
and temporal dependence (the probability of an event to
occur twice) (Caires et al., 2011).

This overview gives us the following coding style for the choices
of a probability model.

Synthetic
Generated data. For example, generated weather generator.
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FIGURE 3
Waterlevel: different vertical sea surface levels used in the assessment of coastal flooding.

Annual Maximum
Fitted GEV distribution using the Annual Maxima (AM)
method on observed data.

Peak Over Threshold
Fitted GPD distribution using a Peak Over Threshold
(POT) method on observed data.

Similar to the fixed height we suggest to use the return period
in years as a postfix to this notation. For example, S10 refers to a 10
years return period based on synthetic records.

3.2 E: Elevation

Topography selection is crucial for coastal flooding studies. A
topographic dataset is referred to as a Digital Elevation Model
(DEM). Two relevant subtypes are Digital Surface Model (DSM),
which includes objects such as trees, buildings, and cars, and Digital
Terrain Model (DTM), where these objects are filtered out (Hirt,
2014; Guth et al., 2021). Estimating bathymetry, sometimes called
Digital Bathymetric Model (DBM), is also important for calculating
how much energy reaches the coast. The intertidal bathymetry
often combines topographic and bathymetric information. Many
bathymetric survey efforts are part of theGeneral Bathymetric Chart
of the Oceans (GEBCO) initiative (Hall, 2006). This section focuses
on the terrain aspect of elevation modelling, where there is less
convergence.

3.2.1 Datasets
The first globally measured DEM at 1 arc minute resolution

(O(30 m) at the equator) became available through the Shuttle
Radar Topography Mission (SRTM) (Rabus et al., 2003) dataset.
This dataset was measured in February 2000 using synthetic
aperture radars aboard the NASA Space Shuttle Endeavour. It
allowed to create more detailed hypsometric curves (as defined
by Harrison et al., 1981), which confirmed that the lower
elevated coastal areas, between (between −6 and 6 m), are less
steep and therefore extra sensitive to sea-level rise. The SRTM
(a DSM) served as the base for many later generations of
DEMs, using ever better filtering techniques and using more
ancillary datasets, moving slowly towards a global high resolution

DTM. The latest reprocessing by NASA is the NASADEM,
which is enhanced using ICESAT and other global DEMs
(Crippen et al., 2016). Table 2 presents commonly used DEMs with
their type.

There are three measurement sources for global height estimates
(optical, radar and laser). A recent development is hybrid DEMs,
where multiple sensors are combined. The first global covering
DTMs based on ICESAT-2 appear, but the derived grids still have a
coarse resolution, due to the wide interswath distance of the profile-
based LIDAR measurements. For coastal flooding, it is important to
take into account buildings, vegetation and trees. The Multi-Error-
Removed Improved-Terrain (MERIT) dataset (Yamazaki et al.,
2017) was the first to incorporate global tree height estimates.

An evaluation of datasets for coastal flooding applications
(Gesch, 2018) concluded that none of these global DEMs are
sufficiently accurate for modelling fine increments of Sea-Level
Rise (SLR) ( <1m) over short planning horizons ( <100yr). The
new hybrid DEMs try to evolve from a DSM to a DTM by
removing vegetation, trees, and buildings. These improvements in
the workflow improve the accuracy for coastal flooding to the order
of 3 m (Gesch, 2018) (see also Uuemaa et al. (2020) for a detailed
analysis of the accuracy), which is still a multiple of common sea-
level rise scenarios (e.g., Hawker et al., 2018; Winsemius et al.,
2019). The latest DEMs try to incorporate the latest global covering
high resolution spaceborne lidar (Ice, Cloud, and land Elevation
Satellite (ICESat)-2) to enhance the accuracy (Dusseau et al., 2023;
Pronk et al., 2024).

3.2.2 Codes
For the elevation part of the workflow, the codes are defined

based on which elements are included and excluded in the DEM.
A coastal flooding map user should quickly discern whether
a DSM or DTM is used, and in intermediate cases, what has
been filtered out. This leads to the following notation for this
component (see also Figure 4).

Surface
Digital Surface Model (DSM)

Surface - Vegetation
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TABLE 2 Overview of DEM datasets (closed datasets in gray), commonly used in overland flooding computations.

Dataset Public since Type Source Ref

SRTM 2000 DSM Radar (InSAR) Rabus et al. (2003)

ASTER 2006 DSM Optical (stereo photogrammetry) Tachikawa et al. (2011)

WorldDEM 2014 DSM Radar (InSAR) Riegler et al. (2015)

AW3D30 2016 DSM Optical (stereo photogrammetry) Takaku et al. (2020)

MERIT 2017 DTM (DSM - V) Hybrid (ALOS + SRTM + tree height map) Yamazaki et al. (2017)

TanDEM-X 2018 DSM Radar (InSAR) Rizzoli et al. (2017)

NASADEM 2020 DSM Hybrid (SRTM + ICESat + ASTER) Crippen et al. (2016)

GLL_DTM 2020 DTM Lidar (ICESat-2) Vernimmen et al. (2020)

CopernicusDEM 2022 DSM Radar (WorldDEM) ESA (2022)

FABDEM 2022 DTM Hybrid (CopernicusDEM + tree height map + others Hawker et al. (2022)

DiluviumDEM 2023 DTM Hybrid (CopernicusDEM + local lidar) Dusseau et al. (2023)

DeltaDTM 2024 DTM Hybrid (CopernicusDEM + ICESat-2 + GEDI) Pronk et al. (2024)

FIGURE 4
Elevation choice, schematic representation of the Digital Terrain Model (DTM) (green) versus Digital Surface Model (DSM) (rose) and the possible
options (vegetation, objects, buildings, canopy) that can be optionally subtracted.

Digital Surface Model (DSM) minus canopy (tree tops)
and (optional) other vegetation, also referred to as Non
Vegetated Surface (NVS) (Guth et al., 2021).

Surface - Buildings
Surface minus buildings

Terrain
Digital Terrain Model (DTM), Digital Surface Model
(DSM) minus vegetation and buildings and objects (e.g.,
infrastructure).

3.3 P: Protection

The comparison of two cases with similar water levels but
different flooding levels, shown in Figure 1, illustrates that next
to sea surface height and topography, ignoring features that
impede the influx of water can have a significant impact on
the end result. The scenario based on CoastalDEM (Kulp and
Strauss, 2019; Central, 2024) did not include coastal protection

measures. In countries with robust coastal protection policies (clear
policy targets, strong accompanying funding arrangements, effective
maintenance organisation and emergency response), low-lying areas
can still have very high levels of protection. These protection levels
may be the result of hard infrastructural measures, like dikes, dams,
storm surge barriers, etc., or well-maintained natural protective
features, such as dune areas, tidal flats, salt marshes, mangroves,
reefs, etc.

Natural dunes defend a large part of the Dutch coast. Dunes
are “soft” coastal protections. Den Heijer et al. (2012) showed that
the Dutch dune coast mostly offers very high levels of protection.
The weak sections of the coast have since been upgraded. An
intricate system of dike rings provides further protection and
compartmentalisation of the low-lying areas, reducing the risk even
further (see for example, Eijgenraam, 2007). The peaks of coastal
dunes do not show up in digital terrain models, because of the
limited resolution.

The Dutch coast is also protected by “hard” coastal protection.
Examples include the new hard-fixed sea wall on the Afsluitdijk and
the parking garage in a dune near Katwijk that provides extra coastal

Frontiers in Earth Science 07 frontiersin.org

https://doi.org/10.3389/feart.2024.1465040
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Baart et al. 10.3389/feart.2024.1465040

protection (Al, 2022). Breakwaters near Rotterdam and IJmuiden
shield the inlets from the waves. Some of these coastal protections
can be seen in the topography or bathymetry, but only with sufficient
resolution. Some hard protections are movable. A very visible, but
only during extreme water levels, example is the Maeslantkering
(Mooyaart and Jonkman, 2017). Other countries have also used
movable coastal defense structures, the MOSE barriers at Venice
Italy (delle Acque, 1997), the Thames barrier (Kendrick, 1988), and
the concept of the Ike Dike (Torres et al., 2017) are examples.
These storm surge barriers provide temporary protection during
high water, but this function is not directly discernible from a DTM.
Smaller scale, movable protection measures include coupures in
levees and openings that can be closed by a gate or by placing
segments when high water is imminent.

These two types of protection measures (soft, hard) in
combination with dynamic flooding routines make all the difference
in the area considered actually prone to flooding a country like
the Netherlands. When you do include these it also makes sense
to include the potential failure of these defense systems. Hurricane
Katrina showed that dike systems are only as strong as their weakest
link (Jonkman et al., 2009). Despite the presence of dyke systems
in the US, and the availability of a highly skilled organisation like
the United States Army Corps of Engineers, an extreme event like
a hurricane still caused a large part of the region to be flooded.
In the aftermath, coastal protection policies were reviewed and
strengthened. There are many studies that focus on the potential of
protection using structures, such as sea walls and dikes (Hinkel et al.,
2014; Tiggeloven et al., 2020) and on using nature-based solutions
(Beck et al., 2018; Menéndez et al., 2020; Van Coppenolle and
Temmerman, 2020; de Vries et al., 2021; van Zelst et al., 2021).

Some coastal flood risk models are specifically designed to
support climate adaptation decisions. These studies often compute
the needed disaster risk reduction as an economic decision problem
[as proposed by van Dantzig (1956)]. Due to the limited empirical
data on actual implemented defence and adaptation (Hinkel et al.,
2014), assuming a ‘protection level’ is a common approach. Lincke
and Hinkel (2018) give an overview of where coastal adaption is
a robust investment. Using a similar approach Vousdoukas et al.
(2020a) show that economically efficient adaptation can reduce 83%
of the coastal flooding.

3.3.1 Datasets
Depending on the type of coastal protection, different datasets

are needed to take it into account. Which dataset is relevant
depends on the size of the features and with which sensor
they can be recognized. Submerged coastal protection (submerged
breakwaters, shoreface nourishments) is only visible with detailed
underwater surveys and is missing from many global covering
bathymetries due to the lack of resolution. The same is true for
features in the topography. Large dune areas may be detected,
but more minor features such as levees or sea walls may not
show up in global covering DTMs. Even more difficult are the
movable protective measures, which can only be seen during
the extreme high water levels that they were designed for. It
is possible to accurately map intertidal vegetation and inland
marshes using Sentinel 1 images (de Vries et al., 2018). Land
cover maps intended for inland purposes, such as the Corine
Land Cover map EEA (2018) are not always accurate enough

in the nearshore. For both hard and soft coastal protection a
promising approach is to use the information collected by the
OpenStreetMap community. They have started to register coastal
structures such as breakwaters. This type of information can be
used directly or as a source of training and validation data for
object detection (see e.g., Wing et al., 2019).

When detailed maps of coastal protection are not available
one can assume that some coastal protection is in place. For
this purpose, one can use the FLOod PROtection Standards
(FLOPROS) (Scussolini et al., 2016), which builds on the earlier
work of Hallegatte et al. (2013). To give a rough estimate of flood
return periods Hinkel et al. (2014) provide estimates. This approach
assumes that coastal defences will not fail below their design
return period.

3.3.2 Codes
The codes for this section, as visualized in Figure 5, assume

that you can include information on the Soft and Hard protection
level directly into your flood model. The alternative is to assume
that a whole region can only be flooded based on a certain
Protection Level.

Soft
Soft coastal protection. This can include surface roughness
that mitigates the extent of a flood or wave propagation.

Hard
Hard coastal protection. This can include flood mitigating
constructions such as flood barriers.

Protection Level
Floods are assumed to not occur below a certain
protection level.

3.4 F: Flood

For flooding assessment a range of methods is available,
ranging from pure Geographic Information System (GIS)
operations to highly detailed numerical flood modelling. The
earliest global analysis of flood risk (Nicholls et al., 1999)
used a simple approach in 192 coastal zones globally. They
assumed a coastal plane with a constant slope per assessment
zone, and used that to calculate inundation. The development
of global covering high-resolution topography and bathymetry
(as discussed in Section 3.2) allows for a wider repertoire of
flooding methods (Vousdoukas et al., 2016b).

The simplest approach to flood models are the so-called
bathtub models (Williams and Lück-Vogel, 2020). They are also
known as static, equilibriumor planar surface projectionmodels and
are sometimes referred to as “GIS-based”. In this context, GIS based
refers to that the maps can be made using standard GIS software
(for example, using GDAL, SAGA inQGIS, Google Earth Engine, or
ArcGIS). These methods are based on spatial operations on vector
or raster maps. The term static refers to that the flooding occurs
instantaneously, and the duration is not taken into account. The
advantage of these models is that they do not take dependencies
between neighbouring areas into account and scale up very well, as
they are suitable for map-reduce operations commonly used in the
cloud. They can be considered worst-case scenarios.
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FIGURE 5
Protection method choices. Soft protection (e.g., surface roughness, in light brown) and hard protection (e.g., flood barriers, in grey) versus a general
assumed protection level (in light green).

The bathtub approach can also include more information on
the local roughness. An example of including roughness to limit
flooding is given by Vafeidis et al. (2019); Ward et al. (2020). They
artificially steepened the DEM land slopes to mimic roughness
that limits water fluxes. The land use determined by satellite
data is used to make a spatially varying change to the local
slope. The Euclidean distance of each DEM point to the sea is
shortened with this factor. After this mapping, calculating the
flood exposure is in the GIS domain again. They report 44%
less inundation exposure, using the method sometimes referred to
as the “sloped coast” method.

Because the pure “bathtub” approach does not consider
connectivity between adjacent cells, a cell can flood even if not
connected to the flood source. In this approach, polders and
other low-lying areas near the coast get flooded. Some studies
correct this by removing unconnected flood cells in a post-
processing step (Muis et al., 2016), which brings us to the
following approach.

To overcome the issue that water floods the area behind coastal
protection (as seen in the two lower left figures in Figure 6)
methods that we refer to as “connectivity” methods can be used,
sometimes referred to as semi-dynamic. An example application
was presented by Poulter and Halpin (2008). They compared
three flooding methods, all based on geometric operations on
a raster. The static bathtub method, in the connectivity world

referred to as the zero-side rule, was compared to two methods
that can take into account obstacles. Poulter and Halpin (2008)
considered the 4-sided and 8-sided rule. In these connectivity
methods, a cell can only flood if the extreme water level can
reach the cell via the 4 lateral sides or also via its diagonal
connections. The latter methods are said to take care of hydrological
connectivity. This calculation is harder to split up as subdomains
need to communicate to their neighbour if their boundary is
flooded (see Breilh et al., 2013; Williams and Lück-Vogel, 2020,
for discussion).

A downside of both these static methods is that they can
lead to an overestimation of the flooded area of up to 200%
(Vousdoukas et al., 2016b), see also Ramirez et al. (2016) for a
broader discussion. Figure 6 also makes this clear. Water reaches
areas that are not flood-prone (top left two). The connectivity
(middle bottom) result can be reached. Here, the problem is that this
‘flood fill’ method does not take into account the limited duration of
a storm and high tide. If it finds a ‘hole’ in the coastal defence, it will
instantly fill the entire flood-prone area, while in reality, the peak of
the event under which flooding occursmight be over in 6 hours, and
to be able to reach far inland, water needs to overcome roughness
(vegetation, buildings).

An example of a simple approach to including the concept of
time is given by Dottori et al. (2018). They apply the assumption
that the discharge of water over a dyke/weir is limited by laws of
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FIGURE 6
Five different flood methods under two conditions (closed coastal defence and open coastal defence). The sea is located on the left of the map. Blue
areas are flooded. The dark grey area is coastal protection, higher than any water level. The light grey area is an inland area higher than the current
water level. White areas are not flooded.

physics, described by the excess water level compared to the dyke
height in an empirical formula.Using the stormduration and its water
level variations therein - the design hydrograph - this leads to a cap
on the volume that can flood the area. The hydrograph limits flood
duration, and so the total flood water volume is limited. The second
factor leading to attenuation of the flooding is resistance experienced
by the flood wave, via bed roughness or obstructions of the flow
path. We refer to methods that assume connectivity and limit the
flood extent as “convolution” methods, as they tend to require an
iteration of a convolution step.

The most realistic approach, but also the most computationally
intensive and requiring the most input data, is to use a reduced
complexity “physical” models based on hydrodynamics, such as
LISFLOOD-FP (Bates et al., 2010). Also promising for global
flooding applications is the SFINCS model Leijnse et al. (2021),
which is fast, can deal with compound flooding (river + coastal)
and also includes wave run-up over dunes or dykes. One can
also use traditional 2D overland flooding models, such as Mike
2D overland flooding, 3Di or Delft3D Flexible Mesh. Still, these
are harder to set up and require more computation hours
because they also contain physics, such as advection, that are less
relevant during a flood. New approaches promise to speed up
computation time (van den Bout et al., 2023).

More advanced models do exist that also take into account
erosion, the possibility of dune and dike failure, and flooding due
to groundwater (sunny day flooding). These have been applied on
a national scale but not yet on a global scale. There have been
recent developments towards machine learning-based methods to
compute flood extends (see Jones et al., 2023, for an overview).
The creation of flood-specific datasets can help to estimate flood
extents without physics-based models and without the need for
oversimplification (e.g., Bonafilia et al., 2020).

Despite efforts to establish benchmarks for coastal flooding
(Nederhoff et al., 2024; Néelz and Pender, 2013) and pluvial
flooding (Aerts et al., 2020), a need remains for a structured,
community-driven intercomparison benchmark specifically for

coastal flooding. Jafarzadegan et al. (2023) also highlighted the weak
and selective validation of flood inundation models and the lack
of sufficient validation data. They also discuss the balance between
accuracy, reliability versus computationally efficiency.

Finding the balance between applicability, scalability,
explainability, computation time, and model setup is a reason
why there is not one dominant method. The baththub based
approach is also still evolving, Kasmalkar et al. (2024) try to
address the overestimation of flooding by baththub models by
including hydraulic connectivity and path-based attenuation. In
Artificial intelligence (AI) based approaches the connectivity
models are also used as one of the input features or as a
reference (e.g., Jones et al., 2023).

3.4.1 Models
Depending on the flood model used one needs different data

sources. For the bathtub model, one only needs an integrated
DBM, DSM (as discussed in Section 3.2). For models that also
include connectivity, it becomes more relevant to include coastal
protection (as discussed in Section 3.3). The dynamic models
also require roughness maps. For the nearshore and intertidal
zones, these maps were discussed under the soft protection
section in Section 3.3. That section also gives an overview of inland
land use maps (which can be converted to roughness using model-
specific tables). Here we provide an overview of hydrodynamic
models suitable for global applications, using raster input, with
short runtimes (in the order of minutes for a year simulation time,
for a 1x1km2 area).

Examples of models that are commonly used in physics-
based coastal flooding include Lisflood-FP (Bates et al.,
2010), Mike21 (Warren and Bach, 1992), D-Hydro (Delft3D,
SOBEK) (Kernkamp et al., 2011), SFINCS (Leijnse et al.,
2021), and XBeach (Roelvink et al., 2009). Software commonly
used for connectivity and bathtub simulations is GRASS
(Neteler et al., 2012), QGIS (Samela et al., 2018), ArcGIS or Google
Earth Engine (Gorelick et al., 2017).
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3.4.2 Codes
Based on the description above we come to the following code

notation for flood models.

Bathtub
Bathtub methods, also referred to as static methods.

Connectivity
Connectivity based methods that take into account coastal
protection.

Phyiscal
Physics-based flooding models that limit the flood by
taking into account roughness and or time resulting in a
reduction of the mass and momentum of the flood.

3.5 I: Impact

Flood risk is defined as the product of hazard, exposure, and
vulnerability (e.g., Aitsi-Selmi et al., 2015). Following the definitions
ofUnitedNationsOfficeforDisasterRiskReduction(UNDRR)hazard
is“Aprocess,phenomenonorhumanactivity thatmaycause lossof life,
injury or other health impacts, property damage, social and economic
disruptionorenvironmentaldegradation.” (Author, 2016).Exposure is
“Thesituationofpeople, infrastructure,housing,productioncapacities
and other tangible human assets located in hazard-prone areas.”.
Vulnerability is “The conditions determined by physical, social,
economic and environmental factors or processes which increase
the susceptibility of an individual, a community, assets or systems
to the impacts of hazards.”.

The hazard in coastal flooding entails the seawater over-flooding
the shore, typically quantified with a probability of a certain flood
extent. Exposure entails the economic assets and people in that in
the flood-prone area. Vulnerability refers to the predisposition of a
community to sufferharmwhen exposed to ahazard, basedonaspects
like social, economic, and environmental factors that influence the
ability to cope with and recover from a flood. The hazard component
is a result of theflood computationsdescribed in theprevious sections.
This section focuses on the societal impact of a flood and the result:
exposure times vulnerability. De Moel et al. (2015) and Botzen et al.
(2019) provide an extended overview of aspects to take into account
while assessing exposure and vulnerability. Staupe-Delgado (2019)
gives an overview on how the terminology has evolved over time and
the challenges around ambiguity.

Flood exposure is typically quantified with metrics of the
population, the urban area, or economic assets that are exposed (see
Figure 7) to a flood with a certain probability (e.g. Muis et al., 2017).
The area at risk is the easiest to determine. It is determined by the
results of the flooding model defined in Section 3.4. Areas already
underwater (rivers, streams, lakes, reservoirs) should be excluded
from the potentially flooded area. Population maps are needed to
estimate the population living in flood-prone areas (see for example,
Edmonds et al., 2020). Estimating the value that is flood prone is the
most laborious. This requires the express cost of the property. Some
use amore simple approachby assuming thatGrossDomestic Product
(GDP) is uniformly distributed over the population. The population
maps can then be used as a measure of asset value (e.g., Kirezci et al.,
2020).Onecanalsorefinethedistributionofhouseprices.Forexample,
properties close to the coast tend to bemore valuable, referred to as the
“coastal premium” (see e.g., Conroy and Milosch, 2011; Ling, 2021).

Flood vulnerability is a step further. Here one should consider
how the flooded areas are affected by a flood. Coastal regions may
become saltier after coastal flooding. That “loss of function” type of
evaluation is mainly applied on a local scale (e.g., Storlazzi et al.,
2015), rarely in global studies. Not all regions that get flooded are
vulnerable. Many people choose to live in flood-prone areas because
the land is more fertile, it is closer to economic activity (e.g., near
ports), et cetera. People tend to be aware of a potential flood and are
prepared, thus their vulnerability is low.

A flood can also have indirect consequences. The consequences
of the consequences, such as the Fukushima disaster (Hollnagel
and Fujita, 2013) show us that the indirect effects of a flood
can sometimes be more severe than the direct effects. To do
this on a global covering scale is not realistic at the moment,
because it requires integrated information on complex systems.
Rising sea levels and flooding can lead to increased groundwater
levels and salinity. This rise in salinity can significantly reduce
the suitability of water for agriculture and drinking purposes (as
discussed by e.g., Youssef et al., 2021).

3.5.1 Datasets
Table 3 gives an overview of relevant datasets to assess impact

and vulnerability.

3.5.2 Codes
The codes for the societal impact of floods are the following:

People
People at risk. Loss of life. Number of evacuees.

Economy
Damages to assets, value. Loss of culture. Criticality effects.

Area
Area susceptible to flooding.

3.6 F: Future

The “future” label in the WEPFIF notation outlines the
incorporation of future changes into the coastal flooding workflow.
Typically, this process involves duplicating a workflow and adjusting
the input parameters to account for various scenarios. The section
comprehensively breaks down how to include future scenarios in
each component.

3.6.1 Water level
Future sea surface height is typically taken into account

using one of the IPCC scenarios (Pörtner et al., 2022) or their
regional equivalents (e.g., Wuebbles et al., 2017). For the notation
it is important to denote which scenario is used and which
quantities from these scenarios are used, for example, one could
use MSLSSP5−8.5 for a scenario where future mean sea-level from
the Shared Socioeconomic Pathways (SSP) with radiative forcing of
8.5 W m2 is used. Or one could have MSLSSP5−8.5 +WSSP5−8.5 if both
mean sea level and wave setup are derived from SSP5-8.5 scenarios.
The AR6 IPCC report (IPCC, 2022) uses the Scenario Matrix
Architecture, which combines the SSPs and the Representative
Concentration Pathway (RCP)s (Riahi et al., 2017). Future sea-
surface height can also change due to changes in storm surge climate
or tidal amplitude.
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FIGURE 7
Impact of coastal flooding: indicators in common use (People affected, Economic damages, Area affected). Presented in the context of the hazard of a
storm on the left and exposure and vulnerability of the population depicted on the right.

TABLE 3 Overview of datasets for global covering vulnerability and exposure assessment.

Dataset Type References

GRUMPv1 Population area Author (2011)

WorldCover Built area Zanaga et al. (2022)

Dynamic World Built area Brown et al. (2022)

WorldPop Population count Tatem (2017)

GPW Population count Doxsey-Whitfield et al. (2015)

Facebook Population Map Population count Maas et al. (2019)

Global flood depth-damage functions Damage curve Huizinga et al. (2017)

Gridded global datasets for Gross Domestic Product and Human Development Index GDP Kummu et al. (2018)

Microsoft Building Footprint Buildings Bing Maps (2023)

Google Open Building Buildings Sirko et al. (2021)

OpenStreetMap (OSM) Buildings and other assets OpenStreetMap contributors (2023)

FIGURE 8
Regions (left: the Netherlands O(100km), right: Katwijk aan Zee O(1000m)) that are used as a case study to show the WEPFIF approach.
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FIGURE 9
Variation in flooded area (left column) and flooded population (right column) as a function of water level ( y-axis) and flooding method (rows).

3.6.2 Elevation
Vertical land motion, driven by various factors such as

groundwater or gas extraction, can also be included. Some sources
have localized effects lasting years to decades (Gerardo et al.,
2021). provides an overview map of these sources. An important

source of subsidence is the Glacio Isostatic Adjustment (GIA), a
global effect. Peltier (2004) provides the basis for commonly used
maps that correct for this. There is an ongoing effort to link tide
gauge records to Global Navigation Satellite System (GNSS) based
estimates of vertical land motion (Woodworth et al., 2017), which
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FIGURE 10
First row shows the topography of selected DEM’s. The second row shows the difference and RMSE compared to the reference topography (AHN2) in
the last column. The third rows shows a reference scenario representing the current state WHWEcolumnsPnoFC4IAFno. The fourth row shows a 1

10000
per

year storm surge combined with the fossil fueled plus Antarctic collapse scenario WPOT1e−4EcolumnsPnoFC8IAFSSP8.5+. The fifth row shows the effect of the
same extreme storm surge, with hard protection included, with the road divided scenario (WPOT1e−4EcolumnsPHFC8IAFSSP4.5).

allows estimates in coastal regions using methods based on broken
regression models (e.g., Oelsmann et al., 2022).

3.6.3 Protection
For future sea level, it is important to also take into account

that many coasts around the world are gaining land due to coastal
maintenance and gaining or losing land due to sediment flows
(Luijendijk et al., 2018). Sea-level rise can also lead to erosion in
deltas, based on (Bruun, 1962) and follow-up studies.

Next to the current levels of protection, the projection of future
policies is relevant to creating future flood maps. One can not be
certain which countries will improve their coastal defence in the
future, but for 90% of the people, it will be the most effective
strategy (Lincke and Hinkel, 2018), even under the highest sea-level
scenarios. Hinkel et al. (2014) showed how important it is to include
future coastal protection. Flood damages by the end of this century
aremost sensitive to the applied protection strategy. Lomborg (2020)
concluded that because not all coastal flood maps take protection
into account, coastal impacts are often “vastly exaggerated”. Aspects
to take into account for future protection are:

Future protection level
Will all parts of the coast have the same protection level,
or will spatial planning result in increased or reduced
protection levels? This allows for more optimized resource
allocation.

Future Impact
This can change due to population and land development
changes caused by migration and population increase
or decrease.

Expected lifetime
Protection measures have an expected lifetime and can
degrade over time.

Investment strategy
Governments can vary in how much they invest in
coastal protection infrastructure. How can these strategies
evolve over time?

Technological innovation
One can expect future innovations. The efficiency
with which one can do coastal protection
measures and the availability of solutions
can increase.
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TABLE 4 Overview of coastal flooding studies annotated using the Waterlevel, Elevation, Protection, Flood, Impact, Future (WEPFIF) notation.

References Waterlevel Elevation Protection Flood Impact Future

Hallegatte et al. (2013) F0.4 S PL B E 2050

Hinkel et al. (2014) SAM100
S PL B P,E,A RCP8.52100

Vergouwe (2014) XPoT100
T S,H P P,E,A _

Neumann et al. (2015) S S _ B P 2030,2060

Muis et al. (2017) SAM100
S _ C P,A _

Kulp and Strauss (2019) T S−V−B _ C P,E RCP4.5/8.52050,2100

Kirezci et al. (2020) XPoT100
S−C _ C P,E RCP8.52100

de Boer et al. (2022) XPoT100
S−C _ C P,E RCP4.5/8.52050,2100

McEvoy et al. (2021) found that in 75% of the European
countries future sea-level rise is already taken into account in coastal
maintenance and spatial planning strategies. Most of the countries
use IPCC scenarios as a basis for their estimate of sea-level rise in
2,100. There is a skewness towards the use of high-end scenarios:
RCP2.6 is used by 13 countries, 18 countries use RCP4.5, and 22
countries use RCP8.5.

Theprotection levelswithinacountry(definedas thereturnperiod
of the representative design event) tend to be consistent over time.
They are often chosen based on the economic value behind the coastal
protection. If the economic value changes faster or slower than the
cost of improving coastal protection one could opt to reconsider the
protection level. What can change is the lifetime of coastal protection
if sea-level rise is higher or lower than when estimated during
construction. When the sea-level rise is higher than expected, the
end-of-lifeof coastalprotectionwillbe reached faster thananticipated.

A challenge for taking into account future scenarios is also to
know the local long term protection policy. In the Netherlands, as
part of the 2nd Deltaprogramme (Kabat et al., 2009), the current
levels of safety and protection are foreseen to be maintained for
many years to come using a “hold the line” strategy, where coastal
erosion is to be countered with sand nourishment. In the UK, with
its much larger area and longer coastline, it is not feasible to apply
the same level of protection everywhere. In less densely populated
areas amanaged retreat strategy, ormanaged realignment strategy, is
actively considered and implemented. This also implies that in such
cases, the realigned areas become more prone to flooding, in line
with the local long-term protection policy. Some areas in the world
are left partially open to flooding to increase the ecological function
of a region (Cox et al., 2006).

3.6.4 Impact
Coastal flood risk assessments are typically forward-looking and

focus on how risk may change in the future. In addition to the use of
climate change scenarios to estimate future flood hazards, the use
of future socio-economic scenarios is widespread. In general, the
socio-economic changes have been driving increases in coastal flood
risk over the last decades (Jongman et al., 2012), while for future
projection the extra concern of increased hazard due to increase
in extreme water levels is important (Vousdoukas et al., 2018b).

Some have started towards local projections of future vulnerabilities
(Hardy andHauer, 2018). Vulnerabilities can reduce over time due to
measures such as innovations in building design, evacuation plans,
early warning systems or decrease if a more vulnerable part of the
population moves toward the coast (see Tanoue et al., 2016, for an
example in river flooding).

4 Case study

This section applies the workflow on country and town level to
the Netherlands, shown in Figure 8. The town of Katwijk aan Zee is
vulnerable to sea-level rise (Al, 2022), has a combination of different
topographic elements (dunes, town) and a drainage lock structure
which also serves as coastal defense. Netherlands is a flat polderDelta,
which is sensitive to accuracy of DEM and was presented in Figure 1.

The goal of zooming into the coastal town of Katwijk is to show
the detailed effect of including protection in global flood studies.
Zooming out to the Netherlands shows the effect of a DEM sensitive
region (low lying polder) on countrywide indicators, by varying
water level, elevation, and flood method.

To show the sensitivity of the WEPFIF choices Figure 9 presents
three common flooding method (baththub, connected 4 sided,
connected 8 sided), combined with a subset of six global DEM
datasets compared with the local lidar measurements of Actueel
Hoogtebestand Nederland (AHN)2 as reference, to the country of
the Netherlands. The top left figure is equivalent to a hypsometric
curve (area on the x-axis as a function of water level on the y-axis).
The bold codes in WyElinesPFrowIcolumnF varied. The variation in
flooded area and population as a function of water level shows how
sensitive these results are to the chosen DEM. The DEM are less
reliable for lower water levels, especially below 4 m.

Figure 10 shows the zoomed in perspective on the town of
Katwijk aan Zee. In this analysis we compare different flood
scenarios based on (Riahi et al., 2017; van Dorland et al., 2024)
(SSP5-8.5 based scenario with Marine Ice Cliff Instability (MICI)
(note Morlighem et al., 2024) included, here referred to as SSP5-
8.5+) with the same set of DEMs as in Figure 9. The figure shows
the large variation in flooded area under the parameters (design
storm surge with extreme scenario). If the recently upgraded coastal
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defense structure (which is not detected bymost of the globalDEMs)
is included and combined with a scenario in line with current
emissions (Hausfather and Peters, 2020).The flooded areas aremore
moderate, more consistent between DEMs andmore in line with the
high resolution reference DEM of AHN2. The bold codes varied in
this example: Wrow3vs4EcolumnProw4vs5Frow3vs4IFrow3vs4vs5.

5 Discussion and conclusion

5.1 Coastal flooding method notation: a
step to help compare local and global
flooding models

Most of the technical challenges to generate global hyper-
resolution coastal-flooding impact studies have been addressed over
the last decade. It is now possible to generate maps with resolutions
of 30 m or higher by combining several publicly available datasets.
Thus, the new challenge is not only achieving global coverage and
high resolution but also ensuring local relevance (see e.g. Gianinazzi,
2018). To be locally actionable, one needs to be able to compare
results with local studies. For this, it is important to know which
methodological choices have been made.

To facilitate the task of defining and determining the details
of these methodological choices, this study presents a workflow
with an accompanying semantic coding scheme for coastal flooding
applications. This coding scheme can help to do a comparison
between global and local studies or between different studies of
the same spatial extent. The notation assigns codes to each of the
six steps in the workflow of a coastal flood risk calculation: the
land elevation (Section 3.2) that will flood (Section 3.4) from the
sea (Section 3.1) if not properly protected (Section 3.3), resulting in
societal impact (Section 3.5), now or in the future (Section 3.6).

For each of the steps in theworkflowmethodological choices can
be noted using the coding scheme.

Waterlevel
M→Mean Sea Level (MSL), T→M+ Tide, S→ T+ Storm
surge, X→ S+Waves, F→ Fixed level.

Elevation
S→ Digital Surface Model (DSM), S−C→ canopy
filtered out, S−V→ vegetation (other than trees) filtered
out, S−B→ Buildings filtered out, T→ Digital Terrain
Model (DTM)

Protection
S→ Soft, H→Hard, PL→ Protection level.

Flood
B→ Baththub, C→ Connectivity, P→ Physical.

Impact
P→ People, E→ Economic, A→ Area.

Future
Depending on applications, for example, SSP5− 8.52100

5.2 Method meets objective

The application of this coding scheme to a collection of coastal
studies illustrates how it can be used. Table 4 shows the wide
variation of choices that studies make in their methods.

The research objective of each study in Table 4, particularly in
relation to quantifying current and future impacts, elucidates the
contextual differences in the appliedmethodologies. Hallegatte et al.
(2013) quantify potential future economic loss due to climate change
to provide advice on adaption policy. Hinkel et al. (2014) estimate
future damages and adaptation costs to support efforts to reduce
emissions. Vergouwe (2014) estimates current flood risk in the
Netherlands. Muis et al. (2017) estimate the current risk of coastal
flooding to assess howmuch risk could be avoided if floodprotection
standardswere increased. Kulp and Strauss (2019) improve exposure
estimates to inform coastal communities that the future is more
difficult than previously thought. Kirezci et al. (2020) estimate
future episodic floods to show themassive environmental and socio-
economic impacts.

The goals of these studies and their typical methodological
considerations can be summarized in a general recommendation.
In all cases, employing a DTM appears more advantageous than a
DSM, as reflected in the preference for a E = T choice.

The state of the world
The reflective, summarizing approach to the current and
future state of the world with respect to coastal flooding
benefits most from a variation of methodological choices.
Here, one typically looks at water levels with locally relevant
(corresponding to policy) return periods to show the
likelihood of certain events. The future is less relevant: one
can focus on the current state of the system. To show a
realistic image, one wants to include flood protection, but
given the limited availability of coastal protection datasets,
a protection level approach could suffice for now.One could
use a dynamic flood method that considers whether water
can retreat back to the coast after a flood. Impact indicators
for area and people are most relevant. In summary a
SAM100:T:S,H:P:P,A: model (W = SAM100, E = T, P = PL100,
F = P, I = P,A, F = none) would be an applicable example.

Optimizing investment
When choosing to replace coastal protection one often
looks at a water level with a return period corresponding
to a local criteria. This rarely includes waves, but often
includes tidal amplitude, which can also vary over time.
The main challenge is to determine which regions will
not be floodable. A connectivity-based method can
suffice for global studies. It is important to know the
current state of coastal protection and potential future
investment. Both protection and future protection should
be estimated. The impact on economic value (also
incorporating ecological and cultural value) is relevant.
For the future, one can assume that the sea level will rise.
Therefore, at least future mean sea-level changes should
be estimated. One could consider leaving out scenarios
deemed less plausible (Pielke Jr et al., 2022). To summarize
a TAM100:T:S,H:C:P,E:SSP2− 45 model (W = XAM100, E =
T, P = S,H, F = P, I = P,E, F = SSP2− 45) would be an
applicable example.

Raising concern
Raising awareness is not enough, so more dramatic flood
images should be created, some argue (e.g., Luccioni et al.,
2021). Here one can also use an XSL, with waves including.
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One can further dramatize the flood images by presenting
the future state under the assumption of “inactivity”, with
or without the current flood protection. Combining these
assumptions with a bathtub-based floodingmodel gives the
greatest potential flooded maps. The population affected is
then the most common output indicator. For this purpose,
the SSP5-8.5 future scenario is most often used. There are
ethical dilemmas to consider: Will people have a realistic
level of concern when presented with a selective subset of
information? Is it the scientists’ role to influence people’s
level of concern? In summary a XAM100:T::B:P:SSP5− 85
model (W = XAM100, E = T, P = none, F = B, I = P, F =
SSP5− 85) would fit this purpose.

This overview shows different considerations for the choices
based on the different objectives of the global coastal flooding
studies. This large variation corresponds to the large variation in
methods, which points out how important it is to elaborate and
notate these choices but also the corresponding goal clearly.

5.3 Data, models and tools

Not only does the research goal determine the choices
made, but also the availability of open and Findable Accessible
Interoperable Reusable (FAIR) datasets and computing resources
influences which choices can be made within the time available
for a study. Unfortunately, many of the tools, models, and model
schematizations are still not available under an open-source license.
This makes it difficult to build upon the work of others. Examples
from the studies above include the CoastalDEM dataset, the
tidal model TPXO, the model schematization of the GTSM, and
the Dynamic Interactive Vulnerability Assessment (DIVA) impact
model; none of these are available under an open-source license.
When data is open, it is not always easy to use. For example.
For example, the GTSM reanalysis data is available through the
Copernicus portal, but it can not be downloaded as a whole. One
has to make several small requests to access the data, which violates
the FAIR principles.

Physics-based flooding models that can be used for global
applications are available, but there is a lack of a public global
schematization that can be used. This is why most studies fall back
to the bathtub or connectivity methods; they need large amounts of
data to set up an alternative approach. Some of the data just has
not been collected on a global scale. There is no high resolution
(O(30)m) global covering reproducible DTM available. There have
been some efforts to make a dataset of protection levels, but no
dataset that covers hard and soft coastal defence is available. There
is no dataset available on current and future protection investment
strategies. This makes it impossible to create future scenarios based
on the realistic assumption that people will defend their coasts as the
sea level rises.

5.4 Concluding remarks

This paper provides an overview of methodological approaches
in recent global coastal flooding impact studies. To enhance

comparability, it introduces the WEPFIF coding scheme. Applying
this scheme, the study demonstrates the reasons for inconsistencies
between results. Achieving consistent and explainable results is
crucial as we stand on the brink of shifting from theoretical global
evaluations to actionable local-level information.

This is the first approach to a coding scheme for coastal
flooding studies. It encourages others to improve upon it, create
variations, or extend it based on studies not included in this
analysis or when new methodological choices are introduced.
Like other coding schemes, it will need to adapt as methodology
progresses. Scientists are encouraged to extend or simplify
the suggested approach.
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Glossary

AHN Actueel Hoogtebestand Nederland

AI Artificial intelligence

AMSL Absolute Mean Sea Level

AM Annual Maxima

CMIP Coupled Model Intercomparison Project

DBM Digital Bathymetric Model

DEM Digital Elevation Model

DIVA Dynamic Interactive Vulnerability Assessment

DSM Digital Surface Model.

DTM Digital Terrain Model

ECMWF European Centre for Medium-Range Weather Forecasts

EPSG European Petroleum Survey Group

ERA5 ECMWF Re-Analysis version 5

FAIR Findable Accessible Interoperable Reusable

FLOPROS FLOod PROtection Standards

GDP Gross Domestic Product

GEBCO General Bathymetric Chart of the Oceans

GEE Google Earth Engine

GEV Generalized Extreme Value

GIA Glacio Isostatic Adjustment

GIS Geographic Information System

GNSS Global Navigation Satellite System

GPD Generalized Pareto Distribution

GTSM Global Tide and Surge Model

HAT Highest Astronomical Tide

HSL High Sea Level

ICESat Ice, Cloud, and land Elevation Satellite

ICZM Integrated Coastal Zone Management

IPCC Intergovernmental Panel for Climate Change

LAT Lowest Astronomical Tide

LECZ Lower Elevation Coastal Zone

LIWO Landelijk Informatiesysteem Water en Overstromingen

MERIT Multi-Error-Removed Improved-Terrain

MEaSURE Making Earth Science Data Records for Use in Research

Environments

MHHW Mean High High Water

MICI Marine Ice Cliff Instability

MSL Mean Sea Level

NASA National Aeronautics and Space Administration

NCEP National Centers for Environmental Prediction

NVS Non Vegetated Surface

OSM OpenStreetMap

POT Peak Over Threshold

RCP Representative Concentration Pathway

RMSE Root Mean Square Error

RMSL Relative Mean Sea Level

SLR Sea-Level Rise

SRTM Shuttle Radar Topography Mission

SSL Storm Surge Level

SSP Shared Socioeconomic Pathways

SWL StillWater Level

UNDRR United Nations Office for Disaster Risk Reduction

WEPFIF Waterlevel, Elevation, Protection, Flood, Impact, Future

XSL eXtreme Sea Level
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