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Acronym and/or definition 

Acronym Description (Definition) 

DCS Demonstration Case study 

DEM 

Digital Elevation Model: an elevation model that captures the bare 

ground (bare earth) topographic surface of the Earth excluding trees, 

buildings, and any other surface objects (suitable for flood modelling). 

DSM 

Digital Surface Model: an elevation model that captures both the 

environment's natural and artificial features (unsuitable for flood 

modelling). 

DTM Digital Terrain Model: a synonym for a Digital Elevation Model (DEM) 

EU European Union 

ESL Extreme Sea Level  

GCM General Circulation Model  

GIS Geographic Information System  

GLOBE  Global Land One-kilometer Base Elevation DEM 

GHG Greenhouse gas  

IPCC Intergovernmental Panel on Climate Change 

LiDAR 
Light Detection And Ranging – a laser-based method to create DSMs 

and DEMs 

MSL Mean sea level  

MERIT Multi-Error-Removed Improved Terrain DEM 

RSL Relative sea level  

RCP Representative Concentration Pathway  

SL Sea level 

SLR Sea-level rise 

SRTM Shuttle Radar Topography Mission DEM 

SO Specific objective  

SoP Standard of Protection  

TWL Total Water Level 
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Executive summary 
This report has two main aims: (1) to review the existing methodologies that have been 

used to estimate the extent of coastal flooding at broad scales, which are applicable to the 

national to EU (European Union) scale analysis; and (2) to build on this review and design a 

flexible framework for the CoCliCo analysis of coastal flood extent (WP4). These 

simulations will be driven by the coastal drivers developed in WP3 (extreme water levels, 

waves, run-off, etc.) and will also consider coastal adaptation decisions models developed 

in WP6. As flooding and erosion are strongly linked both hazards are considered. As such 

this hazard analysis is a critical component of the coastal risk assessment in CoCliCo.  

There are a number of existing broad-scale flood assessments using either bathtub 

methods or two-dimensional inundation models with differing levels of complexity. Bathtub 

methods are simple and easy to apply but will generally overestimate flood extent, 

especially in large flood plains, although some recent applications attempt empirical 

corrections. Two-dimensional rapid inundation models potentially provide more realistic 

simulations as they allow consideration of flood defence failure and the propagation of the 

flood wave across the flood plain. They are also computationally feasible to apply at the 

European scale. More complex three-dimensional hydrodynamic models provide more 

detailed and accurate inundation results, but are impractical to apply at the European scale 

due to the absence of the necessary data and high computational demands. They are 

appropriate in the detailed case studies. Hence two-dimensional approaches are favoured, 

linked to high resolution, quality-controlled Digital Elevation Models such as provided by 

LiDAR.  

There are also a number of broad-scale erosion assessments, which are more diverse than 

flood assessments as different models are applied in different landforms (open coast 

beaches, estuaries, etc.). The simplest methods employ concepts such as the Bruun rule 

(Bruun, 1962) which links sea-level rise to erosion along the open coast using equilibrium 

concepts. A range of reduced-complexity models based on simplified physics extend this 

concept and allow inclusion of the effects of landforms such as inlets, lagoons and 

estuaries, including module coupling. Empirical calibration using satellite observations of 

erosion are increasingly common. Full physics models of erosion are not feasible to apply at 

the scale of Europe, but can be considered for the case studies.  

Based on this review, an integrated framework for erosion and flood assessment to be 

implemented in CoCliCo is proposed. It starts with a qualitative analysis that considers the 

coastal typology (beaches, cliffs, estuaries, etc) and other relevant factors to select the most 

appropriate method for analysis. The maximum flood extent given an extreme event and a 

large rise in sea level will also be determined to define a series of hydrologically distinct 

Flood Risk Management Units around Europe’s coasts. Within these, the detailed flooding 

will be explored for a much wider range of conditions and scenarios using two-dimensional 

inundation models and consistent DEMs based on the best available data. These analyses 

will consider adaptation and areas where erosion will be significant, with a focus on those 

areas where erosion will be significant (presently >0.5 m/yr). This will provide an operational 

method that can be applied consistently, accurately, repeatedly and at high resolution 

across Europe’s coast, and allow for iterative improvement and upgrade in the future.  
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1 Introduction 

1.1 CoCliCo Objectives 

The objective of the H2020 Coastal Climate Core Services (CoCliCo) project is to develop an 

open-source Web platform exploring present-day and future coastal flood and erosion risks. 

Specifically, the first Specific Objective of the project is to develop a web-based, distributed 

and interoperable open European coastal risk data and mapping Web platform, allowing 

user-driven exploration and visualization of coastal risks and their drivers under a range of 

user-defined Integrated Scenarios.   

The concept of the CoCliCo project is presented in Figure 1 below. The web platform is fed 

by geospatial data layers provided by Work Packages (WP) 3-6 (WP3: climate change and 

sea levels, WP4: coastal hazards, WP5: vulnerability and exposure, and WP6 adaptation). 

Hence, it informs users and stakeholders concerned with the flood directive (Demonstration 

Case study DSC#1), including cities and towns (DSC#2), and on coastal infrastructure 

adaptation (DSC#3). The Web platform will include a core platform, with homogeneous   

European datasets and will be designed to anticipate the emergence of improved data in the 

future (e.g., sea-level data, digital elevation models, or adaptation scenarios) and Exploratory 

Tools supporting Future Services (e.g., attribution of risks, or support of local planning with 

zooming facilities) which will be applied in case studies within CoCliCo.  

 

 
Figure 1: The concept of the CoCliCo Open Web platform.  

 

This report considers WP4 which is concerned with defining the spatial extent of coastal 

flooding and erosion. 

1.2 Coastal risk framework in CoCliCo and the WP4 role 

Within CoCliCo, the risk and adaptation frameworks (right hand side of Figure 1) build upon 

the common risk framework used in operational risk management, in which risk is a result of 

the interaction between coastal hazards, exposure and vulnerability (Intergovernmental Panel 

on Climate Change (IPCC): Jones et al., 2014; Sendai Framework for Disaster Risk 

Reduction, 2015). In addition to analysing past and future drivers of coastal flood risk, CoCliCo 

considers the influence of adaptation on each time-dependent risk attribute (e.g., sea level 
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(SL), flood maps, exposure of infrastructure). While much of this data and information is 

specific for individual Flood Risk Management Units, it relies on generic methods, models and 

data (e.g., sea level and coastal characteristics), thus allowing for benchmarking of the 

analysis and comparison to international standards. 

In CoCliCo, the purpose of WP4 is to assess coastal hazards associated with flood and 

erosion in terms of their physical extent i.e., the flood zones and erosion zones in the form of 

mapped GIS layers. The focus is on broad (national to continental) scale coastal flood 

modelling considering flood drivers and including the effect of coastal erosion where 

appropriate. 

WP4 contributes to two specific objectives (SO) in CoCliCo:  

SO2: Collect, develop and validate existing and new geospatial data relevant to 

coastal hazards. Data layers include coastal flood and erosion impacts. Key 

Performance Indicator (KPI2): feedback of Champion Users, of members of the 

Stakeholder Group and of independent experts demonstrating successful validation 

and demonstration of the web-platform’s data and functionality in real decision 

contexts. 

SO3: DCSs to guide and demonstrate visualisation and analysis techniques that are 

supportive for real-world decision-making. The DCSs are co-developed with our 

Champion Users, and lead to a tailor-made user-interface allowing the exploration of 

risk and adaptation Integrated Scenarios at the spatial and temporal scales of Flood 

Risk Management Units. Key Performance Indicator (KPI3): a collection of DCSs 

involving Champion Users in the co-development and promotion of the CoCliCo web-

platform, complemented by acceptance statements of involved users. 

1.3 Objectives of this report 

This report aims to (1) review the existing methodologies that have been used to estimate 

the extent of coastal flooding at broad scales and are applicable to the national to EU 

(European Union) scale, and (2) design a flexible framework for the CoCliCo analysis in 

WP4. Geographic Information System (GIS) and process-based approaches with differing 

levels of complexity are considered and evaluated. The report highlights the advantages 

and disadvantages, underlying assumptions, and key sources of uncertainty for each 

method and informs the design of our integrated framework and methodology. 

More specifically, the review includes (1) coastal flooding simulation at broad scales, 

including national, European and global assessments (e.g., Hall et al., 2003; Vousdoukas et 

al., 2016; Hinkel et al., 2014); (2) coastal erosion, geomorphology and geological databases 

and simulation approaches at broad scales recognising earlier work such as Eurosion 

(http://www.eurosion.org/) and the new satellite-based global methods (e.g., Luijendijk et al., 

2018; Mentaschi et al., 2018); (3) consideration of the uncertainties in these methods 

across all relevant inputs building on Hinkel et al (2021); (4) coastal flooding and erosion 

joint simulation approaches, which only exist at local and regional scales; (5) the design of 

the new integrated framework for flood assessment to be implemented in CoCliCo; and (6); 

potential improvements in future generations of the CoCliCo Platform. It also considers the 

availability of Digital Elevation Models (DEMs) of coastal areas in Europe available at the 

European (and bigger) scale (e.g., CoastalDEM; Kulp and Strauss 2019), within the EU 

(e.g., Copernicus Land Service EU-DEM) and nationally/regionally (e.g., national Lidar 
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datasets), including their suitability for coastal flood hazard assessment (discussed in the 

Appendix 1, Table 1A). 

2 Review of methodologies to project coastal 

flooding at broad scales (European to global) 

The following section reviews existing broad scale flood impact assessments and the 

methods applied in these assessments as far as area exposed at broad scales (up to 

continental or bigger). These assessments all require estimates of Total Water Levels (TWL) 

and land elevation to derive flood outlines and the resulting flood maps. This considers 

climate and non-climate flood hazard drivers and their propagation across the flood plain 

using a range of methods. The socio-economic dimensions of coastal flood risk evaluation 

are outside the scope of this report. In CoCliCo, they will be explored in WP5 and WP6 

(CoCliCo Deliverable D5.1). As such, flood risk assessment methodologies consider 

exposure, i.e., the land area impacted by coastal flooding. 

2.1 Coastal flood processes and evolution of the flood hazard 
assessments at broad scales 

High coastal water levels are produced by a range of coastal processes, such as high tides, 

storm surges, waves and heavy rainfall/run-off. These processes often occur together, and 

flood assessment consequently requires consideration of all the hazard sources since 

flooding is the result of the sum of the individual flood hazard drivers impacting the TWL rise 

(Camus et al., 2021). At the same time waves are most important on the open coast, while 

run-off is most important in the landward parts of estuaries.  

Flooding occurs where the water levels exceed the land elevation and water can flow over 

the land into these areas. If there are natural or artificial defences, these defences must ‘fail’ 

in some way to allow flow to occur. Three distinct failure mechanisms are recognised as 

follows:  

• Overtopping, when the mean total water level is lower than the height of coastal 

defences or dunes, but individual waves exceed them; 

• Overflow, when the mean total water level exceeds the height of coastal defences or 

dunes 

• Breaching of dunes or dikes, and other defence failure where the defence is lowered 

facilitating landward flow, with sometimes quite extreme adverse effects as in the 1953 

storm surge in eastern England and the 2010 Xynthia storm in France (Lumbroso, and 

Vinet, 2011; Wadey et al., 2015). 

 

Figure 2 schematically illustrates the Coastal Flood System. 
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Figure 2: Schematic representation of the Coastal Flood System, including a high 

Total Water Level, flow as a result of one or more defence failures and the resulting 

flooded area. 

 

Coastal flood hazard analysis is commonly aimed to evaluate the areas exposed to coastal 

flooding associated with a TWL with a given return period, but there are also forensic studies 

that analyse historical flood events. The coastal areas at risk identified as the result of such 

analysis are commonly expressed in flood hazard maps as the output. To produce these 

flood maps, an understanding of the ways/mechanisms that flow enters the floodplain (flood 

propagation), and how it spreads (rapid inundation modelling) are required.   

Over the last two or three decades, broad scale flood assessment frameworks evolved from 

fairly simple, rule-based/geometric approaches (e.g., Hall et al., 2003, Hall et al., 2006), to 

more complex flood hazard assessments that include hydraulic modelling of the flood wave 

and/or hydrodynamic modelling of TWL (recent studies such as Vousdoukas et al., 2018a, 

Haasnoot et al., 2021).  

This evolution reflects improving knowledge of the relevant processes, improving data on 

factors such as defences, high resolution elevation, and steadily increasing computer 

power/processing which facilitates use of this knowledge and data. This growing capacity 

contributes towards more advanced coastal flood hazard assessments at broad scales 

(Table 1, Tables 1A, 2A in the Appendix). 
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Table 1: An overview of the existing coastal flood assessment frameworks applied at broad scales (part 1) and representative case 

studies applied at regional and above scales and applicable for CoCliCo (part 2); ‘x’ indicates consideration of individual drivers, data 

input and output considered in frameworks, ‘N/A’ – not considered, ‘*’ indicate storm surges and waves simulated using climate 

change projections. Studies are listed in chronological order. 

Part 1 Broad Scale (Europe and larger) 

Reference Modelling approach  Coastal flood hazard drivers Data Output 

  Climate-

induced Sea-

level rise 

Uplift/ 

subsidence 

Extreme water 

levels or 

tides/storm 

surges 

Waves  

Run-off 

 

DEM Coastal 

protection 

Terrain 

roughness 

Sea level 

rise 

estimates 

Flood 

maps 

Hallegatte et al., 

2013 

Bathtub inundation 

(major coastal cities 

only) 

x x x N/A N/A x x N/A N/A N/A 

Hinkel et al., 2014; 

Lincke and Hinkel, 

2018; Nicholls et 

al., 2021 

Bathtub inundation x x x N/A N/A x x N/A x N/A 

Mokrech et al., 

2015 

Bathtub inundation x x x N/A N/A x x N/A N/A x 

Vousdoukas et al., 

2016; Vousdoukas 

et al., 2018a; 

Vousdoukas et al., 

2020 

Two-dimensional 

inundation model 

x x x* x* N/A x x N/A N/A x 

Bevacqua et al., 

2019 

Multi-source 

modelling 

x N/A x* x* N/A N/A N/A N/A N/A N/A 

Tiggeloven et al., 

2020 

 Refined bathtub 

inundation 

x x x N/A N/A x x N/A N/A N/A 
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Kirezci et al., 2020 Bathtub inundation x N/A x x N/A x N/A N/A x x 

 Haasnoot et al., 

2021 

Refined bathtub 

inundation  

x x x N/A N/A x x N/A x N/A 

 

Part 2 Regional (sub-national) and national analyses 

Reference Modelling approach  Coastal flood hazard drivers Data Output 

  Climate-

induced 

Sea-level 

rise 

Uplift/ 

subsidence 

Extreme water 

levels and 

storm 

tides/surges 

Waves  

Run-off 

 

DEM Coastal 

protection 

Terrain 

roughness 

Sea level 

rise 

estimates 

Flood 

maps 

Hall et al., 2006   Static inundation 

 

x N/A x x x x x N/A N/A x 

Toimil et al., 

2017a 

Two-dimensional 

inundation modelling 

 

x N/A x* X* N/A x x x N/A x 
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2.2 Key modelling approaches 

2.2.1 TWL derivation 

Flood models can be forced with TWL (linked to overflow) or overtopping discharge. The 
wave contribution to TWL (wave setup) can be estimated empirically/semi empirically (e.g., 
by means of simple formulations) or numerically (e.g., process-based models such as 
SWAN, Booij et al., 1999, and XBeach, Roelvink et al., 2009). Once computed, this wave 
contribution is added to sea level components.  

For example, in Vousdoukas et al. (2016) derived Extreme TWLs as the result of the 
contributions from the tide, mean sea level (MSL), and the combined effect of waves and 
storm surge using i) historical data (e.g. from a storm surge hindcast), and ii) future 
projections. Similarly, Toimil et al. (2017a) derived TWL time series from historical data 
(reanalysis databases) for present flood hazard scenarios, and projected waves, storm 
surge and sea-level rise (SLR). Kirezci et al. (2020) calculated historical TWLs by linear 
summation of tide, storm surge, wave setup and regional relative sea level rise. In this 
approach non-linear interaction of the processes is ignored. For future projections of TWLs, 
extreme value estimates of TWL were combined with global projections of relative sea level 
rise (Kirezci et al., 2020). 

On the other hand, overtopping can also be determined, this could be done using empirical 
(e.g. EurOtop, Pullen et al., 2007) or numerical models (such as XBeach). EurOtop, an 
example of empirical approach, rely on wave parameters and beach geometry to produce 
estimates of average overtopping rates, while process-based flow and sediment model 
XBeach considers incident wave forcing and infragravity (Gallien et al., 2016). 

It should be noted that there must be some consistency in terms of TWL and flood 
modelling, e.g., the accuracy derived from obtaining TWLs through hydrodynamic modelling 
could be greatly reduced in the final output (flood maps) if the flood modelling is approached 
with the bathtub method. 

2.2.2 Inundation modelling 

GIS-based modelling 

When an elevation-based SLR or coastal flooding assessment is conducted, a simple 

inundation method known as the “bathtub” model is often used. To delineate the inundation 

zone with the bathtub method, the water level is raised on a coastal DEM by selecting all 

areas that are below the specified new water level. In this approach, no attempt is made to 

simulate the dynamics of the inundation process (Gesch et al., 2018).  

Application of the bathtub approach is particularly common for coastal inundation 

assessment over broad areas. For example, Hinkel et al. (2014) and Lincke and Hinkel 

(2018) in the Dynamic Interactive Vulnerability Assessment (DIVA) modelling Framework 

(Hinkel and Klein, 2009) provided estimates of flooding due to global mean SLR and its 

implications for adaptation using the bathtub inundation model. Global relative sea-level 

(RSL) change estimates were produced using the same approach by Nicholls et al. (2021a). 

Kirezci et al. (2020) extended this analysis to add wave set-up as a factor in TWL, causing a 

small increase in the area of flooding. 

This static inundation modelling approach realizes savings in input data and computation 

requirements. Pedreros (2016) suggests that it can be applied for low-lying areas affected by 
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overflow, just a few hundred meters (up to 1km) wide. In wider areas exposed to overflow, 

the bathtub approach generally overpredicts flood extent compared to hydraulic and 

hydrodynamic modelling approaches which consider flow, friction and time (e.g., Bates et al., 

2005). In areas exposed to overtopping, the bathtub approach cannot be applied. When 

using simple inundation models to assess potential impacts of raised coastal water levels it 

should be recognised that not all areas will respond to increased water levels by simply 

becoming inundated. Certain areas will adapt by responding dynamically, i.e. they may be 

affected by sea-level change, but not necessarily transition to permanent open water (Gesch 

et al., 2018). For example, change in elevation could be due to sedimentation and accretion 

processes that results in depths going down. 

Tiggeloven et al. (2020) simulated the flood effects of sea-level rise as a range of 

probabilistic outcomes using a geographic information system-based (GIS) inundation 

routine, that incorporated a number of important factors that are not regularly taken into 

account in global-scale coastal inundation modelling:  

- a resistance factor was used to simulate the reduction of flooding land inwards, as 

tides and storm surges have a limited time span. This factor was applied over a 

Euclidean distance from the nearest coastline point. The resistance factor was set to 

0.5 m km−1; 

- the resistance factor was multiplied by a weight, proportional to the amount of 

permanent water in each cell within the Euclidean pathway towards a land cell under 

consideration. In this way, grid cells that were marked as land within the terrain 

model, but in fact represent areas with large amounts of open water, were correctly 

simulated as cells with low resistance. Fractions of permanent water were estimated 

using a 30-year monthly surface water mask dataset at 30 m resolution, derived from 

the Landsat archive;  

- a spatially varying offset between MSL according to the FES2012 model and the 

datum used by the terrain model MERIT (EGM96) was applied to ensure that the 

zero datum of the terrain and the extreme sea levels from are the same (Tiggeloven 

et al., 2020). 

This GIS-based inundation model for global coastal flood assessment that considers water 

level attenuation and is forced by SL, was applied by Haasnoot et al. (2021); surge levels 

were generated with the Global Tide and Surge Model (GTSM) using the Delft3D Flexible 

Mesh software developed by Deltares (Haasnoot et al., 2021).  

Rapid flood spreading method 

The static approach often results in substantial overestimation of the flood extent compared 

to dedicated hydraulic models, especially in flatter terrains and larger flood plains 

(Vousdoukas et al., 2016). Unlike more static inundation and empirical modelling, more 

complex 2D hydraulic modelling allows consideration of coastal flooding processes, these 

models usually resolve equations of hydraulics. 

These dynamic, reduced complexity storage-cell (when the floodplain is treated as a series 

of discrete basins, and flow between cells calculated using analytical flow formulae (Hunter 

et al., 2006) inundation models such as LISFLOOD-FP (Van Der Knijff et al., 2010) and 

RFSM (Gouldby et al., 2012) are a step more elaborate and more computationally intensive 

(Bates et al., 2010). Despite being originally developed for simulating river flow processes, 
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they have also been proven reliable for coastal flooding applications, such as the 

reproduction of storm surge events (Ramirez et al., 2016; Smith et al., 2012) and the 

evaluation of future scenarios of SLR (Purvis et al., 2008) (Vousdoukas et al., 2016). The 

application of the LISFLOOD model to coastal flooding has been explored by Vousdoukas et 

al. (2016) to generate flood hazard maps at pan-European scale. Vousdoukas et al. (2016) 

applied the structure-variable method: the approach to combine the effect of waves, tides 

and storm surges. 

Hydrodynamic modelling 

Process-based models specialized for coastal hydro-and morphodynamics (e.g. Lesser et 

al., 2004; Roelvink et al., 2009; Vousdoukas et al., 2012) appear as the optimal option with 

regard to the accuracy of projections. However, such models present some disadvantages: 

(i) the increased computational costs, which are almost prohibitive for large-scale 

application; and (ii) the fact that they require high resolution nearshore topography data, this 

information is not available for many areas (Vousdoukas et al., 2016). Bevacqua et al. 

(2019) in the compound flood probability study simulated storm surges with the DFLOW FM 

model using a flexible mesh setup; waves were simulated with the model Wave-watch III. 

However, the different sea level components SLR, astronomical tides, waves, and storm 

surges) were considered as independent in the study (Bevacqua et al., 2019). In areas 

exposed to overtopping, the most accurate approach consists in using phase resolving 

models such as SWASH (Zijlema et al., 2011), SURFWB (Marche et al., 2007) or UAHINA 

(Filippini et al., 2018). This modelling strategy computes the associated overtopping and 

flooding. This approach performs generally much better than parametric formula such as 

Eurotop (Pullen et al., 2007) (Suzuki et al., 2012; Pedreros, 2016). Yet phase resolving 

models can only be applied at local scales today because of the computational demand.  

2.3 Climate and non-climate flood hazard drivers 

Coastal flooding projections generated in the coastal flood risk assessment frameworks 

require consideration of climate conditions, projections of which are associated with 

considerable uncertainty. Application of dynamic and interactive flood modelling using 

predefined and/or user defined scenarios, therefore, allows flexibility and makes 

assessments of flood impacts under uncertain conditions more effective (Mokrech et al., 

2015). Such scenarios include greenhouse gas (GHG) emission/climate change scenarios 

that provide a number of SLR projections, depending on the climate change scenario. The 

majority of the studies include SLR projections for Representative Concentration Pathways 

(RCPs) 4.5 and 8.5 (Vousdoukas et al., 2018a; Vousdoukas et al., 2020; Tiggeloven et al., 

2020, Kirezci et al., 2020, Haasnoot et al., 2021). These projections are associated with 

GHG concentration scenarios from IPCC AR5 report (Jones et al., 2014), where RCP4.5 is 

considered to be an intermediate scenario (peak of GHG emissions around 2040 followed by 

decline); emissions continue to rise throughout the 21st century in RCP8.5. An additional low 

emission scenario, RCP2.6, where CO2 emissions go to zero by the year 2100, was 

considered by Hinkel et al. (2014) and Nicholls et al. (2021a). 

In addition to SLR projections under various GHG emission scenarios, mean and extreme 

sea-level hazards include tides, surges, waves, and their interactions. Extreme sea levels, 

storm tides and surges data commonly used in the reviewed coastal flood hazard 

frameworks originate from the Global Tide and Surge Reanalysis (GTSR) dataset that 
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contains extreme water levels for different return periods based on GTSM (Muis et al., 2016; 

Muis et al., 2017). 

For example, in the LISCoAsT framework the TWLs projections were derived as the result of 

the contributions from the mean sea level, the tide and the combined effect of waves and 

storm surge (Vousdoukas et al., 2016). This framework provides Extreme Sea Level (ESL) 

projections that are the result of contributions from the MSL, tide and extreme weather, 

winds and pressure that drive waves and storm surges (Vousdoukas et al., 2018a; 

Vousdoukas et al., 2020). Another study, the First-order assessment to provide projections 

of global extreme sea level and coastal flooding by 2100 included the four components: tide, 

storm surge, wave setup and regional RSL rise (Kirezci et al., 2020). In certain cases, sea-

level hazard components were limited to extreme still water levels (Hinkel et al., 2014) or 

extreme sea levels represented by astronomical tides and storm surges (Mokrech et al., 

2015), and waves/wind variable is not included in hazard drivers. 

It must be noted that in addition to the above drivers, it is important to consider the 

contribution of non-climate coastal flood hazard drivers, which are geological uplift and 

subsidence processes due to natural and human-induced causes (Nicholls et al., 2021b). 

Europe is strongly affected by glacial-isostatic adjustment which is causing relative sea-level 

fall in much of Scandinavia at present, while in most coastal sedimentary lowlands such as 

the Netherlands, human processes are enhancing subsidence. The effect of land uplift 

and/or subsidence were considered in all the assessments to the ability that data allowed 

such as Mokrech et al., 2015, Vousdoukas et al., 2018a; Vousdoukas et al., 2020; and 

Tiggeloven et al., 2020. Nicholls et al. (2021a) focused specifically on relative sea-level rise 

and included human-induced subsidence in deltas and especially subsidence-prone coastal 

cities.  

2.4 Key data and information allowing to assess the hazard 

2.4.1 Elevation data 

In order to project impacts of increased water levels and model flood hazard propagation 

into the shore and floodplain, topographic information is required. Due to limited availability 

of DEM datasets with high spatial resolution, simple rule-based flood hazard assessment 

frameworks, such as Hall. et al. (2003, 2006) used the indicative flood plain map to define 

the flood hazard zone. The most commonly used elevation data employed in coastal flood 

models comes in form of DEMs available at various quality (spatial resolution and vertical 

accuracy), which in return impacts the accuracy of the results (Table 1A in the Appendix). 

Most of these are digital surface models (DSMs) and not digital elevation models (DEMs), 

which means they represent the elevation value of the first reflectance surface and not 

necessarily the terrain itself (McClean et al., 2020).   

Hinkel et al. (2014), for example, used two different DEMs (Global Land One-kilometer Base 

Elevation (GLOBE) and Shuttle Radar Topography Mission (SRTM) DEMs with 1 km and 90 

m spatial resolution, respectively) in their global assessment. The areas affected by coastal 

flooding estimated with the SRTM DEM were smaller than those estimated with the GLOBE 

DEM. This difference is largely due to SRTM being a DSM where elevation of low-lying 

areas may be offset due to land cover (Hinkel et al., 2014). SRTM DEM was further applied 

in number of large-scale assessments (Mokrech et al., 2015, Vousdoukas et al., 2016; 

Vousdoukas et al., 2018a; Vousdoukas et al., 2020; Nicholls et al., 2021a). Due to 
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substantial underestimation of coastal flood when SRTM DEM dataset was used in coastal 

flood assessments, efforts were made to correct the dataset’s vertical error using a neural 

network that was trained via lidar data as a ground truth. Resulting dataset, CoastalDEM is 

likely to improve the accuracy of global flood hazard assessments (Kulp and Strauss, 2018). 

The extreme coastal water level assessment at global scale (Kulp and Strauss, 2019) 

showed that CoastalDEM used in the assessment triple estimated coastal flood hazard 

associated with extreme water levels (Kulp and Strauss, 2019). 

Furthermore, several recent studies used Multi-Error-Removed Improved Terrain (MERIT) 

DEM. This DEM is available at 90 m spatial resolution and mostly represents bare ground 

elevations, so it is technically close to a DEM (or DTM). This increases suitability of the 

elevation data for applications requiring heights of the bare ground (Yamazaki et al, 2017). 

Although the original MERIT DEM is available at 90 m spatial resolution, the MERIT DEM 

dataset at 1 km resolution was used by Tiggeloven et al. (2020), Kirezci et al. (2020), and 

Haasnoot et al (2021) due to computational expensive inundation modelling of SLR 

increments at a 30 m spatial resolution. 

2.4.2 Coastal defences 

In addition to elevation data required for hazard propagation estimates, interaction with 

natural (e.g., dunes) and artificial (e.g., dikes) defences needs to be considered to estimate 

the actual flood extent during an event. This is much more difficult than is first apparent as 

these data are difficult to collect at the quality required for this kind of analysis. As a result, 

hybrid methods have been widely used, combining limited data availability with modelling. 

This is illustrated by the broad-scale coastal flood assessment studies reviewed in this 

report, which considered coastal defences in a variety of ways. 

The availability of the high-quality National flood and coastal defence database for England 

and Wales provided a dataset of dike location, type and condition in the Approximate 

national-scale methodology (Hall et al., 2003; 2006). In this study, the condition grade and 

standard of protection (SoP) of flood dikes were also considered. However, such datasets 

are usually not readily available at broader scales and data on the defences (such as type, 

location etc.), although new datasets are being developed (e.g., Eurosion and CEC coastal 

databases; Scussolini et al., 2016; O’Dell et al., 2021). Alternatively, stylised and/or 

modelled estimates of defence can be used. For example, Hallegatte et al. (2013) – who 

only considered large coastal cities globally -- collected all the data that was available to 

develop an indicative defence standard per city – and populated the missing cases with 

expert judgement. In contrast, Hinkel et al. (2014) in DIVA framework modelled defences 

assuming a “demand for safety function” that was derived from some empirical data. This 

assumes that the defences are always provided by dikes. Similarly, Mokrech et al. (2015) 

modelled Indicative flood defence standards based on CORINE land use data (100 m 

resolution) and SoP parameter. More recent study by Tiggeloven et al., 2020 estimated 

coastal protection standards with the FLOPROS modelling approach (Scussolini et al., 

2016), while Haasnoot et al. (2021) considered coastal protection standards defined as 

return periods for each sub-country unit. To account for natural defences, the coastal 

typology should be considered, but none of the reviewed frameworks have explicitly 

considered this element.  
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3 Review of methodologies to project shoreline 

changes at broad scales (European to Global) 

The following section reviews existing coastal erosion assessments and the methods 

employed as far as defining the area affected at broad scales (up to continental or larger). 

This includes how erosion might affect DEMs and hence influence coastal flooding. These 

assessments are mainly driven by consideration of sea-level rise and empirical 

measurements of shoreline change (e.g., repetitive profiles, historic maps and increasingly 

satellite measurements) which are well suited to CoCliCo needs. 

3.1 Coastal erosion processes and evolution of erosion hazard 
assessments at broad scales  

Coastal erosion processes 

Coastal erosion results from the integrated effect of climate change driven variations in 

mean sea level, storm surge/tide, waves, sediment supply, altogether with anthropogenic 

impacts such as river damming, natural resource extraction and coastal engineering 

practices. In a fundamental sense, the complete sediment budget needs to be considered 

(e.g., Cowell et al., 2003a; 2003b), but this is difficult due to the large number of processes 

that are involved, and the wide range of time scales at which they operate. So as a first step 

in any analysis, it is important to define the processes that are required, and how they will be 

represented. This generally leads to a practical compromise of what is ideal versus what is 

practical to achieve within the model.   

 

Frameworks Projecting Coastal Erosion  

Available coastal erosion assessments aimed to provide broad scale coastal change 

projections over the 21st century consider erosion hazard drivers separately, and are 

consequently not able to capture integrated effects, such as those resulting from the 

coupling of waves and currents (Table 2, Table 3A in the Appendix). 
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Table 2: An overview of the existing assessment frameworks to project coastal erosion at broad scales (global to European, part 1) 

and representative case studies applied at regional and above scales and applicable for CoCliCo (part 2); ‘x’ indicates consideration 

of individual drivers, data input and output considered in frameworks, ‘N/A’ – not considered, ‘*’ indicate storm surges and waves 

simulated using climate change projections. Studies are listed in chronological order. 

Part 1 Broad Scale (Europe and larger) 

Reference Modelling 

approach 

Coastal erosion hazard drivers Data Output 

  Climate-

induced sea 

level rise 

Tides/stor

m surges 

Waves Sediment 

budget 

 

DEM Geomorph

ology/coast

al topology 

Coastal 

protection  

Coastal 

slope 

Estimates 

of Shoreline 

change/coa

stal 

recession 

Spatial 

outputs 

Hinkel et al., 

2013 

Equilibrium 

model 

X N/A N/A x N/A x N/A x x N/A 

Spencer et 

al., 2016 

Empirical 
model 

 

X N/A N/A x N/A x x N/A x x 

 

Luijendijk et 

al., 2018 

Satellite-

derived 

shorelines 

N/A 

 

N/A 

 

N/A 

 

N/A 

 

N/A 

 

N/A 

 

N/A 

 

N/A 

 

x x 

Mentaschi et 

al., 2018 

Satellite-

derived 

shorelines 

N/A 

 

N/A 

 

N/A 

 

N/A 

 

N/A 

 

N/A 

 

N/A 

 

N/A 

 

x x 

Schuerch et 

al., 2018 

Hybrid 
empirical/proc
ess model 

 

x x N/A x x N/A x N/A x x 
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Le Cozannet 

et al., 2020 

Clustering 

approach and 

the Markov 

chain model 

N/A x x N/A N/A x x N/A N/A N/A 

Thiéblemont 

et al., 2019 

Equilibrium 

model 

x N/A N/A N/A N/A x N/A x x x 

Vousdoukas 

et al., 2020 

Combined 
equilibrium 
and empirical 
model 

x x N/A N/A x N/A N/A x x x 

 

Part 2 Regional (sub-national) 

Reference Modelling 

approach 

Coastal erosion hazard drivers Data Output 

  Climate-

induced sea 

level rise 

Tides/stor

m surges 

Waves Sediment 

budget 

 

DEM Geomorph

ology/coast

al topology 

Coastal 

protection  

Coastal 

slope 

Estimates 

of Shoreline 

change/coa

stal 

recession 

Spatial 

outputs 

Dickson et 

al., 2007 

Simplified 
physics model 

 

x x x x N/A x x x x x 

Walkden and 

Dickson, 

2008 

Equation 
derived  from 
simplified 
physics model  

x x x N/A N/A x N/A x x N/A 

Brooks and 

Spencer, 

2011 

Process-based 
model  

 

x N/A N/A N/A x x N/A N/A x x 
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Gutierrez et 

al., 2011 

Bayesian 

network 

x x x N/A N/A x N/A x x x 

Toimil et al., 

2017b 

Equilibrium 

model 

x x* x* N/A N/A x N/A x x x 

 Vitousek et 

al, 2017b 

 

Combined 

equilibrium 

and empirical 

model 

x N/A x x N/A N/A x N/A x x 

Thiéblemont 

et al., 2021 

Empirical 

model 

x N/A N/A x N/A N/A N/A x x N/A 
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3.2 Key modelling approaches 

To date, commonly used approaches to estimate coastal change due to climate change 

impacts include the following four categories: 

(i) One-dimensional, physically-based simple equilibrium models (e.g., Bruun Rule, Bruun 

1962). While potentially being adequate for first-order assessments at broad scales, 

application of simple techniques such as the Bruun rule to assess coastal evolution at local 

spatial scale and/or over the long-term temporal scale remains problematic as they only 

assess one element of the total sediment budget. 

(ii) Reduced complexity models with simplified process descriptions (e.g., CASCADE, 

Larson et al., 2002, and ASMITA models, Stive and Wang, 2003). Such models are driven 

toward a prescribed end-state condition (equilibrium) and provide limited insight on 

processes governing morphological evolution. Furthermore, severe aggregation is inherent 

in these models, since they are empirically based and normally calibrated to data rich 

locations. Further note that model types (i) and (ii) can be linked to describe the open coast 

and linkages to estuaries/lagoons (e.g., Hinkel et al., 2013). 

(iii) Process-based morphodynamic models employing extensive time integration of micro-

scale processes. Attempts to date with fully process-based models (e.g., Delft3D, Mike21, 

CMS) forced with concurrent water level, wave, and river flow forcing have only been able to 

produce accurate results for simulation lengths less than about 5 years (Lesser, 2009; 

Ranasinghe, 2016) and they are computationally expensive. Therefore, currently these 

modelling approaches appear inappropriate for broad-scale coastal simulation (Ranasinghe, 

2020). 

(iv) Data-driven shoreline projections are based upon empirical observations and derive 

future shoreline estimations thereof, typically by using linear extrapolating techniques. Given 

that satellite imagery and other big datasets are becoming available at ever-increasingly 

high resolution, this paradigm of shoreline modelling has recently seen revived interest. 

Overall, one of the key benefits of these models is that they are usually applicable at broad 

scale. On the other hand, the individual contribution of each of the physical drivers of 

shoreline dynamics remain hidden, while the quality of the shoreline projections directly 

dependent upon the quality of extracted shorelines.   

3.2.1 1D physically-based models 

Process based approaches to shoreline modelling typically focus on a single dominant 

physical process, e.g., beach profile adjustment due to sea-level rise. These models are 

widely applied because they can provide valuable first-order estimates of coastal evolution 

at broad scales. The most notable example is the Bruun rule, which can be used to predict 

sea-level rise induced cross-shore transport by assuming an equilibrium beach profile. The 

model is often expressed as (Cooper and Pilkey, 2004; Ranasinghe et al., 2012):  
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𝑅  =  
𝐿𝑆

(𝐵  + ℎ)
 

Where, h = the maximum depth of exchange of material between nearshore and offshore, L 

= horizontal distance from the shoreline to depth h, B = berm or dune elevation estimate for 

the eroded area, S = sea level rise, and R = horizontal extent of coastal recession.  

The Bruun rule is often applied for various reasons.  

- The Bruun rule is an easy to use analytical model, which is expressed in a simple 

numerical expression. 

- It is appealing to apply to broad scales as it requires only two known parameters, i.e., 

depth of closure and relative sea-level rise, while the simple numerical expression 

warrants computational attractiveness.  

- Given these two coastal parameters it is able to deliver first-order estimates of 

coastal recession at regional level.  

Nevertheless, application of the Bruun rule is controversial:  

- It is known to have low quantitative accuracy (Ranasinghe et al., 2012); 

- The predictions of the Bruun rule model have not been extensively validated against 

observations;   

- The model is characterized for not being robust (Ranasinghe et al., 2012; 

Thiéblemont et al., 2021) 

- Application of the Bruun rule relies on many assumptions which for most coastal 

segments cannot be met (Ranasinghe and Stive, 2009).  These include the important 

assumption that all sand transport occurs perpendicular to the shoreline, hence, no 

three-dimensional variability is included.  

- The input parameters are characterized by major uncertainty, which have been 

shown to altogether have the potential to cause 4000% variability in the predictions 

(Ranasinghe and Stive, 2009).  

In recent studies, the application of the Bruun rule has been justified by including a 

correction factor, which aims to correct overestimations of coastline retreat. For example, 

Vousdoukas et al 2021 used a random correction factor varying between 0.1 and 1.0 

centred around a conservative median value of 0.75.  

Other examples of process-based models are UNIBEST and ShorelineS, which both model 

coastal change along a single line. Since ShorelineS is widely considered as the successor 

of UNIBEST, only ShorlineS will be discussed in this review.  

Following Pelnard-Considère (1957), the ShorelineS  model accounts for shoreline changes 

due to longshore sediment transport gradients. However, contrary to UNIBEST, ShorelineS 

is a vector based model and is therefore is capable of simulating the evolution of complex 

shapes, such as the breaking up of a spit. Another advantage of this model is that compared 

to process-based competitors, such as the numerical model XBeach, the model is 

computationally efficient. Finally, the model is also able to take into anthropogenic impacts, 

such as dredging and coastal defences into account while modelling multi-decadal shoreline 

evolution.  
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To model shorelines with ShorelineS, the model requires adequate nearshore bathymetry 

and high quality nearshore wave climates. Regarding the European coastline, the first are 

available through EMODnet, but the latter are more difficult. Therefore, considering current 

available information, ShorelineS will be difficult to apply within CoCliCo, yet, as data 

become available over the years, this approach may eventually become an important tool for 

shoreline modeling.   

3.2.2 Reduced complexity models 

Given that process-based models are not practical at present, an effective alternative is a 

reduced complexity approach. This is a physics-based, yet simple and fast numerical 

modelling approach that uses simplified descriptions of fundamental system physics which 

delivers estimates of the system response to forcing. Such models can produce multiple 

simulations, enabling probabilistic estimates of system response (Ranasinghe, 2020). 

While a few such reduced complexity numerical models have been developed since the turn 

of the century, there have been no concerted efforts to develop a reduced complexity model 

that is capable of providing rapid, probabilistic estimates of coastal change resulting from the 

integrated effect of climate change driven variations in coastal forcing. This reflects that most 

reduced complexity models reflect components of coastal change and therefore a model 

system for a diverse coastal situation such as Europe has yet to be developed. Note that 

large coastal lengths (10s kms) have been modelled in a number of case studies. 

In reduced complexity models, the impacts of sea-level rise are generally considered using 

the Bruun rule. However, when linking to other models there is a danger that some of the 

processes considered in the Bruun rule may also be considered (D’Anna et al., 2021). 

Therefore, care is needed when combining reduced complexity model components with the 

Bruun rule in order to avoid double-counting of SLR impacts. It shows the need for a solid 

conceptual design to avoid such issues in all such model applications. 

Relevant concepts adopted in existing non-process based long-term coastal evolution 

models could be used to develop a reduced complexity model to obtain rapid, probabilistic 

estimates of future long-term nearshore morphological change. This modelling approach 

where concepts from existing computationally efficient non-process based coastal evolution 

models are adopted can then potentially be combined with an existing short-term reduced 

complexity models, such as the Probabilistic Coastal Recession (PCR) model, (Ranasinghe 

et al. 2012), which provides probabilistic estimates of contemporary and/ or future short-term 

storm erosion volumes. Depending on local geomorphic conditions and/or the target 

coastline indicator (e.g. MSL or high-water contour), concepts adopted in existing non-

process based models of short-term coastal change may also be strategically applied in the 

model development for long-term coastal change projections. The main result that can be 

expected from the application of such integrated, 2D reduced complexity coastal change 

models is a series of coastline positions (alongshore) with a range of exceedance 

probabilities for every year of the simulation (Ranasinghe, 2020). 
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Another candidate for shoreline modelling using a reduced complexity model that is 

applicable to wide spatial scales and can be used to generate centennial shoreline 

projections is CoSMoS-Coast (Vitousek et al., 2017b). This is a hybrid model that combines 

process-based approaches with empirical observations by using data assimilation 

techniques. The model can be understood as a modular scheme that consists of three 

mutually independent components which are parametrized by an extended Kalman filter 

(Long and Plant, 2012) using empirical observations, i.e., shoreline positions. The following 

three process-based components are included. 1) Longshore transport and shoreline 

change due to waves, following the one line method of Larson et al. (1997). 2) Cross-shore 

transport due to waves using an equilibrium shoreline change model (Yates et al., 2009; 

Long and Plant, 2012). 3) SLR-induced cross-shore transport using an equilibrium beach 

profile model (Bruun, 1962). 

On the one hand, the model has several strengths: 

I) Because of the process-based components it is able to explicitly address the 

underlying sediment-transport processes, while data assimilation with empirical 

observations warrants optimal parameterization of the model. 

II) It can account for cross-shore as well as alongshore sediment-transport processes. 

III) It includes the effects of climate change induced shifts in wave climate on shoreline 

behaviour by incorporating a GCM-RCM wave composition. 

IV) Considering SLR-induced erosion, it can multiple SLR projections.  

V) Assuming that longshore transport is neglectable, the model can, besides open 

beaches, also be applied to pocket beaches (Toimil et al., 2020). 

VI) It was successfully applied at large spatial scale (USA West Coast) while generating 

shoreline projections for more than 4000 transects up to 2100. 

On the other hand, the model also has several weaknesses: 

I. The model is mostly applicable for open beach environments. Pocket beaches may 

be considered by assuming no longshore sediment transport, hence, setting the 

longshore component to zero. However, other environments such as embayment’s 

(e.g., Zarautz) and tidal inlets (e.g., Arcachon basin) cannot be accurately 

represented by this model. 

II. The model does not consider internal variability; it only generates probabilistic 

predictions for future shorelines in so far it is fed by multiple projections. 

III. Although climate change induced shifts in wave climate are considered, only one 

combined GCM-RCM was used. Moreover, no bias was taken into account when 

downscaling to the regional level (Toimil et al., 2020). 

IV. The model remains untested in complex coastal environments at large scale. The 

model has been successfully applied to the USA West, yet this is a fairly uniform 

coastline. Applying this model to continental Europe will, most likely, be challenging 

as well as computationally demanding. 



 

 

This project has received funding from the European Union’s Horizon 2020 

research and innovation programme under grant agreement No. 101003598 
 

 28 

V. Finally, all the shortcoming of the three process-based components are inherited into 

this model. See earlier sections for a detailed discussion of these caveats. 

3.2.3 Process-based models 

Over the last three decades numerous studies tried to overcome the challenge of coastal 

morphological change simulations driven by the concurrent effect of these erosion hazard 

drivers at short to medium temporal scale with various level of success (e.g., de Vriend et 

al., 1993; Hanson et al., 2003; Roelvink, 2006). A most recent example is by Luijendijk et al. 

(2019) who conducted a 30-year morphodynamic simulation with combined wave-tide 

forcing at a local scale (16 km), using a combination of parallel computing and wave input 

reduction techniques with a computing time of 5–19 days (depending on the parallel 

computing/input reduction combination used). While this study illustrates a significant 

improvement over what was possible a decade ago, achieving a 100 year wave-tide-

riverflow forced simulation within hours using traditional process-based models is still far 

away (Ranasinghe, 2020). To simulate coastal hydrodynamics relevant for episodic (short-

term), medium-term, and long-term morphodynamics, a process-based multi-scale model 

should incorporate both cross-shore (vertically non-uniform) and longshore (mostly vertically 

uniform) hydrodynamics. Hence, a process-based model capable of simulating nearshore 

hydrodynamics in at least a quasi-3D fashion is ultimately required for coastal change 

projections (Ranasinghe, 2020). Given the uncertainties on sediment transport formulae 

(that differ by a factor of 10 sometimes), event event-based storm morphodynamics is 

challenging (Le Cozannet et al., 2014). Furthermore, modelling morphological change that 

may occur under the combined forcing of waves and currents (including riverflow effects at 

coastal inlets), especially at time scales of more than a few years, still remains a significant 

challenge (Ranasinghe, 2020).  

3.2.4 Data-driven models 

Data-driven shoreline modelling methods typically focus on how to extract historic shoreline 

positions from remote sensing data and how to extrapolate this historical behaviour into the 

future. Traditionally, shoreline positions were often derived from aerial imagery (e.g., Morton 

et al., 1974), but nowadays satellite imagery is used more regularly, and even extracted 

automatically (e.g., Luijendijk et al. 2018, Mentaschi et al. 2018, Vos et al. 2019, Bishop-

Taylor 2021).   

Deriving shorelines from satellite imagery has several advantages. Several programs 

include satellite missions that orbit the earth (Landsat, Sentinel), hence, imagery is available 

at the global level. The Landsat program has a multi-decadal history and its imagery was 

recently opened up to the public; currently the archive is hosted at multiple cloud providers. 

Many of the satellites monitor Earth using multi-spectral sensors, which enables convenient 

land/water detection by profiting from optical characteristics of light in the (near) infrared 

wavelengths of the electromagnetic spectrum. Another favourable feature of satellite data is 

that the temporal frequency of observations is high in comparison to other methods, such as 

aerial photography or field campaigns. To summarize, satellite data can be considered as 
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the best candidate for deriving shorelines at both broad scales and as well as relatively high 

temporal frequency; it can be expected to have multiple observations per year, for many 

coastal segments in the EU, from 1984 onwards.   

With satellite data, it is nowadays possible to extract shoreline-position from large regions, at 

both high temporal (multiple times per year since 1984) and spatial resolution (30 m). In 

such analyses, the amount of extracted shoreline positions is considerably larger than in 

years prior to 2015. For example, the ShorelineMonitor describes historic shoreline 

behaviour at more than 2 million sites across the globe. Shoreline positions are typically 

extracted at alongshore-spaced cross-shore transects. A series of shoreline positions 

describes historical shoreline behaviour of that transects overtime. The satellite-based 

approaches have revived interest in empirical shoreline modelling. Over the years, several 

(statistical) methods have been proposed to extrapolate this historic behaviour into the future 

(e.g., Dolan et al., 1978; Crowell et al., 1997; Frazer et al., 2009; Southgate, 2011; Calkoen 

et al., 2021). Nevertheless, the methods that have been successfully applied to project 

coastal change at broad scale using these large historical datasets remain basic.   

To project shoreline dynamics for the 21st century Vousdoukas et al. (2020) sums up 

extrapolated ambient shoreline changes, shoreline retreat due to sea-level rise and episodic 

erosion events during extreme storms. Although the spatial scale of these shoreline-change 

projections is unprecedented, the method has several weaknesses. When considering the 

extrapolation of ambient shoreline changes:    

i) it has to assume that a wide range of natural and/or anthropogenic processes that 

drive shoreline dynamics are captured in the historic ambient shoreline changes;  

ii) it is prone to error when chronic unresolved processes result in nonlinear response; 

iii) the contribution of the different sediment-transport processes cannot be 

distinguished within the signal; 

iv) it cannot explicitly take additional explanatory variables into account; 

v) it is entirely dependent upon the quality of the extracted shorelines.   

Moreover, the method used in Vousdoukas et al. (2020) also:   

vi) estimates shoreline retreat due to sea-level rise with the Bruun rule, while application 

of this rule is controversial; 

vii) accounts for overestimations SLR-induced shoreline retreat by including a randomly 

set correction factor.   

Finally, the method also:   

viii)  ignores alongshore co-variabilty, in so far that the evolution of adjacent shorelines is 

not taken into account;   

ix) sets an arbitrary maximum beach width to avoid overestimation of shoreline 

evolution.  

 

Nevertheless, the approach by Vousdoukas et al. (2020) is very powerful for providing 

estimates of future shoreline evolution: it is applicable to large regions (continental scale) at 

high resolution (500 m alongshore), because it is computationally cheap; it is able to include 
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important drivers of long-term coastal change (SLR, wave climate); and it naturally links up 

with the recent shift towards data-driven coastal modelling. Moreover, many of the above 

limitations will already be addressed during CoCliCo, hence, improving the Vousdoukas et 

al. (2020) predictions will be a logical next step.   

Machine learning algorithms have several advantages for generating data-driven 

probabilistic shoreline projections:   

i) they are able to take additional explanatory variables into account because these 

models can be considered as universal function approximators that map any number 

of input to any number of output;   

ii) they thrive on data and are able to handle large amounts of data during both training 

and inference modes;   

iii) once a data-processing pipeline has been set up it is relatively easy to tweak the 

algorithm so that is able to consider additional data;   

iv) the models are probabilistic by nature, hence, deriving probabilistic projections is a 

matter of sampling the model; 

v) the algorithms are computationally attractive during inference and can be used for 

on-the-fly predictions.   

Although they have been used to model shoreline evolution (Moñtano et al., 2020) and were 

successfully applied to forecast shoreline dynamics up to 14 years ahead (Calkoen et al. 

2021), the machine learning algorithms have some important limitations:   

i) the models are often described as black boxes because they typically consist of millions 

of machine learning parameters that are hardly explainable at individual level;   

ii) the predictions from the time-series machine learning models often explode when the 

forecast window is longer than the in-sample training window.   

iii) Moreover, although the models have been applied successfully to the decadal scale, it 

is still uncertain how these models will behave on longer forecast horizons.   

iv) To excel, the models require large amounts of data, which is, especially for past 

decades, not always widely available,    

The methods should be robust and explainable, yet also computationally attractive. 

Balancing robustness, explainability and cost-of-computation for the data-driven approaches 

that are presently available, the approach used by Vousdoukas et al. (2020) is probably the 

best candidate to confidently generate data-driven coastal change projections for large 

areas at high spatial resolution. The method can and will be substantially improved by 

incorporating the information that will become available during CoCliCo. Altogether with 

process-based methods, the machine learning methods can be considered excellent 

candidates for the exploratory tools environment that could resolve shoreline evolution 

modelling at local scale.   
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3.3 Climate and non-climate drivers for coastal erosion  

Given the complexity of coastal erosion it is important to define the different drivers of 

erosion and how they operate. This can influence our quantitative and qualitative 

understanding of erosion and hence shape our analysis. Table 3 summarises the climate 

and the non-climate drivers of coastal geomorphic change. Climate-induced sea-level rise is 

an important driver as are non-climate components of sea-level change (vertical land 

movement). CoCliCo plans to consider all these components. Human development and 

management actions can have many effects and often starve the coast of sediment, or 

restrict sediment movement. It is important to have an understanding of all these factors and 

their relative magnitude at the start of any analysis. 

 

Table 3: Climate and non-climate drivers of coastal change (from Williams et al., 

2012). 

Climate drivers Non-climate drivers 

Sea level change 

• Waves and currents 

• Winds 

• Storminess (frequency, intensity, track) 

Tides 

Atmospheric CO2 concentration Vertical land movement (tectonic, glacial isostatic, 

sediment compaction, fluid withdrawal) 

Atmospheric temperature Coseismic uplift or subsidence 

Water properties (temperature, pH, turbidity, salinity) Tsunami 

Sediment supply Human development and management actions 

Groundwater availability  

 

4 Review of existing methodologies to couple 

coastal flooding and erosion hazards 

While the need to couple coastal flooding and erosion has been acknowledged, most studies 

to date consider these impacts independently. Erosion might affect DEMs and the probability 

of defence failure and hence influence the occurrence of coastal flooding. Amongst the few 

studies that do couple flooding and erosion, most are forensic analyses based on historic 

events at the storm scale (e.g., McCall et al., 2010; Gharagozlou et al., 2020; van Ormondt 

et al. 2020). Overall, these studies have pre- and post-storm topo-bathymetric data at their 
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disposal and apply the cross-shore XBeach model (Roelvink et al., 2009; 2010) to reproduce 

dune erosion, lowering and breaching. In contrast, Sanuy et al. (2021) used XBeach beyond 

individual storms to consider short- and medium-term erosion rates obtained through 

extrapolation of observations. In all these forensic analyses, the authors force XBeach with 

storm conditions and only Sanuy et al. (2021) have considered climate-related uncertainty 

issues by considering multiple storms. Grases et al. (2020) also focused on the storm scale 

(using XBeach), but combined future storms (derived under the assumption of climate 

stationarity) and mean sea-level rise (SLR), limiting the consideration of climate uncertainty 

to a set of storms and a single radiative forcing scenario (RCP8.5 SLR 90th percentile). 

From all these examples of XBeach applications, the authors obtained both erosion and 

storm-driven inundation extents. 

As for studies that consider long-term flood-erosion coupling, Stripling et al. (2017) (Table 

5A in the Appendix) applied a one-line model to simulate long-term shoreline evolution and 

modified the nearshore topography accordingly. Although neglecting climate change effects, 

the model was applied deterministically and probabilistically to derive storm-driven flood 

maps. The probabilistic application incorporated climate uncertainty though the 

consideration of synthetic time series of wave conditions. There are some other studies that 

focus on coupling at the long-term scale, and do consider the effects of climate change. For 

instance, Dawson et al. (2009) developed a methodology to include shoreline change when 

developing projected flood maps at the regional scale O(10-100 km) (see also Nicholls et al., 

2015). However, the coupling was weak as the effects of coastal erosion were integrated by 

modifying the failure probability of coastal defenses and not by the interaction of 

hydrodynamic and morpho-dynamic processes. An interesting insight was the appearance of 

sand waves in the simulations which strongly influenced the likelihood of defense failure and 

flooding: inspection of observations validated this prediction. Climate uncertainty was mainly 

considered through SLR scenarios. sensitivity. Another example is Grilli et al. (2017) (Table 

4A in the Appendix), who assessed flood risk associated with a low-probability extreme 

event acting with SLR by updating the topo-bathymetry from the present-day dune profile to 

a theoretical storm profile under SLR and chronic erosion trends. Climate-related uncertainty 

sampling was limited to ranges of SLR values. Finally, Barnard et al. (2019) used 

hydrodynamic models to compute coastal water levels and conduct a long-term topo-

bathymetry update using a profile translation tool forced with shoreline changes. They 

considered wave projections associated with a single General Circulation Model (GCM) and 

ranges of SLR values (SLR uncertainty). Grilli et al. (2017) and Barnard et al. (2020) derived 

flood maps by applying the bathtub approach. All the reviewed studies are local-scale 

applications except than Stripling et al. (2017), Grilli et al. (2017) and Barnard et al. (2019) 

that are regional O(10-100 km). Their main features are summarised in Table 4 and Table 

4A in the Appendix 2. 
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Table 4: Examples of regional and local approaches where coastal flooding and 

erosion have been modelled jointly; ‘x’ indicates consideration of individual drivers, 

data input and output considered in frameworks, ‘N/A’ – not considered, ‘*’ indicate 

storm surges and waves simulated using climate change projections. Studies are 

listed in chronological order. 

Reference Coupling scales Coastal flood-erosion hazard 

drivers 

Data Output 

 Flooding Erosion Climate-

induced 

sea-level 

rise 

Tides/ 

storm 

surges 

Waves DEM Erosion 

estimates 

Flood 

estimates 

Dawson et 

al., 2009 

Short 

term 

Long-

term 

x x x x N/A x 

McCall et al., 

2010 

 

Short 

term 

Short 

term 

 

N/A x x x x x 

Grilli et al., 

2017 

Short 

term 

Short 

and long 

term 

x x x x N/A x 

Barnard et 

al., 2019 

Short 

and long 

term 

Long 

term 

x x x* x x x 

Gharagozlou 

et al., 2020 

Short 

term 

Short 

term 

N/A x x x x x 

Grases et 

al., 2020 

Short 

term 

Short 

term 

x x x x x x 

van Ormondt 

et al. 2020 

Short 

term 

Short 

term 

N/A x x x x x 

Sanuy et al. 

(2021) 

Short 

term 

Short 

term and 

long term 

N/A x x x x x 
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5 Uncertainty in broad scale coastal flood and 

erosion assessments 

Broad scale coastal flood hazard assessments are associated with uncertainties in a number 

of dimensions including: i) GHG emission scenarios/climate forcing scenarios; ii) the climate 

and land-ice models considered; iii) future SLR trajectories; iv) human adaptation (e.g. 

coastal defences); and (v) DEM uncertainties which can be significant (Hinkel et al., 2021). 

Additionally, uncertainty associated with climate or storm variability, as well as uncertainty 

associated with DEM data, impact the accuracy of global and regional flood hazard 

projections, including SLR projections (Table 5).   

  

Table 5: Key domains of uncertainty considered in coastal flood assessments applied 

at broad scales (part 1) and representative case studies applied at regional and above 

scales and applicable for CoCliCo (part 2); ‘x’ indicates consideration of individual 

domains of uncertainty, ‘N/A’ – not considered. 

Part 1 Broad Scale (Europe and larger) 

Reference 

 

Number of 

climate change 

scenarios 

Number   of 

climate 

models 

SLR trajectories Climate or storm 

variability 

Hallegatte et al., 2013 6 N/A x N/A 

Hinkel et al., 2014 3  4 x N/A 

Mokrech et al., 2015 4  5 x N/A 

Lincke and Hinkel, 2018 5 1 x N/A 

Vousdoukas et al., 2016; 

2018b; 2020 

2  6 x N/A 

Bevacqua et al., 2019 1 5 N/A N/A 

Tiggeloven et al., 2020 2 N/A x N/A 

Kirezci et al., 2020 2 N/A x N/A 

Haasnoot et al., 2021 2 x x N/A 

Nicholls et al., 2021a 3 1 x N/A 
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Part 2 Regional (sub-national) and national 

Reference Number of 

climate change 

scenarios 

Number   of 

climate 

models 

SLR trajectories Climate or storm 

variability 

Hall et al. 2006      4  1  N/A  N/A 

Toimil et al., 2017a 2 40 x N/A 

 

Similar to coastal flood hazard projections, the accuracy of coastal erosion hazard 

projections at broad scales depends on the future SLR uncertainty due to uncertainties in 

climate models and emission scenarios used. Other major sources of uncertainties that 

impact the accuracy of coastal shoreline change projections include climate and storm 

variability and sediment budget (Table 6). Furthermore, long-term coastal response to the 

future SLR requires modelling where the beach and back-beach dynamics are integrated 

(e.g. coupled beach and cliff dynamics data driven modelling) (Vitousek et al., 2017a). 

  

Table 6: Key domains of uncertainty considered in coastal erosion hazard 

assessments applied at broad scales (part 1) and representative case studies applied 

at regional and above scales and applicable for CoCliCo (part 2); ‘x’ indicates 

consideration of individual domains of uncertainty, ‘N/A’ – not considered. 

Part 1 Broad Scale (Europe and larger) 

Reference Number 

of climate 

change 

scenarios 

SLR 

trajectories 

Climate or 

storm 

variability 

Sediment 

budget 

Hinkel et al., 2013  8  x  N/A  x 

Spencer et al., 2016  3  x  x  x 

Luijendijk et al., 2018 N/A N/A N/A N/A 

Mentaschi et al., 2018 N/A N/A N/A N/A 

Schuerch et al., 2018  3  x  x  x 

Le Cozannet et al., 

2020 

 N/A  N/A  N/A  N/A 

Vousdoukas et al., 

2020 

 2  x  x  N/A 
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Schuerch et al., 2018  3  x  x  x 

Le Cozannet et al., 

2020 

 N/A  N/A  N/A  N/A 

Thiéblemont et al., 

2019 

3 x N/A N/A 

Vousdoukas et al., 

2020 

 2  x  x  N/A 

 

Part 2 Regional (sub-national) and national 

Reference Number 

of climate 

change 

scenarios 

SLR 

trajectories 

Climate or 

storm 

variability 

Sediment 

budget 

Dickson et al., 2007  3  X  x  x 

Walkden and Dickson, 

2008 

 N/A  N/A  x  N/A 

Brooks and Spencer, 

2011 

 2  X  N/A  N/A 

Gutierrez et al., 2011  N/A  N/A  x  N/A 

Ranasinghe et al., 

2012 

 N/A  N/A  x  N/A 

Toimil et al., 2017b 2 x x N/A 

Vitousek et al, 2017b 7 x x x 

Thiéblemont et al., 

2021 

 3  x  N/A  x 

 

6 Design of a framework for pan-European 

projections of coastal flooding and erosion 

This section explains the design of the flood extent and erosion modelling that is proposed 

within the CoCliCo project, building on the state-of-the-art reviews in the preceding Sections 

2-5. The aim is to provide an operational method that can be applied consistently, 
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accurately, repeatedly and at high resolution across Europe’s coast i.e., combing practicality 

with state-of-the-art. Further, it will analyse to consider how coastal erosion might enhance 

coastal flooding. 

We recognize that today’s broad scale coastal hazard assessments require methodological 

developments, in particular to consider interactions across scales and the role of adaptation 

measures. Within CoCliCo, we develop an integrated coastal hazard analysis methodology, 

applicable across temporal and spatial scales and including consideration of current and 

projected water levels and nearshore waves, coastal erosion and different flood modes 

(overflow, overtopping and breaching). The outline of our method to assess coastal hazards 

is twofold:  

(1) at the scale of Europe, it improves on the existing Fast-Track flood and erosion 

maps. In terms of coastal flooding, we will develop a pan-European homogeneous 

DEM with a horizontal resolution between 15 and 100 m in EU/UK (and possibly 

lower resolution elsewhere). The improved DEM, which will be connected to 

bathymetric data (from WP3), will incorporate adaptation measures, and buildings 

and infrastructure potentially exposed to flooding. Based upon this DEM, we will 

simulate coastal flood hazard maps for the present (2020) and for future climate 

conditions (2050 and 2100) across a range of events (e.g., the 100-year return 

period TWL, as set out in the Flood Directive). We will apply a 2D hydraulic storage-

cell model that will be forced with present and projected total water levels (for 

different SSP-RCP scenarios and climate models). The model is sensitive to 

Manning roughness (inferred from land use) and allows to simultaneously consider 

diverse sources of flood discharge (e.g., water levels, overtopping, river inflow) that 

can converge in coastal floodplains. As a result, we will obtain the first European-

scale process-based maps at high resolution, with climate change projections of all 

relevant marine forcings (mean sea level, wave and meteorological tide), including 

sufficient simulations to characterise uncertainty. In terms of erosion, we will derive 

the most contemporary observed shoreline change and foreshore slopes for the EU 

and UK since 1984 using remote sensing data (e.g., Landsat and Sentinel). Using 

projected water levels and waves from WP3, we will model future shoreline changes 

considering the response of different types of coasts such as sand beaches and soft 

cliffs and sampling associated uncertainty. Additionally, we will make a first attempt 

to consider the compounded effect of coastal erosion on flooding and flood extent. 

As such, based on projected long-term shoreline changes and coastal type, we will 

identify and rank in order of importance areas where the combined impact of erosion 

and flooding could result in higher floods that those obtained by modelling flooding 

alone. 

(2) at the local scale using illustrative examples within the Exploratory Tools, it provides 

more detailed information to DCS#2 and DCS#3 Champion Users to analyse flooding 

in more detail in local areas of particular interest. For that purpose, we will collect the 

best available DEMs (e.g., LiDAR data up to 1m resolution; Le Roy et al., 2015), high 

resolution land use data (from WP5) and advanced adaptation scenarios (e.g., 

consideration of defences breaching and nourishment from WP6). We will use this 
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information to develop methodologies and models to address more complex physical 

processes and situations (not currently approachable at the pan-European scale) 

and apply them in pilot cases to be determined. These processes could include but 

would not be limited to (i) storm-induced coastal flooding considering probabilistic 

defence failure (e.g., breaching); (ii) coastal flooding induced by compound events of 

waves, storm surges and river inflow (e.g., using hydrodynamic modelling or 

combined hydrodynamic modelling with the selected 2D hydraulic model to model 

the effect of different flood sources simultaneously); and (iii) coastal flooding coupled 

with coastal erosion considering all the relevant scales at which these two impacts 

interact (short- and long-term scales). We will select and design the exploratory 

cases to be exemplars of the key research challenges in their field. As such, they will 

improve the current understanding of the range of physical coastal processes, 

reduce and characterise knowledge uncertainty, and lay the methodological 

foundations for subsequent European projects on coastal climate services. 

This dual approach recognizes that while the best resolution, precision and accuracy cannot 

be achieved everywhere in Europe today, high-resolution coastal hazards assessments 

have added value for coastal adaptation practitioners and coastal risk ‘hotspots’ (Le Roy et 

al., 2015; Le Cozannet et al., 2017), which we demonstrate as a prelude to future 

exploitation of the CoCliCo framework as mentioned in Section 7.  Section 6.1 provides 

more detail on how we address flooding and erosion, while Section 6.2 considers the 

preliminary data and outputs that will be considered.  

6.1 Design of the State-of-the-Art coastal hazard assessment 
framework  

Our assessment framework starts qualitatively by considering the coastal typology in 

geomorphic terms (beach estuary, cliffs, etc.). This guides the selection of the best approach 

for analysis, such as recognising where erosion and flooding will strongly interact and where 

any interaction will be weak, and deciding which models are most appropriate, especially for 

erosion.  This method will be characterised in a logical flow chart. (Note that within CoCliCo, 

a coastal typology group in in operation, considering typology from multiple perspectives 

including flood sources, geomorphology, demography and economy – this generic typology 

analysis may inform the coastal hazard assessment and this flow chart). 

Our flood hazard assessment approach then moves to assess the maximum flood extent 

using an “extreme” event in terms of a storm and waves combined with a high-end sea-level 

rise scenario, imposed on our higher resolution pan-European DEM. This aims to resolving 

all the flood plains, including the numerous smaller flood plains which are widespread 

around Europe’s coast and will become increasingly important to recognise as sea levels 

rise. We anticipate that flood plain size and coastal typology will be linked to some degree 

and this will inform our assessment framework. Then, we will implement a pan-European 

process-based flood method using a 2D hydraulic flood model, such as RFSM-EDA 

(Jamieson et al., 2012) or LISFLOOD-FP (Bates and De Roo, 2000). This is computationally 

challenging, but feasible, as shown by recent analysis of Europe (Vousdoukas et al., 2018a). 
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Our flood modelling method considers the dynamic propagation of floodwater across the 

coastal landscape, depending on extreme water levels, ground topography, including 

natural/artificial defences (Evans et al., 2004; Menendez et al., 2019), and allows for the 

consideration of the full range of adaptation options, especially protection measures (WP6).  

Our coastal hazard assessment approach will additionally consider the effect of coastal 

erosion. When it occurs, erosion generally enhances the magnitude of flooding, and it 

additionally causes the loss of land outside the flood plain, such as on top of unconsolidated 

soft cliff coasts and high dunes (Walkden and Dickson, 2008; Toimil et al., 2017b; Luijendijk 

et al., 2018). Our coastal erosion assessment incorporates historic shoreline changes and 

resolves those coasts where recent erosion exceeds 0.5 m/yr and hence erosion is likely to 

be significant in the future.  We will apply various projection methods depending on the 

coastal typology, e.g., for sandy beaches we will apply an improved version of the method 

presented in Vousdoukas et al. (2020), while for cliff coasts we will learn from the SCAPE 

(Soft Cliff and Platform Erosion) model by Walkden and Hall (2005, 2011), including its 

simplified form (Walkden and Dickson, 2008).  

Our approach will consider how erosion increases the risk of breaching of natural and 

artificial defences: this is done in a first step through a superimposition of flood and erosion 

maps, allowing the identification of dune fields and other features that currently protect the 

hinterland from flooding, but which could be compromised by erosion in the future. At a 

second level of analysis, we will explore a methodology sampling the hazard, protection and 

erosion scenarios for each Flood Risk Management Unit, considering if units are isolated 

hydrologically or not, and finally assigning typical expert-based evolution scenarios for the 

different types of units (e.g., breach/collapse of sand spits, accumulation of sediments in 

estuaries, etc.). Such coastal typology-based assessments have been shown to be feasible 

at least at regional scales (e.g., Le Cozannet et al., 2013). We will also assess he 

uncertainties of erosion hindcasts and projections, including consideration of high-end sea-

level rise scenarios (Le Cozannet et al., 2019; Thiéblemont et al., 2019).  

This method will provide the most detailed and consistent coastal flood and erosion maps 

ever provided for Europe, and the facility to repeat and iteratively improve them in the future 

as new data and methods become available and computational power increases – i.e., 

providing a dynamic climate service on coastal hazards over time. This is considered more 

in Section 7. 

6.2 Preliminary data and output considerations 

The proposed coastal flood risk assessment framework includes ensemble modelling, where 

the flood hazard is assessed using the approach outlined in the Integrated risk assessment 

tool LISCoAsT (large-scale integrated sea-level and coastal assessment tool) (Vousdoukas 

et al., 2016). Coastal Erosion is estimated by considering the direct effect of profile 

translation such as the Bruun Rule. The framework allows the indirect effect of tidal inlets on 

erosion as described in the study of DIVA application for a first assessment of climate-

induced SLR effect on the erosion of sandy beaches (Hinkel et al., 2013), and considers the 

geological limitations in terms of sand availability as in the Extra-probabilistic framework for 
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assessing deep uncertainties in shoreline change projections of sandy coasts (Thiéblemont 

et al., 2021). Furthermore, the proposed framework also consider the observed changes 

following Vousdoukas et al. (2020b). 

The response of each type of coast (e.g., beaches, soft cliffs) is considered separately, 

including their response to sea-level rise, storms and variable wave climates and the 

associated assumptions and uncertainties that need to be communicated through the 

CoCliCo web-platform (Le Cozannet et al., 2019; Thiéblemont et al., 2019; Toimil et al., 

2020). The geospatial data layers required for the coastal erosion consideration in the 

coupled flood-erosion coastal hazard assessment approach initially include the projections 

of changes in shoreline position (resolution of ~1 km alongshore) available from relevant 

global scale data (Vousdoukas et al., 2020b). 

Further shoreline evolution assessment is aimed to characterize shoreline types and 

characteristics such as beaches, cliffs, etc, at the pan-European scale. We identify where 

and how coasts may erode (e.g., barrier beaches, sand spits), as well as potential geological 

controls (e.g., sand supply). Finally, we extend the observed shoreline change since 1984 

and foreshore slopes around Europe derived from Landsat data and other remote sensing 

data (e.g., Sentinel-2), focusing primarily on EU and UK. 

The framework considers SLR scenarios available at the beginning of CoCliCo that will be 

refined with users and subsequently improved within CoCliCo. These include IPCC sea-level 

scenarios (Oppenheimer et al., 2019; Nicholls et al., 2021b; Fox-Kemper et al., 2021), 

extreme sea levels (resolution of ~20 km alongshore) available from relevant global scale 

data (Vousdoukas et al., 2018b). At least three mean and extreme sea-level scenarios 

(WP3), aligned with the 2°C target of the Paris Agreement (Representative Concentration 

Pathways RCP1.9 or RCP2.6), an intermediate scenario compliant with current Intended 

Nationally Determined Contributions (RCP4.5) and a high-end scenario (based on high 

emissions RCP8.5, with additional credible contributions from enhanced Greenland and 

Antarctica ice-sheets mass loss). 

At least three flood scenarios feed the National and Pan-European flood risk mapping. 

These scenarios consider three types of extreme event: (1) chronic flooding at high tide 

(Sweet and Park, 2014), (2) relatively frequent storms (e.g., centennial storms, as 

considered in many coastal risk defence designs), and (3) a less frequent “perfect storm”, as 

considered by the Netherlands and the EU Flood Directive (e.g., Horsburgh et al., 2021). 

These scenarios are considered for at least four time-horizons: 1990 and 2020 to assess 

current risks and their recent evolution, 2050 to address the time-horizon of most adaptation 

decisions and 2100 for decisions on long-life infrastructure. 
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7 Roadmap for future development of the 

CoCliCo coastal services web platform  

The method outlined in Section 6 will provide the most detailed and consistent coastal flood 

and erosion maps ever provided for Europe, and importantly the facility to progressively 

update and improve these maps in the future as new data and methods become available 

and computational power increases. As such it can provide a dynamic and improving climate 

service on coastal hazards over time. This section builds on the detailed plans in Section 6 

and considers the future subsequent developments over a 5+ year timescale that could be 

implemented to maintain a ‘living’ state-of-the-art climate service on coastal risks for Europe 

based on users’ needs. In the Platform, it is important to distinguish between the European 

scale coastal analysis and the case studies. Many of the innovations may be initially 

conducted in the case studies, before applying more widely. 

If sufficient data were available for calibration and computational resources increase, 

hydrodynamic and morphodynamic models could potentially be used at the scale of Europe. 

However, this will likely take many years. In the interim, hybrid strategies which focus these 

models where they have the maximum benefits would develop optimum utilisation of this 

capacity (e.g., using these models in estuaries where hydrodynamic processes are most 

complex, and in areas with high asset values such as major coastal cities). Similarly, 

morphodynamic models are developing rapidly and innovations here may provide 

opportunities for more sophisticated simulations (e.g., Ranasinghe, 2020). Again, this might 

be utilised in case studies and as with the hydrodynamic modelling, focussed studies may 

provide the quickest progress. 

With the CoCliCo analysis a comprehensive typology of coastal flooding may emerge from 

high tide floods to grey swan events. Recognising these events will help both the 

interpretation of the events and the needs for future analysis. In temporal terms, we might 

consider changes beyond 2100 as this date approaches ever closer and more and more 

decisions have implications for the 22nd Century. Some detailed SLR scenarios are now 

available to 2150 (Fox-Kemper et al., 2021), and storylines of unlikely high-end SLR 

scenarios are being developed (e.g. Fox-Kemper et al., 2021). This needs to be developed 

beyond what CoCliCo can produce in the next 5 years. High-end needs to be considered 

when defining the Flood Risk Management Units and this may need to be revisited. 

The key point is that the CoCliCo platform would need to develop as experience is gained 

and numerous incremental improvements are possible depending on priorities.  
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9 Appendices 

9.1 Appendix 1: Best DEM data available at national to European scales 

Table 1A: Existing Global to Regional DEMs available at the European scale nationally and regionally. Part 1of the table consists of 

the DEM data derived from optical imaging sensors/synthetic aperture radar sensors; Part 2 presents the DEM datasets derived from 

LiDAR. 

Part 1 EU to Global DEMs 

Name Resolution 

Spatial 

coverage Source Reference/link 

CoastalDEM 

V2.1 30 and 90 m Global Climate central 

https://www.climatecentral.org/uploads/media/Coast

alDEM_2.1_Scientific_Report_.pdf 

EU Dem 25m EU Copernicus 

https://land.copernicus.eu/imagery-in-situ/eu-

dem/eu-dem-v1.1?tab=metadata 

AW3D 30m Global JAXA https://doi.org/10.5194/isprsarchives-xli-b4-157-2016 

MERIT 90 m Global Yamakazi lab https://doi.org/10.1002/2017gl072874 

SRTM 90 m Global NASA https://doi.org/10.1029/2005RG000183 

ASTER 

GDEM 30 m Global NASA https://asterweb.jpl.nasa.gov/gdem.asp 

https://www.climatecentral.org/uploads/media/CoastalDEM_2.1_Scientific_Report_.pdf
https://www.climatecentral.org/uploads/media/CoastalDEM_2.1_Scientific_Report_.pdf
https://land.copernicus.eu/imagery-in-situ/eu-dem/eu-dem-v1.1?tab=metadata
https://land.copernicus.eu/imagery-in-situ/eu-dem/eu-dem-v1.1?tab=metadata
https://doi.org/10.5194/isprsarchives-xli-b4-157-2016
https://doi.org/10.1002/2017gl072874
https://doi.org/10.1029/2005RG000183
https://asterweb.jpl.nasa.gov/gdem.asp
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TanDEM-X 90 m Global ESA 

https://earth.esa.int/web/eoportal/satellite-

missions/t/tandem-x 

NASADEM 30 m Global NASA, USGS https://lpdaac.usgs.gov/products/nasadem_hgtv001/ 

 

Part 2 National DEMs 

Name/sensor 

Resolutio

n 

Spatial 

coverage Source Reference/link 

LiDAR DTM 

(DEM) 

30 and 90 

m EU Data.Europa 

https://data.europa.eu/data/datasets/dtm-

europe?locale=en 

RGE Alti 

LiDAR 1 m France  

The National Institute of 

Geographic and Forest 

Information (IGN), 

France.  https://geoservices.ign.fr/rgealti#telechargement5m   

LiDAR  5 m France 

National Institute of 

Geographic and Forest 

Information (IGN), 

France.  

Institut national de l'information géographique et 

forestière (IGN-F)         

LiDAR  10 m Island 

National Land survey of 

Iceand National Land Survey of Iceland - 2016                                                                   

LiDAR  10 m Italy 

National Institute of 

Geophysics and 

Vulcanology (INGV), 

Italy.   Istituto Nazionale di Geofisica e Vulcanologia 

https://earth.esa.int/web/eoportal/satellite-missions/t/tandem-x
https://earth.esa.int/web/eoportal/satellite-missions/t/tandem-x
https://lpdaac.usgs.gov/products/nasadem_hgtv001/
https://data.europa.eu/data/datasets/dtm-europe?locale=en
https://data.europa.eu/data/datasets/dtm-europe?locale=en
https://geoservices.ign.fr/rgealti#telechargement5m
https://www.ign.fr/
https://www.ign.fr/
https://www.lmi.is/
http://www.ingv.it/it/
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LiDAR 

 2 m Italy 

Ministero della 

Transizione Ecologica 

(MITE) http://www.pcn.minambiente.it/mattm/  

LiDAR  10 m Norway Geonorge Kartverket     

LiDAR  10 m Finland 

Kapsi Internet-users 

association kartat.kapsi.fi                                                                                                     

LiDAR  20 m Latvia 

Latvian Geospatial 

Information Agency 

(LGIA) Open LGIA                                                                                                           

Open 

Topographic 

Lidar 1 m Ireland 

Ireland's Open Data 

Portal 

data.gov.ie, 

https://data.europa.eu/data/datasets/f090116f-7345-

458f-9d04-37902f1cfd83?locale=en 

LiDAR  10 m N. Ireland OpenData NI  OpenDataNI                                                                                                  

LiDAR  5 m 

Germany 

(Mecklenburg-

Western 

Pomerania 

region) MV 

 Landesamt für innere Verwaltung M-V, Amt für 

Geoinformation, Vermessung und Katasterwesen                                                                                                                           

LiDAR  1 m England Open Data UK  data.gov.uk           

LiDAR  2 m Spain 

The National Centre for 

Geographic Information 

(CNIG), Spain 

CENTRO NACIONALDE INFORMACIÓN 

GEOGRÁFICA 

http://www.pcn.minambiente.it/mattm/
http://data.kartverket.no/
http://kartat.kapsi.fi/
https://opendata.lgia.gov.lv/
https://data.europa.eu/data/datasets/f090116f-7345-458f-9d04-37902f1cfd83?locale=en
https://data.europa.eu/data/datasets/f090116f-7345-458f-9d04-37902f1cfd83?locale=en
https://www.opendatani.gov.uk/
https://www.laiv-mv.de/
https://www.laiv-mv.de/
https://data.gov.uk/
https://www.cnig.es/
https://www.cnig.es/


 

 

This project has received funding from the European Union’s Horizon 2020 

research and innovation programme under grant agreement No. 101003598 
 

 54 

LiDAR  0.5 m Netherlands 

Public Mapping Services 

(PDOK), Netherlands.  Publieke Dienstverlening Op de Kaart (PDOK) 

LiDAR  0.4 m Denmark 

 Danish Agency for Data 

Supply and Efficiency   Kortforsyningen 

LiDAR  2 m Sweden 

Polar Geospatial Center 

(PGC) Polar Geospatial Center (PGC) 

LiDAR  2 m 

Finland (not 

comprehensive 

yet) 

Kapsi Internet-users 

association kartat.kapsi.fi 

 

9.2 Appendix 2: Summary of existing coastal inundation and erosion assessment frameworks and 
models at Regional to Global scales. 

Table 2A. Existing coastal inundation models at broad scales (Regional to Global). 

Reference and 

geographic scale 

(global/continental; 

national; or 

regional/subnational). 

Hazard Exposure Vulnerability Flood modelling 

approach 
Uncertainty sources 

sampled 
Outputs 

https://www.pdok.nl/
http://kortforsyningen.dk/
https://www.pgc.umn.edu/
http://kartat.kapsi.fi/
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Approximate national-

scale methodology, (Hall 

et al. 2003; Hall et al., 

2006). 

National scale. 

  

Climate change 

projections are 

based UKCIP02 

sea-level 

rise/climate 

scenarios for the 

UK. 

  

1:50 000 digital 

terrain model 

with 5 m 

contours 

  

Standard of 

protection (SoP) 

of flood dikes; 

condition grade 

of flood dikes 

(National flood 

and coastal 

defence 

database);  

  

Location of 

people and 

properties in the 

floodplain, 

agricultural land 

use classification 

in the floodplain. 

Spatial 

resolution: 1 km. 

Socio-economic 

scenarios, flood 

depth–damage 

relationships, 

damage reduction 

factors. 

  

GIS-based 

approach. 

Flood depth 

estimated based on 

statistical data; this 

dataset was 

assembled from 70 

real and simulated 

floods for a range of 

floodplain types and 

floods of differing 

return periods. 

These data were 

used to estimate 

flood depth at points 

between a failed 

dike and the 

floodplain boundary 

in events of a given 

severity. 

  

Topographic information at 

5 m contour accuracy has 

only been used to classify 

floodplain types as it is not 

sufficiently accurate to 

estimate flood depths. 

Climate scenarios are 

based on runs of the 

Hadley Centre’s HadCM3 

GCM, dynamically 

downscaled to the UK 

using the HadRM3 

regional climate model. 

The UKCIP02 scenarios 

are presented in terms of 

four emissions scenarios: 

low emissions, medium–

low emissions, medium–

high emissions and high 

emissions corresponding 

to the IPCC’s SRES (IPCC 

2000) scenarios B1, B2, 

A2 and A1FI 

Flood risk maps for the 

UK (1 km grid cell) 

showing economic 

damages. 
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Hallegatte et al., 2013. SLR scenarios, 

historical storm 

surge data, 

subsidence. 

Population data, 

SRTM DTM (90 

m. resolution). 

Depth-damage 

functions. 

Bathtub inundation 

model. 

Uncertainty dimensions: 

DEM, population data, 

SLR scenarios. 

Average annual losses 

due to coastal flooding in 

136 major coastal cities, 

globally. 

Dynamic Interactive 

Vulnerability 

Assessment (DIVA) 

model (Hinkel et al., 

2014). 

Global scale. 

  

Sea-level 

projections for 

RCP2.6, RCP4.5, 

and RCP8.5.Only 

extreme still water 

levels are 

considered – 

waves not 

included.                  

  

Elevation: the 

Global Land 

One- kilometer 

Base Elevation 

(GLOBE) and 

the Shuttle 

Radar 

Topography 

Mission (SRTM) 

(90 m spatial 

resolution) DEM 

datasets. 

  

Because there is 

limited empirical 

data on actual 

defence levels or 

other adaptation 

around the 

world, adaptation 

modelled 

assuming that 

the defences are 

always provided 

by dikes.  

  Assumes a bath-tub 

inundation model – 

no consideration of 

the inundation 

process. 

Sea-level rise: 

regional state-of-the-

art projections of the 

four main 

contributors (oceanic 

thermal expansion, 

mass changes from 

glaciers, and the 

Greenland and 

Antarctic ice sheets) 

generated. 

Steric contributions 

for the sea-level rise 

projections are taken 

from four GCMs 

from the Coupled 

Model 

Intercomparison 

Project Phase 5 

(CMIP5) archive: 

HadGEM2-ES, 

Uncertainty dimensions: 

DEM, population data, 

SSP 
RCP, GCM, 
land-ice scenario, 

adaptation strategy. 

  

  

Hazard. Estimates of 

global mean sea-level 

rise in 2100 (average 

segment length 70 km). 

  

Exposure. Global 

exposed area, 

population and assets 

below the 100-y flood 

event in 2100. 
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Population data: 

the population 

density grid from 

the Global 

Rural–Urban 

Mapping Project 

(GRUMP) and 

the LandScan 

high-resolution 

global population 

dataset (both 

datasets at a 1 

km spatial 

resolution). 

Socioeconomics 

data: population 

and gross 

domestic product 

(GDP) growth 

scenarios 

(SSPs1-5) (1 km 

resolution).  

IPSL-CM5A-LR, 

MIROC-ESM-

CHEM, and 

NorESM1-M. 

  

  

  

  

  

  

The Coastal Fluvial 

Flood (CFFlood) model 

(Mokrech et al., 2015). 

  

SLR: Extreme sea 

levels 

(astronomical 

tides and storm 

surges); Land 

uplift/subsidence 

(From DIVA 

dataset, average 

segment length of 

70 km). 

Topography: 

SRTM 

topographical 

dataset (90 m 

resolution). 

Flood protection: 

CORINE land 

use data (100 m 

resolution) and 

Standard of 

  Future regional 

extreme sea levels 

are obtained by 

combining present-

day extreme sea 

levels and future 

relative sea-level 

rise (Coastal flood 

sub-model). 

DEM, population data, 

SSP 
RCP, GCM, 
land-ice scenario, 

adaptation strategy, the 

estimates of socio-

economic flood impacts. 

  

Flood risk maps  

(gridded at 10’ resolution 

(approximately, 16 X 16 

km)) under varying 

climate and socio-

economic conditions and 

adaptation options. 
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Sea level rise 

scenarios ; four 

emission 

scenarios (A1B, 

A2, B1 or B2), five 

climate models 

(MPEH5, CSMK3, 

HadGEM, 

GFCM21 and 

IPCM4) and three 

climate 

sensitivities (low, 

medium or high) 

used. 

  

  

Protection (SoP) 

parameter are 

used to produce 

Indicative flood 

defence 

standards. 

Population data: 

population 

density and GDP 

data, socio-

economic 

scenarios (from 

Nomenclature of 

Territorial Units 

for Statistics 

(NUTS) data of 

EUROSTAT (At 

the NUTS 3 

statistical regions 

(~1– 106 km2)). 

Fluvial flood sub-

model uses fluvial 

flood maps for 

Europe (a 100 m 

resolution) with a 

planar 

approximation 

approach based on 

LISFLOOD extreme 

river water level 

simulations (Feyen 

et al. 2012).  

  

The conceptual risk 

framework (Toimil et al., 

2017a) 

Regional scale (100 

km). 

  

Astronomical tide 

a horizontal 

resolution of 

0.125°), storm 

surge, wave run-

up (a spatial 

resolution of 0.01° 

in longitude and 

0.008° in latitude) 

and regional sea-

level rise 

projections 

Elevation: DTM 

(DEM) improved 

with coastal 

defences (5 m 

resolution), 

roughness (100 

m resolution). 

Socio-economic 

parameters: 

population 

density, 

residential 

An identity function 

(also known as a 

people counter 

function) to represent 

damage to the 

population. 

  

Flood hazard 

variables 

(astronomical tide, 

storm surge, wave 

run-up and SLR) 

were combined 

within a total water 

level (TWL) index.  

DEM, socio-economic 

parameters, SSP, 
RCP, GCM (40 models), 

adaptation strategy. 

  

TWL estimates (500 m 

resolution along the 

coast), flood maps and 

risk consequences (5 m 

resolution). 
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(originally, at a 

resolution of 1°, 

were interpolated 

onto a 0.008° 

grid). 

capital, ndustrial 

capital stock and 

gross valued 

added (GVA), 

number of 

isolated critical 

infrastructure 

elements (e.g., 

food industry, 

electrical 

transformers and 

electrical 

substations), 

kilometers of 

roadway/railway, 

agricultural GVA, 

and flow of 

ecosystem 

services 

(downscaled to 5 

x 5 m). 

Lincke and Hinkel, 2018;  

Global scale. 

  

 SLR scenarios 

under RCP2.6 and 

RCP 8.5. 

 SRTM elevation 

data, Global 

Rural-Urban 

Mapping Project 

population data, 

coastal 

protection 

database. 

 Flood damages are 

calculated by 

combining elevation-

based population 

exposure with flood 

depths caused by 

extreme events and 

applying a depth-

damage function. 

 

 Assumes a bath-tub 

inundation model. 

 Discount rate uncertainty 

with five discount rates 

from 0.0% to 6.0% was 

considered. 

 

 Map showing economic 

robustness of coastal 

protection, relative cost 

of SLR. 
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Integrated risk 

assessment tool 

LISCoAsT (large-scale 

integrated sea-level and 

coastal assessment tool) 

1.0 (Vousdoukas et al., 

2016). 

Pan European scale. 

  

Extreme total 

water levels 

(TWLs) are the 

result of the 

contributions from 

the mean sea 

level (MSL), the 

tide and the 

combined effect of 

waves and storm 

surge. 

Elevation: SRTM 

DEM (90 m 

resolution). 

Hydraulic 

roughness 

values were 

derived from the 

CORINE Land 

Cover map (100 

m resolution). 

Coastal 

protection 

structures 

considered, 

population maps 

for Europe (100 

m resolution). 

  

. 

  Physics-based 

framework that 

combines the 

contribution of 

waves to the total 

water level with 

improved inundation 

modelling. 

Four different 

inundation 

approaches were 

tested at European 

scale: static 

inundation method,  

a semi-dynamic 

method, the flood 

intensity index 

approach (Iw) of 

Dottori et al. (2016) 

(2-D hydraulic 

model), and dynamic 

inundation modeling 

using 

LISFLOOD-ACC 

(LFP) were validated 

Hydraulic roughness 

values were applied 

for simulations with 

the LFP and the Iw 

approach. 

DEM, population data, 

protection standards. 
TWL values (11 000 

segments of European 

shoreline, segment 

length 25 km and 

extending 100 km 

landward); 

The flooded area (FA) 

was estimated in square 

kilometres for each 

segment (25 km length), 

while values were also 

aggregated in country 

level. 
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Integrated risk 

assessment tool 

LISCoAsT (large-scale 

integrated sea-level and 

coastal assessment tool) 

2.0 (Vousdoukas et al., 

2018; Vousdoukas et al., 

2020) 

Pan-European scale. 

  

The projections of 

physical variables 

in view of climate 

change scenarios 

were based on 

RCP4.5 and 

RCP8.5 

scenarios. 

  

ESLs are the 

result of 

contributions from 

the MSL, tide and 

extreme weather, 

winds and 

pressure that drive 

waves and storm 

surges. 

  

The climate 

extremes results 

from the combined 

effect of waves 

and storm surges. 

Topography: 

Shuttle Radar 

Topography 

Mission DEM 

(100 m 

resolution); 

European 

population 

density map and 

a refined version 

of the CORINE 

Land Cover (a 

100 m spatial 

resolution). 

Socioeconomic 

development: 

RCPs combined 

with shared 

socioeconomic 

pathways 

(SSPs). Gridded 

projections of 

gross domestic 

production 

(GDP), 

population and 

exposed assets 

based on the 

corresponding 

shared 

socioeconomic 

pathways (SSP1,  

Through depth–

damage functions 

(DDFs) that define 

the relation between 

flood inundation 

depth and direct 

damage for each of 

the 45 land use 

classes of the refined 

CORINE Land Cover. 

Hydrodynamic flood 

inundation 

modelling. 

DEM, socio-economic 

parameters, SSP, 
RCP, GCM, land-ice 

scenario. 

Damage probability 

curves representing 

Coastal Flood Risk (100 

m spatial resolution), 

ESLs estimated for 

11000 segments (25 km 

length).  
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SSP3, SSP5) (a 

1 km resolution). 

Model to assess the 

probability of 

cooccurring high sea 

levels and heavy 

precipitation (Compound 

Flooding (CF) 

probability) (Bevacqua 

et al., 2019). 

Global scale. 

The sea level 

components: SLR, 

astronomical 

tides, waves, and 

storm surges. The 

resulting sea level 

data are available 

every ~25 km 

along the 

coastline. 

Grid point 

precipitation data 

represents a 

rather large area 

of typically well 

beyond 100 km by 

100 km. 

  

  

N/A N/A Storm surges were 

simulated with the 

DFLOW FM model 

using a flexible 

mesh setup; Waves 

were simulated with 

the model Wave- 

watch III. 

  

RCP and GCM: Sea level 

and precipitation data were 

based on ERA-Interim and 

six selected models from 

the CMIP5 multimodel 

ensemble (i.e., ACCESS1-

0, ACCESS1-3, GFDL-

ESM2M, GFDL-ESM2G, 

CSIRO-Mk3-6-0, and EC-

EARTH); 

Land-ice scenario;  

Nonlinear effect of SLR on 

extreme sea levels 

depends on the future 

shoreline dynamics, which 

is highly uncertain. 

Waves and currents also 

interact, but to our 

knowledge, there is no 

continental scale model 

that can simulate both 

processes in a coupled 

manner. 

Maps of Present and 

Future probability of 

potential CF (25 km 

resolution). 

Framework to evaluate 

the future benefits and 

costs of structural 

protection measures at 

the global scale 

Current and future 

flood hazard were 

considered. 

Current flood 

hazard: extreme 

Elevation: the 

Multi-Error-

Removed 

Improved-Terrain 

(MERIT) DEM (a 

Represented by 

maps of built-up area 

and estimates of 

maximum damage 

for three different 

Current flood 

hazard. Use of 

Extreme sea levels 

as input to an 

inundation model. 

DEM, socio-economic 

parameters, SSP, 
RCP, GCM, land-ice 

scenario. 

Hazard maps for several 

return periods (2, 5, 10, 

25, 50, 100, 250, 500, 

and 1000 years) (30′′ 

resolution). 
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(Tiggeloven et al., 

2020). 

Global scale. 

  

sea levels from 

the Global Tide 

and Surge 

Reanalysis 

(GTSR) dataset (a 

2.5 km resolution, 

1.25 km in 

Europe). 

  

Future flood 

hazard: global 

mean sea-level 

rise projections for 

RCP4.5 and 

RCP8.5. 

The effects of 

subsidence, 

simulated at the 

resolution of 5′ ×5′ 

and spatially 

interpolated to 30′′ 

×30′′ resolution. 

  

30′′ × 30′′ 

resolution). 

The current 

protection 

standards 

estimated with 

the FLOPROS 

modelling 

approach. 

Future 

simulations of 

built-up area (30′′ 

× 30′′ resolution). 

  

land use classes in 

built-up areas (The 

GLOFRIS model). 

Surge is simuated 

using wind and 

pressure fields from 

the ERA-Interim 

reanalysis (Dee et 

al., 2011), tide is 

simulated using the 

Finite Element 

Solution 2012 

(FES2012) model 

(Carrère and Lyard, 

2003). Tropical 

cyclones were 

simulated using the 

IBTrACS 

(International Best 

Track Archive for 

Climate 

Stewardship) 

archive. 

Future flood risk: 

The sea-level rise 

simulated as a range 

of probabilistic 

outcomes. 

Fractions of 

permanent water 

using a 30-year 

monthly surface 

water mask dataset 

at 30 m resolution 

were estimated. 
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First-order assessment 

to provide projections of 

global extreme sea level 

and coastal flooding by 

2100 (Kirezci et al., 

2020). 

Global scale. 

  

Historical global 

total sea level, 

extreme value 

estimates of total 

sea level and 

(IPCC 

Representative 

Concentration 

Pathways (RCP) 

4.5 and 8.5); 

storm surge data 

from GTSM (a 

spatially varying 

grid resolution 

which varies 

between 50 km in 

the deep ocean 

and 5 km in 

coastal areas). 

  

  

Elevation: The 

MERIT 

topographic 

model (1 km 

resolution) 

Population and 

the assets at risk 

from episodic 

coastal flooding: 

gridded 

population (the 

GPWv4 Rev. 11 

database) and 

Gross Domestic 

Product (GDP) 

(from Kummu et 

al.) databases. 

  

  The MERIT 

topographic model is 

used with a 

“bathtub” flooding 

model. provides 

future projections of 

extreme sea levels 

and coastal flooding 

(IPCC 

Representative 

Concentration 

Pathways (RCP) 4.5 

and 8.5). 

  

DEM, socio-economic 

parameters, SSP, 
RCP, GCM, land-ice 

scenario. 

Flood maps (a 70 km 

resolution grid based on 

DIVA segments). 

A novel scenario-neutral 

approach to assess 

adaptation needs due to 

climate-induced SLR 

(Haasnoot et al., 2021). 

Global scale. 

  

Sea level 

boundary 

conditions under 

current and future 

SLR scenarios 

(RCP4.5 and 

RCP8.5) are 

calculated for 

each country, or 

Elevation: 

MERIT DEM (1 

km resolution); 

Coastal flood 

protection: 

coastal 

protection 

standards, 

defined as return 

SLR-impact 

functions: Impacts to 

population at risk 

were calculated for 

GMSLR between 0 

and 3 m and for 

extreme water levels 

for return periods 

(RP) of 0, 10 and 100 

A geographic 

information system-

based inundation 

model that takes into 

account water level 

attenuation and is 

forced by SLi 

(Tiggeloven et al., 

2020).  

  The Global Mean SLR 

(GMSLR) range: 

inundation maps of flood 

depth per grid cell, Dn; 

maximum attenuation 

factor of 0.5 m km− 1. 

  



 

 

This project has received funding from the European Union’s Horizon 2020 

research and innovation programme under grant agreement No. 101003598 
 

 65 

sub-national, unit 

where available. 

Tides and surge 

levels included; 

  

  

periods for each 

sub-country unit 

Global 

population 

dataset 

WorldPop, 

(CIESIN) (1 km 

resolution). 

SSP scenarios 

up to 2100: 

SSP2, SSP5. 

years that account for 

tides and storms. 
The sea level at unit 

I is calculated based 

on the global mean 

sea level rise value 

and the extreme sea 

level due to tide and 

surge for a given 

return period. 

  

  

Hydrodynamic model for 

compound floods 

(Paprotny et al., 2020). 

Pan-European scale. 

  

Wave height and 

precipitation (a 

0.75° resolution), 

river discharges 

(5-km network), 

storm surge 

heights (a 0.11° 

regular rotated-

pole grid 

(approximately 

12.5 km). 

  

N/A N/A Compares the 

dependence 

measures (mainly 

upper tail 

dependence 

coefficient) 

computed on the 

basis of three sets of 

data: observations, 

reanalysis and 

hindcast. 

The reanalysis data 

are supplemented 

by simulations 

utilizing hindcasts 

from regional climate 

models within the 

EURO-CORDEX 

framework (Jacob et 

al. 2014). 

  Map products showing 

regional differences in 

strength of the 

dependence in surge–

precipitation and surge–

discharge pairs (25 km 

coastal segments).  
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In the reanalysis, the 

model was forced by 

gridded 

meteorological 

observations at 5 km 

resolution, EFAS-

Meteo (Ntegeka et 

al. 2013), rather than 

a climate reanalysis 

data set. 

Framework for global 

analysis of subsidence, 

relative sea-level 

change and coastal 

flood exposure (Nicholls 

et al., 2021a). 

Global scale. 

  

SLR scenarios 

under RCP2.6, 

RCP4.5 and 

RCP8.5. 

Data for four 

components of 

relative sea-level 

change were 

considered: (1) 

climate-induced 

sea-level change, 

(2) glacial–

isostatic 

adjustment (GIA), 

(3) recent 

estimates of total 

deltaic 

subsidence, 

including natural 

and human-

induced changes 

and (4) recent 

Population 

exposure is 

obtained by 

overlaying 

Shuttle Radar 

Topography 

Mission (SRTM) 

elevation data 

(90 m spatial 

resolution), with 

Global Rural–

Urban Mapping 

Project 

population data 

(1 km resolution) 

using resampling 

methods. 

  A bath-tub 

inundation model 

(DIVA framework). 

DEM, population data, 

SSP, RCP, 
land-ice scenario, 

subsidence. 

  

Hazard: Estimates global 

relative sea-level change 

(average segment length 

70 km). 

  

Exposure, vulnerability: 

coastal flood exposure, 

global population in the 

coastal flood from 2015 

to 2050. 
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estimates of 

human-induced 

subsidence in 

coastal cities on 

deltas and alluvial 

plains (which 

operate at a sub-

delta scale and 

hence are in 

addition to the 

subsidence due to 

component (3)). 

  

  

Table 3A. Existing coastal erosion assessment frameworks at broad scales (Regional to Global). 

Reference and geographic scale 

(global/continental; national; or 

regional/subnational). 

Hazard Exposure Vulnerability Erosion modelling 

approach 
Uncertainty sources Outcomes 

Shoreline Position Forecasting 

(Honeycutt et al., 2001). 

Local/Mesoscale (Delaware and 

NY state, USA), multi-decadal 

(1929-1990) 

Historical 

shoreline position 

data: high water 

line extracted 

from NOS T-

sheets, 

orthophotos, 

aerial 

photographs and 

GPS surveys. 

N/A N/A Erosion rates are 

calculated from series of 

historical shoreline 

positions using (statistical) 

methods (LR and end-

point). Predictions are 

generated by iteratively 

feeding the models with 

their one-step ahead 

estimate.    

Erosion-rate 

calculation 

uncertainty. 

Shoreline positions 

reflect individual 

snapshots in time, 

which, as a result of 

short-term 

sediment-transport 

processes, can be 

Point estimates 

of future 

shoreline 

positions.  
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outliers to long-term 

dynamics. 

Soft Cliff and Platform Erosion 

model (SCAPE) (Dickson et al., 

2007). 

Mesoscale (decades to centuries 

and tens of km). 

  

Climate-change 

scenarios: Sea 

Level Rise, 

Offshore wave 

conditions. 

Management 

scenarios 

  

N/A Physics-based complex 

systems model that 

emphasises description of 

multiple aspects of an 

eroding coastal system, 

resultant feedback, and 

emergent systems 

properties. 

SLR scenario, 

uncertainty and 

bias associated 

with the offshore 

wave conditions 

variable. 

Predicted 

erosion maps 

under various 

climate change 

scenarios for 

current 

management 

conditions and 

as for the 

managed- 

retreat 

scenarios (50 

km of Norfolk 

coast, UK). 

  

A process-based numerical 

model to explore of response of 

soft rock shores with low volume 

beaches to SLR rates (Walkden 

and Dickson, 2008). 

Mesoscale (Tens of km). 

(1) rock strength, 

(2) sea level rise, 

(3) wave height, 

(4) wave period, 

(5), cliff height, (8) 

proportion of the 

rock comprising 

sediment suitable 

for building a 

beach (9) tidal 

range and (10) 

beach volume. 

  

N/A N/A SCAPE model was used 

to explore shore dynamic 

response to increased sea 

level rise, simulations over 

100 years. 

Parameters that did not 

influence equilibrium 

recession rates were 

eliminated. 

SLR, emission 

scenarios and other 

input variable (see 

Hazard). 

Equilibrium 

profiles and 

recession rates. 
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An approach for measuring and 

modelling soft cliff line dynamics 

(Brooks and Spencer, 2011). 

Mesoscale (Tens of km). 

SLR: the medium 

emissions 

scenario of the 

IPCC AR4 (a 110 

km resolution) 

and a low-

probability, high-

impact sea level 

rise scenario by 

assessing the 

potential impact of 

the lower bound 

of the UKC09 

high-plus-plus 

(High ++) 

scenario (a 5 km 

resolution). 

Cliff elevations for 

the 2008 cliffline 

were extracted 

from NextMap 

tiles dtm-tm57 

and dtm-tm58; 

Historic retreat 

rates. 

N/A N/A A methodology for 

detailed prediction of both 

future shoreline position 

and associated changes in 

sediment release. 

Sediment release was 

evaluated by combining 

elevation data with future 

shoreline retreat. 

  

SLR/emission 

scenario, elevation. 
Prediction of 

future shoreline 

position and 

sediment 

release from 

retreating cliffs 

on the Suffolk 

Coast, to 2050 

and 2095. 

  

Bayesian network for long-term 

shoreline change prediction ( 

Gutierrez et al., 2011). 

Regional scale: US Atlantic coast 

(>1000 km). 

The rate of 

relative sea-level 

rise, mean wave 

height, and tidal 

range, coastal 

slope, 

N/A N/A Statistical probabilistic 

approach using the 

Bayesian network. 

The method integrates 

observations to evaluate 

the relationships between 

SLR, Maps showing 

shoreline 

change rates 

and the 

probability of 

shoreline 
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  geomorphic 

setting, shoreline 

change rate (5 km 

resolution). 

  

forcing factors and coastal 

responses. 
change less 

than -1 m/yr (5 

km grid). 

  

  

Probabilistic coastline recession 

(PCR) model (Ranasinghe et al., 

2012). 

Local/mesoscale (<10 km) 

A 11-year time 

series of storms, 

SLR, dune 

recession. 

N/A N/A Time series of storms 

using data derived joint 

probability distributions of 

storm characteristics 

within a Monte Carlo 

simulation; 

The sea-level rise, S, at 

the time each storm 

occurs, is generated using 

IPCC projections; 

Dune recession was 

generated using the 

process based dune 

impact model. 

SLR, the 

uncertainty 

associated with 

predicted estimates 

are minimised due 

to the bootstrapping 

approach. 

  

Probabilistic 

estimates (%) 

of coastal 

recession (m), 

including 

eroded sand 

volumes (m3 m-

1). 

  

Integrated modelling framework 

for simulation of mesoscale 

coastal evolution (van Maanen et 

al., 2015). 

Mesoscale (the order 101 to 102 

years and 101 to 102 km); study 

area: 70 km. 

  

Conceptual 

models of coupled 

coastal, estuarine 

and inner shelf 

systems, such as 

coastal and 

Estuarine System 

Mapping (CESM) 

approach: coastal 

geology, erosion 

Terrain, flood 

defence 

infrastructure. 

N/A The framework that 

integrates mesoscale 

‘reduced complexity’ 

models with conceptual 

models and reductionist 

coastal area models, 

supported by data and 

data-driven techniques. 

Example for Norfolk coast: 

coupled reduced 

The compatibility of 

radically different 

modelling 

assumptions 

remains to be 

carefully assessed. 

Models in 

composition require 

Simulation 

outputs for 

decadal coastal 

management at 

mesoscale. 
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and even 

modelled residual 

sediment 

transport vectors 

from coastal area 

models. 

Reductionist 

coastal area 

models can 

include 

hydrodynamic 

forcing such as 

tidal elevations 

and wave 

conditions can be 

provided, as well 

as sediment 

availability by 

simulating 

continental shelf-

scale sediment 

budgets and 

pathways. 

complexity modelling 

simulate the coastal 

environment at the 

system- level capturing 

interactions that occur 

between the open coast, 

estuaries, and the shallow 

sea bed. 

Integrates multiple 

modelling approaches: 

estuary model, open coast 

model and inlet model. 

evaluation of 

uncertainties. 
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DIVA application for a first 

assessment of climate-induced 

SLR effect on the erosion of 

sandy beaches (Hinkel et al., 

2013). 

Global scale. 

  

Eight sets of 

emission  

scenarios based 

on the IPCC 

SRES, The 

climate and global 

mean sea-level 

rise scenarios 

were derived with 

CLIMBER- 2 

model. 

  

  

Socioeconomics 

data included 

adaptation and 

tourism, six SRES 

socio-economic 

development 

scenarios for the 

21st century. 

N/A Erosion of sandy beaches 

is estimated due to the 

combination of the direct 

effect of profile translation 

(using the Bruun Rule) 

and the indirect effect of 

tidal inlets, where 

appropriate (computed in 

the ASMITA model). 

These two simple erosion 

formulations were coupled 

to an adaptation cost- 

benefit model. 

Climate and SLR 

scenarios, 

uncertainty due to 

the limited 

availability of basic 

coastal 

geomorphological 

data and models on 

a global scale. 

Global 

estimates of 

dryland loss 

cost and forced 

migration of the 

people living 

there were. 

  

The Dynamic Interactive 

Vulnerability Assessment 

Wetland Change Model 

(DIVA_WCM) (Spencer et al., 

2016). 

Global scale assessment of 

coastal wetland change under 

sea-level rise and related 

stresses. 

  

Emission 

scenarios: 

RCP2.6, RCP4.5, 

and RCP8.5.); 

Local sea-level 

rise relative to 

tidal range; 

sediment supply. 

Lateral 

accommodation 

space (coastal slope 

and 

presence/absence 

of dikes; 

  

The Shared 

Socioeconomic 

Pathways (SSPs) 

were used. 

Population and 

gross domestic 

Assessment of the 

vulnerability of all 

wetlands to sea-level 

rise – vulnerability 

score (VS). VS 

depends upon sea-

level rise, lateral 

accommodation 

space and sediment 

supply and is 

universal. 

  

The proportion of wetland 

loss/change that is 

expected for each wetland 

type is calculated based 

on the ESS score; 

Wetland habitat 

successional changes and 

wetland loss to open 

water, generating new 

wetland areas, were 

calculated through a 

habitat translation model. 

  

RCP, land-ice 

scenario, SSP, 

population data. 

Global coastal 

wetland loss 

rates (%); 

A series of 

habitat-specific 

wetland 

response 

curves 

describing the 

transition 

between 

different 

wetland types. 
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product (GDP) 

growth from the 

SSP2 scenario. 

The Coastal Segment 

Vulnerability Score 

that are converted 

into a wetland-

specific Ecological 

Sensitivity Score 

(ESS). 

Resolution: 70 

km coastal 

segments. 

Toimill et al., 2017b;  

Regional scale (100 km). 

SLR projections, 

projections for 

waves and storm 

surge obtained for 

the RCP4.5 and 

RCP8.5 scenarios 

N/A N/A Approach that combined 

the Bruun effect, the basin 

infilling and the ebb tidal 

delta volume change 

contributions to shoreline 

retreat, yielding the total 

potential SLR-driven 

beach erosion. 

Uncertainty 

domains: RCPs, 

SLP, waves and 

surges projections. 

SLR. To account 

for the uncertainty, 

40 GCMs were 

used. 

Probabilistic 

estimates of 

shoreline 

recession.  

A model integrating longshore 

and cross-shore processes for 

predicting long-term shoreline 

response to climate change 

(Vitousek et al., 2017b). 

Regional scale (500 km). 

SLR scenarios 

and wave 

projections under 

RCP 4.5 

Coastal 

management 

scenarios 

N/A Modelling approach that 

applied a synthesis of 

individual process-based 

shoreline change models, 

each resolving unique and 

addable components of 

shoreline change, e.g., 

longshore and cross-shore 

transport. Because 

manual parameter tuning 

is infeasible on large 

spatiotemporal scales, the 

model used data 

assimilation to 

automatically calibrate the 

model parameters from 

sparse, noisy signals of 

Uncertainty  

associated with 

resolved and 

unresolved coastal 

processes.  

Uncertainty 

domains: SLR and 

wave projections 

under the RCP. 

The wave climate 

projections 

employed in this 

application uses the 

GFDL-ESM2M 

climate model 

Maps of the 

shoreline 

projections.  
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observed historical 

shoreline change. 

The global coastal wetland 

model (Schuerch et al., 2018). 

Global scale. 

Regional relative 

SLR data, RCPs 

2.6, 4.5 and 8.5; 

Local sediment 

availability is 

derived from 

MERIS satellite 

data, 

The new tidal 

dataset was 

generated using 

OTISmpi (a 

forward global 

tidal model). 

  

  

Coastal topographic 

profile: the coastal 

topographical profile 

is approximated 

using the areal 

information on 

coastal floodplain; 

The areal wetland 

extents; 

Socioeconomic 

data: National 

population growth 

rates based on the 

Shared Socio-

economic Pathway 

SSP2 (IIASA). 

Human adaptation 

scenarios with 

varying degrees of 

available 

accommodation 

space. 

The approach 

considered Wetland 

Adaptability Score (1) 

the vertical 

adaptability of coastal 

wetlands by 

biophysical 

feedbacks between 

wetland accretion 

and SLR, assuming 

current-day levels of 

sediment availability 

and (2) their 

horizontal 

adaptability, as 

determined by the 

interactions between 

inland wetland 

migration and 

anthropogenic 

barriers, assuming 

wetland inland 

migration to be a 

function of 

With increasing sea levels, 

coastal wetlands migrates 

inland, a process that we 

understand as the 

establishment of wetland 

vegetation inland of its 

previous location, by 

raising the MHWS level 

along the coastal profile. 

The conversion of uplands 

to wetlands is therefore 

calculated as the product 

of the wetland/non-

wetland proportion and the 

total inundated upland 

area. 

  

  

RCPs and land-ice 

scenario: The three 

scenarios were 

paired with a low, 

medium and high 

ice-sheet 

contribution, 

respectively, and 

generated using the 

general circulation 

model HadGEM2-

ES. 

SSPs, population 

data. 

Maps of spatial 

distribution of 

coastal wetland 

change and 

relative SLR 

(70 km coastal 

segments). 
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accommodation 

space. 

Thiéblemont et al., 2019. 

European scale. 

Regional sea-

level projections 

(RCP8.5), glacial 

isostatic 

adjustment 

projections, 

geomorphology, 

N/A N/A Using 1D physically-based 

model (Bruun rule). 

Limitations inherent 

to the Bruun rule, 

future regional sea-

level changes, 

uncertainties of the 

ice-sheet model 

parameters. 

Maps of 

projections of 

SLR-induced 

European 

castline 

changes. 

Framework for change detection 

shoreline evolution trends (Le 

Cozannet et al., 2020). 

Scale: regional (Europe) (51 

segments representing 143 km). 

  

The Eurosion and 

CEC databases in 

the form of a 

spatial database. 

Geomorphology, 

coastal evolution, 

sea-level 

changes. 

  

Coastal defense 

infrastructure 

location data. 

N/A The clustering approach 

using Eurosion and CEC 

databases was applied to 

define homogeneous 

subsets of coasts along 

the European coastlines. 

Coasts were clustered 

according to their 

exposure to typical 

hydrodynamic regimes, as 

well as based on coastal 

landforms. 

Secondly, data mining 

approach for modelling 

transitions between 

shoreline states using a 

discrete time Markov 

chain. 

Limited amount of 

data available to 

train the Markov 

model (36 sites, 

representing 43 

km). 

Results are not 

representative of 

any regional trend. 

  

Changes in 

shoreline 

evolution trends 

underpinned by 

current 

transitions for a 

limited number 

of coastal types 

(51 segments 

representing 

143 km). 

. 

Probabilistic framework for sandy 

shoreline dynamics projections 

SLR, RCP 4.5 

and 8.5, relative 

N/A N/A The study focuses on the 

evolution of three 

RCP, Shoreline 

retreat due to SLR 

is estimated using 

Maps of 

projected long-
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during the 21st century 

(Vousdoukas et al., 2020). 

Global scale. 

  

to the baseline 

year 2010. 
components of sandy 

beach shoreline dynamics: 

AC, ambient shoreline 

dynamics driven by long-

term hydrodynamic, 

geological and anthropic 

factors; 

R, shoreline retreat due to 

coastal morphological 

adjustments to SLR; 

S, episodic erosion during 

extreme storms. Beach 

profile responses to 

storms are simulated 

using the KD93 model. 

the Bruun rule – 

uncertainties 

associated with this 

approach, including 

uncertainty related 

to the active profile 

slope. 

  

AC are derived 

from SDS 

(Luijendijk et al 

2018) and GSW 

(Mentaschi et al 

2018), which for 

some 

transects/regions 

contain 

measurement 

errors (Hagenaars 

et al 2018) 

term shoreline 

changes; 

Long-term 

ambient 

changes as a 

result of 

hydrodynamic, 

geological and 

anthropic 

factors. 

  

Extra-probabilistic framework for 

assessing deep uncertainties in 

shoreline change projections of 

sandy coasts (Thiéblemont et al., 

2021). 

Case studies’ scale: macro scale 

(<10 km). 

  

SLR, RCP2.6, 

RCP4.5 and 

RCP8.5 were 

used. 

 N/A  N/A Empirical model 

expresses shoreline 

change ∆S following Eq. 

(1):  

where St − St 0 expresses 

the change in shoreline 

position in the cross-shore 

direction from reference 

time t0 to time t; 

(∆RSLC)/(tan β ) 

quantifies the contribution 

Terms accounting 

for future sea level 

(RSLR) and its 

impact on shoreline 

change (1/ tan β ) 

are both sources of 

deep uncertainty 

and are therefore 

too imprecise given 

the current 

knowledge to be 

constrained by 

RSLR (in 

metres) 

projections in 

Aquitaine and 

Castellón 

(Case study 

sites) for the 

scenarios in 

2050 and 2100 

were 

established and 

past shoreline 
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of sea level rise to 

shoreline changes, which 

takes the form of the 

Bruun rule; Tx is the linear 

trend of shoreline changes 

over multi-decadal 

timescales and n the 

number of years relative to 

the baseline; and Lvar 

characterises the 

interannual to decadal 

variability of shoreline 

change. 

  

probability 

distributions. 

The hybrid Monte 

Carlo scheme was 

applied to jointly 

propagate 

probability and 

possibility (HYRISK 

R package). 

change 

analysed 

(probability 

boxes). 

  

  

Table 4A: Existing coupled coastal flood-erosion assessment frameworks at regional to local scales. 

Reference and geographic 

scale (global/continental; 

national; or 

regional/subnational). 

Hazard Exposure Vulnerability Flood-erosion modelling approach Uncertainty 

sources sampled 
Outcomes 

Integrated risk analysis of 

coastal flooding and cliff 

erosion risks under 

scenarios of under scenarios 

of future climate and socio-

Representative 

relative sea-level rise 

scenarios (‘low’, 

‘medium’ and ‘high’) 

based on the IPCC 

Elevation: Light 

Detecting and 

Ranging (Lidar) 

surveys of the 

floodplain, with a 

spatial resolution 

of 2 m, with a 

Estimates of risk 

were expressed 

in terms of 

expected annual 

damages. 

A 2D raster-based inundation 

model called LISFLOOD-FP was 

selected to perform coastal flood 

modelling. The model generates a 

spatial field of water levels from 

SLR, emission 

scenarios, Cliff 

failure modelling: 

Uncertainties 

associated with 

understanding of 

For the study 

area (72 km of 

UK coastline): 

Time series of 

predicted 

beach volumes 

(m3/m) and 
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economic change (Dawson 

et al., 2009). 

Spatial scale: 72 km. 

  

  

Third Assessment 

Report. 

Waves, tides, storm 

surges data over an 

area of approximately 

75 × 100 km. 

reported rms error 

of 0.1 m; coastal 

and flood 

defences. 

which the Digital Elevation Map 

(DEM) can be subtracted. 

Erosion of the soft coastal cliffs 

and platform was simulated using 

the SCAPE model extended to 

represent cliff failure and retreat of 

the cliff top. 

  

the coastal land 

sliding processes. 

  

annual flood 

probability; 

Maps of 

inundation 

probability and 

cliff top erosion 

extent 

(metres); 

Maps of flood 

and erosion 

risks (£s). 

  

  

  

Coastal response (CR) 

model (Lenz et al., 2016). 

Regional scale (<1000 km). 

SLR scenarios from 

(IPCC) Fifth 

Assessment Report 

(AR5), RCP 4.5 and 

8.5. Three 

components 

comprise sea- level 

projections: those 

related to oceans 

(both local ocean 

height and global 

thermal expansion); 

icemelt; and global 

land water storage. 

Land-cover 

information and 

elevation data 

scale: the −10 and 

+10 m elevation 

contours. 

  

N/A CR likelihoods are assessed in the 

form of a dynamic probability, DP = 

1-P (inundate), using a Bayesian 

network. Model predictions provide 

a broad view of the coastal 

response to SLR and other 

processes at resolutions 

commensurate with landscape-

scale decision-support needs. 

  

  

SLR, emission 

scenario, land-ice 

scenario; 

Sources of 

uncertainty in the 

adjusted elevation 

(AE) predictions 

include SLR 

projections, 

elevation data 

accuracy, vertical 

datum 

adjustments, and 

the interpolation 

of VLM rates from 

Maps showing 

projected sea 

level, adjusted 

elevation and 

coastal 

response (a 30 

m grid). 
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. 

  

point data; these 

geospatially 

explicit input 

uncertainties are 

propagated 

through the model 

to produce a 

probability mass 

function P(AE) for 

every grid cell. 

Mapping framework of 

coastal risk, including sea 

level rise and coastline 

changes (Grilli et al., 2017). 

Mesoscale (10s km). 

Storm surge and 

wave spectral 

parameters obtained 

from the U.S. Army 

Corps of Engineers’ 

North Atlantic Coast 

Comprehensive 

Study (NACCS), Two 

SLR scenarios: 2-ft 

and 7-ft scenarios. 

  

  

  

Remediation 

scenarios. 
The damage 

curves were used 

to relate the 

environmental 

hazard from 

surge and waves 

to the structural 

risk, at the scale 

of individual 

houses. 

  

The framework combines 

probabilistic, physics-based and 

scenario-based approaches to 

assess the risk. 

The 100-year storm was simulated 

using a chain of stochastic and 

physics-based models combined 

with a scenario-based approach. 

Erosion rates are based on 

empirical analyses of historic rates 

of shoreline change, SLR 

measurements, and coastal 

erosion theory (Bruun’s Rule). 

SLR, 

uncertainties 

associated with 

Bruun’s Rule 

approach. 

Total Water 

depth (TWD) 

maps for 100-

year storm and 

coastal risk 

maps showing 

damage for 

remediation 

scenarios. 

  

An explicit treatment of the 

interactive relationship 

between erosion and 

flooding with implications for 

future management and 

Coastal morphology 

modifies flood 

hazard. Through its 

interaction with 

hydrodynamic 

conditions (water 

N/A N/A Analyses of erosion and flooding 

risks are often conducted 

separately due to complex 

relationships between driving 

processes, morphological 

response and risk receptors. 

Predictions of 

future extreme 

water levels are 

characterised by 

high levels of 

uncertainty (Wahl 

N/A 
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research (review by Pollard 

et al., 2019). 

Scale: N/A 

  

level, surge and 

waves) responsible 

for flooding, coastal 

morphology can 

influence flood 

hazard 

characteristics (e.g. 

water height, 

occurrence of 

breaching, wave 

dissipation); 

Future flood hazard 

depends on shore- 

line position. Since 

shoreline position 

determines the 

natural protection 

provided by coastal 

landforms and 

associated 

ecosystems seaward 

of settlements, land-

based activities and 

infrastructure; 

Simultaneous 

occurrence of 

erosion- flooding 

events. Since the 

extreme weather 

conditions necessary 

for flooding also drive 

enhanced sediment 

trans- port that may 

The authors argue that these risks 

should be considered jointly as 

illustrated through discussion of 

three ‘expressions’ of this 

interactive relationship. This 

interactive relationship is 

expressed when: coastal 

morphology modifies flood hazard; 

future flood risk depends on future 

shoreline position; and the 

simultaneous occurrence of 

erosion–flooding events. 

et al., 2017), both 

because the 

records 

themselves are 

based on single 

point gauge 

locations 

(Brakenridge et 

al., 2013) and 

because different 

statistical 

methods (annual 

maxima, r-largest 

and joint 

probability) cope 

differently with 

data frequency, 

length, paucity, 

and the treatment 

of tidal and non-

tidal components 

of extreme water 

levels (Haigh et 

al., 2010). 

Extreme water 

level modelling, 

carefully validated 

by high spatial 

resolution 

observations, is 

an important step 

in quantifying and 

ultimately 
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permanently alter 

erosional 

susceptibility and 

natural flood defence 

capabilities of the 

coastal zone. 

reducing this 

uncertainty. 

Assessment of coastal 

flooding and erosion under a 

changing climate (Grases et 

al., 2020). 

Mesoscale (<10 km). 

Detailed extreme 

waves (100 × 100 m/ 

20 x 20 m cell size, 

The alongshore grid 

size was constant, of 

about 10 m, and sea 

level climates; 

Six climate scenarios 

were considered (n=2 

for current climate, 

n=4 – future climate 

scenarios, RCP 8.5). 

  

  

topographic and 

bathymetric data: 

DEM was obtained 

from LIDAR 

images (cell size 

of 2 m), 

bathymetric data 

were obtained 

digitalizing 2016 

nautical 

cartography; 

Sand properties. 

  

  

  

N/A Process-based models have been 

used to address the interaction 

between beach morphology and 

storm waves, as well as the 

influence of coastal environment 

complexity. Storm waves have 

been propagated with SWAN wave 

model and have provided the 

forcings for XBeach, a 2DH hydro-

morphodynamic model. 

The sediment transport patterns, 

which were obtained from the post-

storm sedimentation/erosion 

provided by XBeach. 

  

SLR, RCP, post-

storm bathymetry 

has associated a 

high degree of 

uncertainty. 

  

Flood maps 

showing 

coastal 

response 

against hazard 

evolution in the 

case of Riumar 

area, at the 

northern 

hemidelta of 

the Ebro River 

(approx. 8 km 

length of the 

coastline). 

  

Coastal dune breaching and 

flood modelling at a local 

site during the Xynthia storm 

(2010) (Mueller et al., 2017) 

  

The dune breaching 

and hinterland 

flooding is modelled 

using XBeach, forced 

by SWAN and MARS 

waves and surges 

during the event. 

N/A N/A Event-based only; computationally 

demanding; The model is able to 

reproduce breachification caused 

by overflow (not overtopping or the 

effect of swash on sediment 

transport). 

The pre-storm 

topography is not 

precisely known, 

and is reproduced 

using a post-

storm topographic 

survey. 

The detection 

of weaknesses 

in dune 

systems (e.g. 

based on the 

dune height 

and width and 

eventually their 
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  Overall, the approach seems 

applicable at local scale only. 
  exposure to 

waves) might 

be useful to 

identify 

potential flood 

pathways. 

  

Table 5A. Tools and approaches related to coastal typology/shoreline changes assessment that do not consider climate change 

drivers, such as SLR. 

Assessment framework: 

Underlying assumptions 

(including scale) 

Input data/variables Strengths Weaknesses Key sources of 

uncertainty 
Outputs 

Coastal and Estuarine 

System Mapping 

(CESM) geospatial 

framework (French et al., 

2016). 

Mesoscale, study area: 

77 km, Suffolk coast. 

  

Opensource software 

(QGIS) is used. 

System mapping is 

undertaken with reference to 

the hierarchical set of 

landforms and interventions 

defined in the ontology. 

GIS generalises information 

into a conceptual model of 

geomorphological system 

configuration that can guide 

the development and 

application of predictive 

models. 

Framework enables to 

communicate structure and 

function of complex 

geomorphological systems 

in a way that is transparent 

and accessible to diverse 

stakeholder audiences. 

Accessibility and 

transparency of the 

framework. 

  

Generic ontology for 

application in temperate 

environments – limited 

suitability for global/broad 

scale assessments. 

Potential difficulty of 

applying the framework at 

a regional scale while 

maintaining considerably 

low levels of uncertainty. 

  Interaction 

frequency matrix 

(normalised against 

the total number of 

interactions) for 

landforms and 

human 

interventions. 
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UnaLinea: one-line 

probabilistic modelling 

(Stripling et al., 2017). 

Regional scale, 

The approach produces 

multiple and long-term 

simulations for the 

probabilistic assessment 

of shorelines. 

  

The model considers 

coastal topology; e.g. input 

comprises the cliff height, 

toe position, cliff-top 

position, and information 

from a geomorphological 

assessment of pre- and 

post-landslide angles. 

  

Computationally-efficient 

approach where event-

based processes, such as 

cliff falls, artificial 

nourishment or fluvial 

loading, and their influence 

on coastal evolution, can 

be rapidly predicted. 

Regional applications often 

involve a range of 

backshore features, such 

as seawalls and soft cliffs. 

UnaLinea incorporates 

certain measures to 

accommodate the effect of 

such features, including 

allowance for seasonal 

variations on the beach 

profile, and a soft-cliff 

recession. 

The integrated 

UnaLineaProb and RASP-

SU modelling system 

permits analysis of the 

wider consequences of 

shoreline management 

decisions by evaluating 

potential impacts of shore 

protection schemes (such 

as groynes, seawalls, 

beach nourishment, and 

mining) and changes in 

event-based fluvial 

larger time-steps are 

desirable in a rapid 

probabilistic one-line 

model at regional scale. 

Satisfactory predictions 

are achieved for Δt = 

week, but divergence from 

the analytical solution 

through instability is 

noticeable from Δt = 

fortnight and apparent 

throughout the model 

domain for Δt = month. 

  

  

SLR not considered. 

The model relies on 

expert judgement, 

permitting minimal 

representation of the 

physics of soft- cliff 

recession. 

Expert advice is 

required for calibration 

to ensure that the cliff-

recession model 

operates within 

acceptable bounds. 

  

N/A 
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sediment discharge on 

shoreline evolution, cliff 

erosion risk, and flood risk. 

Long-term evaluation of 

coastal morphodynamics 

using satellite 

observations (Mentaschi 

et al., 2018). 

Global scale, temporal 

scale: 32 years (1984-

2015). 

  

  

The approach based on 

Global Surface Water 

Explorer (GSWE) dataset, 

spatial resolution: 30 m in 

the cross-shore direction. 

Pixelwise information of 

GSWE was translated into 

the cross-shore erosion and 

accretion metrics. 

transects orthogonal to the 

global shoreline from the 

OpenStreetMap (OSM) 

dataset of 2016 were 

defined. 

  

  

The main advantages of 

the method applied here 

are: a) the explicit 

extraction of the intertidal 

area at specific times 

usually involves using 

models to estimate the 

water level, adding further 

sources of uncertainty 

apart from those related 

with satellite observations; 

The active zone generally 

coincides with the intertidal 

area, but also includes 

areas frequently inundated 

by causes other than tides 

(e.g. waves or river floods 

in estuarine zones). 

It only provides extents 

and shifts of land and 

active zone along given 

transects; 

Relevant uncertainty of 

local estimates of the 

transition surface. 

. 

  

The coverage of the 

global coast is 

incomplete: only about 

86% of the coastline at 

latitudes below 63 

degrees due to non-

uniform availability of 

data and poor 

observation conditions. 

Small-scale or short-

term changes were not 

captured due to 

temporal and spatial 

resolution. 

  

  

The approach does 

not lead directly to a 

definition of 

coastline as a 

useful side-product. 
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.   

The assessment of 

sandy beaches shoreline 

change (Luijendijk et al., 

2018). 

Global scale temporal 

scale: 33 years (1984-

2016). 

Pixel-based classification of 

composite (annual) satellite 

imagery (Landsat) to derive 

the global distribution of 

sandy beaches and 

shoreline positions. The so-

called Satellite-Derived 

Shorelines (SDS) are 

calculated for each annual 

composite, at 500-m 

globally spaced alongshore 

transects (derived from 

OSM). Change rates were 

calculated per transect. 

Provides quantification of 

local scale 

erosion/accretion, possibly 

due to human 

interventions. 

Global hotspots of eroding 

and accreting beaches 

were identified. 

  

Only applicable for sandy 

shorelines (31% of the ice-

free world shoreline, 22% 

within Europe, according 

to the results of the study). 

Framework derives 

historical behaviour, but 

does not provide any 

forecast. Therefore, it also 

does not consider SLR 

and other climate-change 

induced drivers. 

The quantitative 

evaluation of the 

applied shoreline 

detection method with 

in-situ observations 

showed good 

capabilities 

(Hagenaars et al., 

2018), but more 

verification is essential. 

Method is negatively 

affected by clouds, 

especially at narrow 

sand spits. Whitewater 

from breaking waves 

also hampers 

derivation of SDS. 

High turbidity can 

cause errors as well.  

Global dataset of 

historical shoreline 

positions, including 

shoreline change 

rates for sandy 

beaches over the 

33 year period 

(1984–2016). 

Dataset is currently 

being updated until 

present (1984-

2021).  
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Comparison of methods 

to forecast shoreline 

evolution from historical 

satellite-derived 

shoreline positions 

(Calkoen et al., 2021) 

Historical SDS are fed into 

time-series forecast models 

to generate probabilistic 

forecasts of future shoreline 

positions. Machine learning 

models are able to consider 

additional explanatory 

variables; patterns are 

learned across series of 

historical SDS by including 

geospatial information 

(clusters). 

Data-driven approach 

which works well with SDS. 

The methods are 

applicable to all spatial 

scales (local to global). ML 

algorithms are able to 

consider a wide variety of 

forcing data and/or other 

explanatory variables. 

Computationally efficient 

models.   

Besides geospatial 

clusters, the algorithms 

only consider SDS. No 

SLR and other climate-

changed induced drivers 

are considered. Further, 

ML algorithms generate 

predictions by learning 

from training example, but 

the effects of SLR are 

typically not 

distinguishable in these 

examples.   

The number of weights 

that compose a DL 

algorithm are too large 

to understand how it 

generates its 

predictions; black box 

model. Time-series 

modelling approaches 

tend to explode on the 

longer forecast 

horizons; especially 

when forecast horizon 

is longer than the input 

data (true for modelling 

up to 2100). 

Time-series of 

future shoreline 

positions, at spatial 

resolution input 

SDS data, up to 15 

years ahead. 

Algorithms can be 

tweaked to forecast 

longer horizons.   
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A coastal vulnerability 

assessment based on a 

typology of the coast 

(Vinchon et al., 2009, 

based on Eurosion, 

2004; Fairbanks and 

Jakeways, 2006). 

Four aspects are 

considered: backshore, 

shoreline, shoreface and 

management (see figure 

below). 

 
 

Backshore: hard cliff, soft 

cliff, hills, dunes, lowland, 

tidal basin, spit, inlet. 

Shoreline: beach/no beach 

Shoreface: gentle/steep 

slope, beach rock, bars 

Management: hard 

defenses, soft defenses, 

mixed defenses, no 

defenses 

The approach allows to 

classify coastal zones 

according to their 

vulnerability to sea-level 

rise and coastal hazards. 

This could be expanded to 

assign a particular model. 

The typology is not 

covering all types of coasts 

in Europe. 

The information on 

geomorphology and 

management practices are 

available from Eurosion 

(2004), but the information 

on the backshore and the 

shoreface are not readily 

available (although they 

could be reconstructed 

using EMODNET or 

european DEMs). The 

management practices is 

probably outdated in a 

number of regions, but it 

remains fair in France, for 

example (Le Cozannet et 

al 2021). 

There is no 

quantitative 

assessment of climate 

change impacts, but 

just an expert-based 

assessment of the 

vulnerability of the 

different coastal areas 

to coastal hazards and 

sea-level rise. 

A map showing the 

vulnerability of the 

different coastal 

areas to coastal 

hazards and sea-

level rise (low, 

medium, high). 

A classification of coasts 

according to the most 

suitable coastal flood 

modelling frameworks 

(Pedreros, 2016) 

The report distinguishes 4 

cases 

- case 1: cliffs: no flood 

modelling is required 

- case 2: a low lying area 

affected by overflow, just a 

few hundred meters (up to 

1km) wide: the bathtub 

approach can be sufficient 

as a first approach 

The report proposes 

models for different types 

of coasts, in order to 

optimize modelling efforts 

and eventually computing 

times. 

In practice, many of the 

critical flood hotspots in 

Europe may fall in cases 3 

and 4, so that the added 

value of using bathtub and 

SIG-based approaches 

instead of lisflood-like 

approaches may not be 

obvious. 

  

- The output of this 

analysis is a 

modelling 

framework that 

performs best to 

reproduce flooding. 
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- Case 3: a low lying area of 

more than a few hundred 

meters affected by overflow, 

overtopping or breaching: 

the bathtub approach does 

not work because it 

assumes infinite water 

availability. Yet decent 

results can be obtained 

using a SIG-based 

approach filling low-lying 

areas with the water 

volumes computed by 

engineering formula. 

- Case 4: complex areas like 

wetlands, estuaries, with a 

lot of obstacles, various 

roughness and pathways 

require detailed modelling, 

which may not be resolved 

at broad scale in some 

cases. 

Case 4 may be too 

complex to be realistically 

with broad scale modelling 

tools, but they could be 

either included in an 

Exploratory Tool or flagged 

as area where 

uncertainties are high. 
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