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SUMMARY 
 
This report reviews main technical aspects involved in Coastal Flood Hazard Mapping. It recommends 
methods and techniques to evaluate the different variables required to characterize the flood risk 
sources, pathways and receptors. They are suited for coastal sedimentary environments where to 
properly estimate the extension of coastal flooding, the coastal response has to be also calculated to 
assess the morphodynamic feedback between both two processes, erosion and inundation. Within this 
context, the report provides general guidelines on major technical aspects on data acquisition 
(requirements and techniques), data analysis, processes to be considered and how to evaluate them 
and, finally, type of flood hazard maps to be produced. Most of these guidelines have been 
implemented in a practical case of coastal flood hazard mapping in the Ebro delta. This case is 
included as an appendix at the end of the report with the emphasis being put on the estimation of the 
impact of including or not the coastal morphodynamic response to a 100 year return period storm on 
the extension of the flood hazard area.   
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1. Introduction 
 

1.1 Scope of the report  
 
Flood Hazard mapping is a worldwide concern to all the nations with low-lying areas subjected to the 
impact of flood events. Flood management agencies usually have to build and maintain coastal and 
flood defences and associated infrastructures such as barriers and gates to protect the hinterland. Due 
to this, different programmes for identifying flood prone areas have been launched. They require well-
defined procedures to produce hazard maps twhich can be used to identify protection needs and to 
make decisions. Some recent examples can be found in DEFRA (2001) for the UK and FEMA (2003) 
for the US.  
 
These programmes are usually based on a series of procedures that can be grouped into a sequence of 
activities such as: identifying mapping needs, generating flood data, establishing the extent of area 
affected and assets lying within those areas and its attached value. Due to the relatively broad 
spectrum of activities included and the level of detail that they require to be properly described, it 
might prove to be impossible to try to elaborate a single set of guidelines covering all the aspects 
related to Flood Hazard Mapping.    
 
Thus, this report will cover the most common aspects of flood hazard mapping in coastal areas 
according to the generic FLOODsite approach of source-pathway-receptor (figure 1.1). 
 
 

sourcepathwayreceptor

         damages
tangible & intangible

coastal erosion
     lowering
     flattening

 coastal storm
extreme waves
  storm surge

Hazard

 
Figure 1.1. Source-Pathway-Receptor model for Coastal Flood Hazard Mapping. 

The scope of this report is to provide general guidelines to Coastal Flood Hazard Mapping. These 
guidelines will cover major technical aspects such as data requirements, processes to be considered 
and type of maps to be produced.  
 
Although flood hazard mapping in coastal domains should cover any coastal type with any level of 
protection, these guidelines mainly mention coastal sedimentary environments without coastal 
protection structures, i.e. those highly dynamic environments sensitive to the impact of extreme events 
that will impulsively respond to the impact of the storm generating a morphodynamic feedback.  
 
In any case, these recommendations will also be valid for coastal areas protected by infrastructures 
such as dikes, since most of the procedures are also directly applicable and, the morphodynamic 
response is simply substituted by the probability of failure of the structure. 
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1.2 Flood Hazard Mapping in the European Flood Directive  
 
Flood Hazard Mapping is an issue directly covered in the Directive 2007/60/EC of the European 
Parliament and of the Council of 23 October 2007 on the Assessment and Management of Flood 
Risks.Which, in Chapter III: Flood hazard maps and flood risk maps states that 
 
 
 
1. Member States shall at the level of the river basin district, or unit of management, prepare flood 
hazard maps and flood risk maps, at the most appropriate scale for the areas identified under Article 
5.1 [it refers to areas lying within their territory for which it is concluded that potential significant 
flood risks exist or might be considered likely to occur]. 
 
… 
 
3. The flood maps shall cover the geographical areas which could be flooded according to the 
following scenarios: 
 
(a) floods with a low probability, or extreme event scenarios; 
(b) floods with a medium probability (likely return period ≥ 100 years); 
(c) floods with a high probability, where appropriate. 
 
In addition to this, the Directive also states that Member States may decide that, for coastal areas 
where an adequate level of protection is in place, the preparation of flood hazard maps shall be limited 
to the scenario (a). 
 
For each scenario set out in the first subparagraph the following elements shall be shown: 
 
(a) the flood extent; 
(b) projected water depths; 
(c) where appropriate, the flow velocity or the relevant water flow. 
 
 
According to the Directive the main characteristics of the maps to be produced are: 
 
(1) Regarding probabilities, with the exception of the scenario (b) which is already given, the other 
two scenarios can be defined as a function of the objective of the study. In those cases in which the 
coastal zone is protected by dikes, the “extreme” probability to be employed in the flood hazard 
mapping should be derived from the safety level of the structures.  
 
(2) Regarding the variables to be mapped, an adaptation to the characteristics of coastal floods should 
result in coastal flood hazard maps including the extension of the area to be inundated and projected 
water depths. In addition to this, areas along the coast sensitive to the event to be mapped (i.e. showing 
a projected erosion significant enough to affect/enhance inundation of the hinterland) should be 
indicated. 
 
(3) Regarding the damages, the directive recommends to prepare maps including all the types of 
potential damages: inhabitants, economic and environmental affectations. These maps should be 
similar to those prepared for river basins although adapted to the specific characteristics of the coastal 
zone.  
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1.3 Structure  
 
This report is structured as follows:  
 
 Chapter 2 introduces main data requirements and techniques to gather them to characterize risk 

sources, pathways and receptor in the coastal domain;  
 Chapter 3 presents main calculation methods to evaluate variables required to characterize risk 

sources, pathways and receptor. This includes the estimation of the probability of occurrence of 
the event, the induced wave runup, overtopping discharges, the coastal response and the 
inundation of the floodplain. 

 Chapter 4 includes different aspects regarding map production. 
 Chapter 5 summarizes the main points of the recommendations. 
 Chapter 6 lists the references cited throughout the text. 
 Annex I includes a specific method to calculate wave runup and overtopping discharges. 
 Annex II presents an example of application of the guidelines to Flood Hazard Mapping in the 

Ebro delta coast.  
 Annex III gives a brief and general overview of the sources of uncertainties 

 

1.4 Definitions  
 
In what follows, the definitions of main terms used in this report are given.  
 
Flood: water temporary covering land normally not covered by water. This shall include floods from 
rivers, mountain torrents, Mediterranean ephemeral water courses, and floods from the sea in coastal 
areas, and may exclude floods from sewerage systems. 
 
Flood risk: the combination of the probability of a flood event and of the potential adverse 
consequences to human health, the environment and economic activity associated with a flood event. 
 
Flood plain maps indicate the geographical areas, which could be covered by a flood according to one 
or several probabilities: floods with a very low probability or extreme events scenarios; floods with a 
medium probability (likely return period >= 100y); floods with a high probability. 
 
Flood hazard maps are detailed flood plain maps complemented with: type of flood, the flood extent; 
water depths or water level, flow velocity or the relevant water flow direction. 
 
Flood risk maps indicate potential adverse consequences associated with floods with several 
probabilities, expressed in terms of: the indicative number of inhabitants potentially affected; type of 
economic activity of the area potentially affected; installation which might cause accidental pollution 
in case of flooding; other information which the Member State considers useful. 
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2. Data requirements 
2.1 Introduction 
A critical issue in building flood hazard maps is the collection of necessary data on the different 
aspects involved in the process to be mapped. 
 
According to the general scheme followed in FLOODsite, this implies to acquire data to properly 
describe the risk-sources, risk-pathways and risk-receptor. In what follows a general guide, with 
respect to the requirements, for each type of data and recommendations for data collection is 
presented. In all the cases and as a general rule followed in these guidelines, the recommendations are 
given in terms of the best possible option.  
 

2.2 Risk Sources 
The main input data for creating coastal flood hazard maps is the occurrence probability of the total 
water level at the shoreline. This total water level, ζt, can be expressed as the sum of a series of 
components  
 

 
 
in which ζas, is the astronomical tide level, ζss, is the storm surge (meteorological tide), Ru is the wave-
induced run-up (which also includes the wave set-up at the shoreline), ζLF is a component accounting 
for the contribution of low frequency forcing such as seiches and, ζLT, is a long-term component 
representing eustatic and/or local land-elevation (isostatic and/or subsidence) changes.  
 
This last component, ζLT, is usually given as a magnitude associated to a climate scenario based on 
projections of climate change (Solomon et al., 2007) plus a local component accounting for the 
relative vertical movement of the land due to processes such as subsidence. This component should be 
included in any long-term flood hazard analysis. A recent example of how to deal with this component 
in coastal flood risk analysis from a probabilistic standpoint can be found in Purvis et al (2008).     
 
The astronomical tidal level, ζas, is a deterministic process that can be easily estimated provided water 
level data do exist. This data consists of water level data recorded by tide gauges that are usually 
located in major harbours and waterways worldwide. The analysis of existing data permits to estimate 
the local tidal components of a given site which can be used to reconstruct the expected tidal curve at 
any moment. There exist different databases for tidal components for many locations worldwide that 
can be use to reconstruct the astronomical tide in a given site or, to feed tidal models to simulate the 
tidal propagation and to estimate the tidal wave in large coastal domains. This is the usual approach 
when no tidal gauges at the site of interest are available. Detailed descriptions of tidal data analysis 
can be found in Pugh (1987) and Godin (1991) among others.  
 
The meteorological tide or storm surge, ζss, is also obtained from recorded water levels by tide gages 
and it is the residual water level after subtracting the astronomical tide from the recorded water level 
(see e.g. Pugh, 1987). This component integrates all the meteorological effects but waves, i.e. 
atmospheric pressure and wind set-up. If no water level data, to estimate this component directly, does 
exist, it can be calculated by using a storm-surge model which, fed by wind data, simulates the 
generation and propagation of storm surge for any coastal domain. An example of the use of this kind 
of models (including a wave generation model) can be seen in Cheung et al (2003).    
 
The long-frequency component, ζLT, can be obtained from recorded water levels by retaining the 
component associated to a range of frequencies longer than the ones associated to waves (25 sec) and 
shorter than the astronomical frequencies (see e.g. Pugh, 1987).  
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The wave-induced runup, Ru, is usually not a measured variable but a calculated one. To calculate it, 
wave data and beach profile characteristics are required. In regard to wave data, most of the existing 
runup formulas require simultaneous information of wave height and period (see chapter 3). This 
information is usually obtained from wave records acquired by using coastal buoys. To calculate 
runup the required information of the beach morphology is the beach slope, although in extreme 
dissipative beaches, the runup is usually considered to be independent of the slope. This information 
should be obtained from topographic and bathymetric data acquired in the coastal fringe (see section 
2.3).    
 
One of the most important aspects to be considered is the duration of the period covered by these data 
sets. As they are going to be used to define water levels associated to long return periods (see section 
3.4), very long time series are required. In Sánchez-Arcilla and González-Marco (2007) different 
aspects on quality and length of time series required to make a reliable estimation of extremes are 
reviewed.  
 
If a long time series of this information is not available elsewhere, it can be replaced by simulated 
data. This data consists of time series of water level and wave conditions generated by wave and surge 
generation models fed by meteorological time series (wind and atmospheric pressure fields). For the 
European coast there exist different data sets of hindcasted conditions for periods longer than 40 years, 
which is significantly longer than most of the existing recorded data sets. Examples of these hindcasts 
are the obtained data sets within the Wasa and the Hipocas projects (Wasa, 1998; Guedes Soares et al., 
2002).  
  

2.3 Risk Pathways  
Data required for risk pathways make reference to those used to characterize the intensity of the 
processes taking place, i.e. coastal erosion, overtopping and flooding. Data required for defining risk 
receptors make reference to those used to characterise the consequences of the inundation. To define 
both risk pathways and receptor, three main types of data are required: topographic, bathymetric and 
land-use data. 
 
Topographic data of the coastal zone will cover all the data to be gathered for the analysis. Due to the 
strong spatial gradients in dynamic conditions across the coastal zone, they can be separated in two 
major domains: (i) the floodplain and the (ii) coastal fringe (figure 2.1 and table 2.1).   
 
Topographic data of the floodplain are needed to define the relief of the land to be inundated. The 
accuracy of these data will control the extension of the flood prone area for a given water level 
scenario and, in this sense, they should control the accuracy of the flood hazard map. 
 
The general way to provide these data is through a digital terrain mode, DTM, or digital elevation 
model, DEM, which is a mathematical 3D representation built from a data set composed by a 
collection of points of known elevation and spatial co-ordinates.  
 
The presently most common way to obtain these topographic data in an efficient manner, in terms of 
accuracy and cost, is the LIDAR (LIght Detection and Ranging). Eessentially it is a remote sensing 
technology that derives the elevation of the terrain by measuring the time delay between the 
transmission of a laser pulse and the detection of the reflected signal from a plane. This technology 
permits to obtain a high density of points per scanned surface, although it has to be considered that 
“not always more is better”. Thus, point spacing (distance between points) and density (coverage of 
points within the area) are critical considerations in LIDAR mapping. Their optimum selections 
depend on the desired vertical accuracy, and type of terrain (slope) and land cover. Their number will 
control the cost and time of acquisition time and data processing (see e.g. Anderson et al., 2005; Liu et 
al., 2007). Once these data are obtained, they have to be filtered in order to remove all the noise in the 
signal which is not corresponding to the real terrain topography. The whole process can efficiently be 
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done by the service (Lidar) supplier but it is important to know all about the process involved and, also 
to be sure about the accuracy obtained. 
 
With the so measured data, a DTM or DEM has to be derived. The accuracy of this DEM will 
determine the accuracy of the flood mapping (see e.g. Haile and Rientjes, 2005). The required DEM 
resolution to assure proper map accuracy will depend on the type of terrain to be analyzed. However, a 
reasonable DEM resolution should be of the order of 5 m cell (for raster DEMs). Because the size of 
cells will also determine the (computational) costs of inundation models, they can be later re-sampled 
to larger cells provided the relief is simple enough to do not soften the real topography nor mask 
existing canal networks.  
 
In any case, before selecting the definitive cell size to be used in the analysis, it is recommended to 
test different options with the selected inundation model and to analyze the differences.      
 
Because this domain is usually of very low intensity dynamics, its updating needs are relatively small 
(figure 2.1 and table 2.1). Thus, it is not expected to significantly change in its relief unless a high 
energetic event should take place (e.g. a flood) or, the human influence should produce a major 
footprint such as building of infrastructures or artificial changes of the topography that should affect 
floodwaters’ paths in the area. Once an accurate DEM is available, it is recommended to update the 
information, and later the DEM, of only those areas subjected to any change of any origin. Depending 
on the scale of these modifications, the proper acquisition method should be chosen (conventional 
surveying techniques such as total stations, DGPS or Lidar). The new data should be used to update 
the DEM in the corresponding area whereas the rest can remain as it was.   
 
 

floodplain coastal
  fringe

nearshore
bathymetry

low variability low variabilityhigh variability

topography updating
 small requirements

bathymetry updating
 small requirements

topo-bathymetry updating
    large requirements

 
Figure 2.1: Domains for data acquisition in coastal flooding analysis. 
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Table 2.1: Main characteristics of data requirements in coastal flooding analysis to define risk 
receptors and pathways. 

Domain Type Response-time Updating needs Update recommended 
Floodplain Topograhy Slow Low Y years *1 

Coastal fringe Top-bathym Rapid High-Medium Six months 
Nearshore Bathymetry Slow Low X Years *2 

 
 
Topographic data of the coastal fringe are needed to characterize the morphology of the border 
between the sea and the land. This relatively narrow zone includes a subaerial (topography) part and a 
subaqueous one (bathymetry). It will act on the one hand as a barrier for the flooding, i.e. the main 
element of protection for the hinterland and, on the other hand, it will control the intensity of the flood 
by modifying wave and surge propagation. In addition to this, the flooding intensity can be affected by 
the changes in the morphology of the beach (e.g. run-up modification due to changes in beach slope, 
overtopping variation due to changes in dune and beach crest changes, etc.). 
 
Topographic data in this domain can be easily acquired when the topography of the floodplain is being 
gathered and, then, the same methodology as recommended before should be used, i.e. Lidar. 
Moreover, due to the characteristics of this zone in which the terrain is usually free of obstacles 
masking the signal (forests, buildings, etc.), this measuring system is very efficient in this area and, the 
application of filters to the recorded signal is not required as frequent as in the previous case.    
 
One of the main differences with respect to the floodplain is that the morphology of the coastal fringe 
is highly variable because it is continuously changing as a response to the littoral dynamics, especially 
in the case of coastal sedimentary environments. Due to this, one of the main problems in coastal 
flooding analysis is to have a reliable coastal fringe morphology to represent the pre-storm conditions 
available. Thus, in a ideal the coastal fringe morphology is continuously updated at a “reasonable 
frequency” (table 2.1 and figure 2.1). This “reasonable frequency” depends on the intensity of the 
local littoral dynamics, but assuming that most of sedimentary coasts will show a seasonal behaviour 
we can fit the “ideal” update scheme in two configurations per year. For those coastal environments 
protected by rigid structures such as dikes or seawalls or for rocky coasts, the floodplain update 
requirements should be applicable, i.e. data updating when significant changes are detected.    
 
This information update can be done by using the same methodology, i.e. Lidar, or alternative 
techniques that provide enough resolution. This depends on the extension of the area to be covered and 
the type of morphology (dunes, low gradient beaches, etc..). An alternative technique to Lidar to 
efficiently monitor coastal fringe topography in large areas is real time kinematic GPS (RTK-GPS) 
which allows sampling of the surface along a given path with the selected density and a 15cm vertical 
accuracy (e.g. Morton et al., 1999).  
 
Bathymetric data of the coastal fringe are needed to characterize the underwater morphology of the 
border between the sea and the land. This is required to describe the coastal processes taking place in 
this area and it will affect the magnitude of the flooding. As it was mentioned before, this domain is a 
highly dynamic environment resulting in a domain with bathymetric changes taking place 
continuously (figure 2.1 and table 2.1).  
 
From this, it could concluded that the characterisation of the bathymetry of this area is of relatively 
small use if it is not conveniently (frequently) updated. And unless an efficient system (in terms of 
costs and time) is available, this will not be the usual case. 
  
The “ideal situation” should be an area of analysis formed by relatively clear waters. Under these 
conditions, the gathering of bathymetric data can be combined with topographic data by using the 
SHOALS (Scanning Hydrographic Operational Airborne Lidar Survey) system. This version of Lidar 
is able to measure the bathymetry in shallow waters with accuracies up to ±15 cm (Lillycrop et al., 
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1996; Guenther et al. 2000). However, in areas with turbid waters the maximum surveyable depth 
could be very small and, even worse, the obtained accuracy should be unacceptable. Maximum 
surveyable depths range from around 50 meters in very clean offshore waters to less than 10 meters in 
murky near-shore waters. For extremely turbid conditions, surveying may not be possible (Guenther et 
al, 2000). 
 
Under ideal conditions, these bathymetric data should be collected simultaneously with the 
topographic ones and at the same frequency.  
In those cases where Shoals cannot be used, an alternative technique should be employed. The 
traditional way is to make bathymetric surveys with echo-sounders as in the nearshore zone although 
with the additional problem of the existence of very shallow areas where ships cannot easily operate. 
Due to this and, to keep costs within reasonable limits, representative transects along the study area 
could be selected. These transects should be monitored at a frequency reflecting the natural seasonal 
variability as it was the case of the topographic data in this domain. Thus, a six-month frequency 
should be a reasonable choice.    
  
Bathymetric data of the nearshore zone are needed to characterize the underwater morphology of this 
area where waves and surge propagate towards the coast. The presently most commonly used 
technology is the Multi-Beam Echosounder Surveying (MBES), which has demonstrated high 
quality with respect to meeting the IHO standards on depth accuracy (IHO, 1998).  
 
Because the bottom evolution in this zone (significant enough to modify wave and surge 
propagation) is, usually, very slow, the requirements for data updating are low. Thus, once the 
bathymetry of the nearshore area is available, it is not expected to require major updates in 
periods shorter than decades. Of course, this will depend on the intensity of the processes taking 
place in the area. Thus major changes due to human influence such as dredging will affect wave 
propagation and, in consequence, will make these updates necessary.     
 

2.4 Risk Receptor 
 
Finally, to fulfil the requirements of the EC Directive, it is necessary to obtain data to prepare flood 
damage maps. For this purpose, the main type of information to be included is the land-use of the 
floodplain. This will include all the relevant categories for economic and environmental damage 
analysis. In addition to this, information on the spatial distribution of the population or, in its absence, 
urbanization types should also be compiled. This data will also be relevant to gain information on the 
expected flood intensity such as roughness and permeability of the land. Moreover, in this chapter, 
major infrastructures must be localized and , any obstacle to flood propagation should be identified to 
be included in the DEM. 
 
The main source of information are data gathered by field surveys, data obtained from remote sensing 
techniques such as aerial photographs, satellite and/or airborne mounted multi-spectral sensors as well 
as pre-existing data sources such as the Corine Land Cover (although only valid for large scale 
analysis). A detailed review on land use data required for flood hazard analysis can be seen in Messner 
et al (2007) (see e.g. table 2.2). 
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Table 2.2: Overview of different land use data types for flood hazard analysis (Messner et al., 2007). 
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3. Calculation methods 
 

3.1 Introduction 
 
In this chapter, practical recommendations on how to calculate the different aspects required for 
coastal flood hazard mapping are given. This involves selecting the methods to be applied to 
characterize (i) risk sources, (ii) risk pathways and (iii) risk receptors.  
 

3.2 Risk sources 
 
3.2.1 Estimation of the probability of occurrence of a given water level  
There are two main ways to calculate the probability distribution of the total water level for coastal 
flooding analysis:  
 

• to directly estimate it from existing time series of water levels; 
• to estimate it by analysing the integrated contribution of each component.   

   
In the first case, the procedure to follow is to analyse existing water level time series to obtain its 
extreme distribution and, to define the probabilities (or return periods) for the water levels required. 
How extreme distributions can be used in fitting water levels can be seen in Sobey (2005) and 
Pirazzoli and Tomasin (2007) among others (see review in Sánchez-Arcilla and González-Marco, 
2007). The main problem with following this approach is that water level records usually do not 
include wave-induced contributions. Thus, its use should only quantify the water level components 
associated to astronomical and meteorological tides.  
 
In the second case, the contribution of each component has to be estimated and the joint probability 
has to be calculated. Here two main approaches exist: (i) response and (ii) event approaches (see  
e.g. Fema, 2005; Divoky and McDougal, 2006; Garrity et al, 2006).  
 
The event approach is a deterministic approach. It uses one or more combinations of water level and 
wave conditions (events) associated to a given probability and it computes the resulting flood level 
(response). Due to the nature of the problem, one or more combinations of water level and wave 
conditions (events) will result in a certain flood level (response), and as a consequence, to properly 
assign a probability to such  variable, it is necessary to jointly consider all the possible options. Thus, 
it should not be realistic to work with marginal probability distributions (H, T, ζ) since the final water 
level will depend on how waterlevel and wave conditions are combined. A recent paper of Callaghan 
et al. (2008) proposes a methodology to derive joint probabilities of the main involved variables in 
extreme wave climate to be used in beach erosion studies and, consequently, also potentially useful for 
flood analysis. In Sánchez-Arcilla and Gonzalez-Marco (2007) different methods to obtain marginal 
and joint extreme distributions of wave and water level can be seen.  
 
The main problem is that, in many cases, different combinations of events with a given probability 
will not generally result in a response of a different probability. Moreover, the flood associated to the 
given probability could be produced by many combinations of conditions. On the other hand, in the 
response approach the water level of interest (associated to a given probability or return period) is 
directly calculated from a probability distribution of total water levels. 
 
The response method is based directly on measured or simulated water levels and waves as they 
occurred in nature and, the water level of interest (associated to a given probability or return period) is 
directly calculated from a probability distribution of total water levels. It is especially recommendable 
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when the variables (events) determining the flood level (response) are partially or poorly correlated, 
i.e. when surge and large waves are uncoupled and, for areas in which wave height and periods during 
storms (both will determine the wave run-up) are poorly correlated. At present, this approach is 
recommended by Fema guidelines for flooding studies (Divoky and McDougal, 2006). 
 
If simultaneous water level and wave records do exist, the best option is to estimate the induced run-up 
for each wave condition and to add it to the instantaneous water level. This will produce a time series 
of total water levels at the shoreline which can be fitted to an extreme distribution. From that 
distribution the water level associated to any probability or return period can be estimated. Because 
run-up depends on the beach slope, the calculations have to be done for representative beaches in the 
area to cover the different slopes. Moreover, the run-up formula to be used will depend on the 
morphology of the coastal fringe (beaches, dikes, etc.) (see next section). The main restriction to the 
application of this method is that long-time series of simultaneous measured relevant variables (water 
level, waves) are required to calculate reliable estimates of total water level associated to low 
probabilities (e.g. 100 years or longer).    
 
When these simultaneous time series do not exist or they are too short to be used to estimate a reliable 
extreme distribution, an alternative technique has to be used. In these conditions, the measurements 
have to be substituted by simulations. The idea is to simulate all the conditions prevailing on the site 
and from the simulated combinations to obtain the desired probability distribution (see e.g.  Figure 
3.1).  

 
Figure 3.1:  Flow chart for statistical approach to be used in the response method (Fema, 2005). 
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An additional element to be taken into account is that, to fully define this transient wave-induced 
plus storm surge flood event we have to assign a duration to it. This means that is not enough to 
define a water level associated to a given probability but we have also to give information about 
the duration of such event. This variable is very important since it will control the amount of 
water to flow landwards and, in consequence, will control the extension of the affected area as 
well as the water depth in that area. Thus, once the events are identified to be subjected to extreme 
distribution fitting, their duration must also be recorded to obtain the relationship between a given 
level and the duration of the event. This can be done in probabilistic terms (by estimating the joint 
probability of water level-duration) or in deterministic ones (by obtaining a relationship between 
event duration for given water levels). 
 
When the analysis is performed at a coast able to dynamically react to the impact of the storm, i.e. to 
be eroded, the most straightforward approach should be the event one. For this purpose, joint 
probability distributions of wave and water level conditions should be used to define the event 
assigned to a given probability or return period, which will be used to calculate the risk pathways. This 
is due to the fact that erosion and inundation are not necessarily correlated and, in consequence, 
hydrodynamic conditions resulting in a water level of a given probability and an erosion of the same 
probability should be different.   
 
If the analysis is applied to a coast where one of the two processes (erosion and/or inundation) clearly 
dominates, the recommended approach should be the response one. For this purpose, joint probability 
distributions of wave and water level conditions should be used to built a probability distribution of 
the target variable (e.g. total water level by estimating the contribution of the different components), 
from which the value associated to a given return period is directly obtained. This should be the usual 
approach for static flooding analysis, i.e. when the coastal response is not included.   
 
 

3.3 Risk pathways 
 
In this section, different methods to calculate the different variables required to characterize the risk 
pathways in a coastal flooding analysis are presented. They cover variables related to the 
quantification of the two main coastal processes taking place during the impact of a storm in the coast, 
inundation and erosion.  
  
3.3.1 Runup estimation 
The wave induced runup can be simply defined as the height with respect to the still water level 
reached by the uprush of wave action (figure 3.2). As it was previously mentioned this is a variable 
that it is usually calculated from wave data and, consequently, its accuracy will be strongly dependent 
on the model used.   
 
There exist numerous models for estimating wave runup depending on the characteristics of the 
coastal fringe on which the waves impact. For runup estimations for coastal structures, a detailed 
review of existing formulas for the main coastal structures typologies together their range of 
application can be seen in Burcharth and Hughes (2003). For analysis of areas protected by coastal 
structures, the formula recommended for the corresponding structure typology should be used. 
 
For wave runup estimations for beaches, there also exist different options in the literature. Here we 
recommend the use of the recently proposed by Stockdon et al. (2006). This recommendation is due to 
the fact that this formula has been derived from reanalysis of run-up data obtained in field experiments 
and large scale laboratories (see Annex I). 
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Figure 3.2: Definition sketch for run-up calculations. 

 
Once this wave run-up has been estimated for a typical profile of the area of analysis, its value can be 
modified to take into account local factors affecting its magnitude. A typical expression that is based 
on these factors is the modified runup, R’2%, as a function of the original value, R2%, multiplied by a 
series of correction factors as  
 

 
 
where 
 
γb  influence factor for beach slope 
γr  influence factor for beach roughness 
γp  influence factor for beach percolation, permeability 
γβ  influence factor for wave obliquity 
 
The coefficient to account for the existence of a back-beach slope, γb, milder than the one used to 
characterize the beach is given by α/β with a limiting value of 1 which should correspond to an 
uniform slope and a minimum value of 0.6 (van der Meer and Jansen, 1995). 
  
The coefficient to account for the surface roughness of the slope, γr, depends on the material 
composing such surface. In natural beaches, the typical value for sandy surfaces is 1. In Eurotop 
(2007) different characteristic values for elements composing the surface of coastal structures are 
given. 
 
The coefficient to account for the obliquity of the incident waves, γβ, is generally used in run-up 
estimations for dikes to account the effects of wave directions departing from the normal incidence. 
However, runup formulas derived from prototype experiment at beaches should include not only 
normal wave incidence but also oblique one. Taking this into account as well as the recommendation 
done by Eurotop (2007) to relate this effect only to angles larger than 20 degrees; we could assume 
that the corresponding value for this coefficient in beaches is 1. 
 
Finally, the coefficient to account for the percolation of water through its path along the emerged 
surface of the beach, γp, depends on the permeability/porosity of the material composing such a 
surface. This factor will be calculated as 1-p, with p being the factor of percolation.   
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3.3.2 Wave overtopping discharge 
Wave overtopping will occur when the beach/dune crest height is lower than the calculated potential 
run-up. Under these conditions, waves will reach and pass over the crest of the beach/dune and will 
flow into the hinterland. Thus, wave overtopping can be defined as the mean discharge of water per 
linear meter of width of the beach, q, flowing landwards. 
 
One of the problems when  calculating overtopping discharges in beaches is that most of the existing 
formulas have been derived for coastal structures such as dikes and seawalls (see recent review in 
Eurotop, 2007), so their application to beaches can only be used as a approximation of the potential 
floodwater discharges occurring during a given event since these formulas are usually empirically-
derived.  
 
In Annex I, details to estimate wave overtopping discharges for coastal flood analysis are given.  
 
3.3.3 Coastal response  
Once the storm impacts on the coast, two situations can occur: (i) the coast is rigid (e.g. protected by 
coastal structures) and will be inundated if total water level exceeds the crest of the structure or the 
structure fails and (ii) the coast is dynamic and reacts to the impact of the coast by being eroded. In the 
second case the inundation will not only be controlled by the initial beach/dune height but by its 
evolution during the event. Due to this, risk pathways in the case of coastal flooding analysis must 
include not only the inundation but the induced coastal changes. 
 
The impact of extreme storms on sedimentary coast causes different morphodynamic processes and 
responses that can significantly affect coastal flooding. Their intensity correlates with the intensity of 
the storm. As an example, Figure 3.3 shows a qualitative hazard scale of coastal changes during storm 
impacts on barriers (applicable to any low-lying coast). It serves to illustrate the different regimes of 
functioning as a function of the water level. These regimes have been formalized in a conceptual 
model by Sallenger (2000) in: swash, collision-dune erosion, overwash and inundation regimes. 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.3: Qualitative hazard scale of coastal changes during storms as a function of water level 
(USGS, 2001). 

Figure 3.4 illustrates the potential changes, suffered by a dune under the impact of a storm, which are 
capable of influencing the magnitude of the inundation. Iin this case the dune is lowered by overwash 
and, the final representative beach slope becomes milder than at the initial stage of the storm. In this 
scenario, there are two potential sources of change for wave overtopping during the storm, which 
contribute in opposite ways.  
 
The decrease in the dune/beach height, D, during the storm will produce a progressive increase in the 
freeboard (Ru-D) and, in consequence, will induce larger overtopping. On the other hand, the decrease 
in the beach slope during the erosion process will induce a lower run-up and, if this factor is solely 
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considered should induce a decrease in the freeboard and would induce a lower overtopping. The 
resulting effect of the beach/dune changes during the event on the volume of water flowing landwards 
with respect to the initial beach configuration will depend on which will become the dominant factor. 
 

DHIGH = 3 m

tan β = 1/10

initial dune/ barrier configuration

(composite/representative slope)

DHIGH = 2.5 m

tan β = 1/15

erosion type I: dune/ barrier lowering and flatening 

(composite/representative slope)

 
 
 

Figure 3.4: Morphological changes in the dune/beach morphology affecting coastal flooding. 

The prediction of the evolution of the coastal fringe under the impact of the storm is a question far 
from trivial and, there is not a single morphodynamic model capable of simulating all the possible 
conditions at any coast. A discussion on different options for models to be used for coastal flood 
forecasting is given by HR Wallingford (2003). Although they are not specificly for morphodynamic 
modelling the given recommendations cover most of the aspects to be considered. 
 
There exist different models to simulate the response of beaches and dunes to the impact of extreme 
storms. Generally speaking, the best model is that model that has been calibrated and/or developed for 
a specific coastal stretch. In this sense, the most general recommendation regarding this aspect is to 
work with calibrated and validated morphodynamic models. The most complicated model is not 
necessarily the best. In many cases they are difficult to calibrate and/or validate, although they give 
insight into the processes taking place during the storm, 
 
One of the most common analytical models for the estimation of the erosion induced by the impact of 
a storm on a beach profile is that introduced by Vellinga (1986). It is an empirical model based on a 
series of dune erosion laboratory experiments. It uses the concept of the equilibrium profile, predicting 
the final erosion profile corresponding to a set of hydrodynamic forcing (defined in terms of wave 
height and storm surge-water level) acting on an initial beach profile (characterised by the sediment 
grain size). The final profile is independent of the storm duration and it is given by the equation 
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with Hs0 being the significant wave height during the storm, w is the fall velocity of the sediment, y is 
the vertical co-ordinate (elevation) of the profile with respect to the mean water level during the storm 
and, x is the horizontal co-ordinate (distance to the coast). The method constructs a storm profile and, 
by horizontally shifting the storm profile over the pre-storm profile until erosion and accretion areas 
are equal, determines dune erosion (Figure 3.5).  
 
This model has been widely used even in sites with completly different characteristics (in terms of 
coastal morphology and wave and water level climate) to the ones of the Dutch coast where this 
empirical model was developed.  

 
Figure 3.5: Dune erosion profile (Vellinga, 1986). 

Recently, van Gent et al (2007) has proposed a modification of the equation for erosion profile by 
including the wave period (Tp), to take into account the effect of this parameter in the final dune 
profile configuration,  in such a way that the longer the wave period is, the larger the profile retreat 
will be.  
 

 
 

 
Another simple geometric model to predict the erosion (retreat) of beach foredunes induced by wave 
runup during extreme storm events has been developed by Komar et al (1999, 2001). The model is 
similar to the Bruun’s rule but applied to a shorter time scale in which the total water level during the 
storm is the driving force. The dune retreat, Sdune, is given by the relationship (Figure 3.6) 
   

βtan
)( BLHjWLSdune Δ+−

=  

 
with Sdune being the maximum beach or dune recession due to the total water level, WL, associated 
with an extreme storm (which is a combination of the mean water level and the wave runup); tan β is 
the average slope of the beach face (constant during the event), Hj is the elevation of the dune toe or 
beach/dune junction; and ΔBL is the vertical shift in the beach profile that results from the presence of 
a rip current (considered as a safety factor since it will imply an additional sand loss for the profile). 
This model was developed for the Oregon coast (Pacific) and it is used by the Oregon Department of 
Land Conservation and Development within a DSS tool to help coastal managers to identify coastal 
erosion-related risks. 
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Figure 3.6: Geometric foredune erosion model of Komar et al (1999, 2001). 

As in the previous case, this model is an “equilibrium model” in the sense that it should predict the 
maximum erosion induced by a given event without taking into account its duration (storm of 
unlimited duration). When this type of models is used, the information to be obtained is the final 
dune/profile configuration after the impact of the storm. Under these conditions no intermediate 
updates on floodwaters can be obtained. The only possibility is to calculate run-up and overtopping 
discharges for the initial and final configurations and to estimate their range of variation due to beach 
evolution. This problem is common to any model providing the final configuration without 
information of the evolution of the process.  
 
Recently, Larson et al. (2004) presented an analytical model to simulate the impacts of storms on 
dunes. The model quantifies the erosion in terms of recession distance and eroded volume. It uses a 
transport relationship based on the wave impact theory, where dune erosion is induced by individual 
swash waves impacting the duneface. The model was validated using different datasets obtained in the 
laboratory and the field. They conclude that the model produce reliable quantitative estimates of 
storm-induced dune erosion (retreat and volume loss), provided that the forcing conditions are 
known and that the geometry of the dune configuration is similar to the one assumed in the model 
(plane-sloping foreshore backed by a vertical dune). Finally, authors recommended applying the 
model using a range of transport coefficient values (calibration parameter) to include some uncertainty 
estimate in the calculated variables.  
 
Numerical beach/dune erosion models are more versatile than analytical ones because there are no 
limitations to describing the initial beach profile and, in most of the cases, are able to include most of 
the variables characterising the forcing in a realistic manner. The major limitation will be the 
reliability of the sediment transport model included to simulate the process (see e.g. Schoones and 
Theron, 1995) and, as it was mentioned before, they need to be calibrated/validated for the area of 
application. 
 
Among the existing beach erosion models, the Sbeach model (Larson and Kraus, 1989, Wise et al. 
1994) is the most common. It is an empirically based model that was originally developed using a 
large data set of cross-shore sand transport rates and geomorphic change obtained in large wave tanks. 
It includes a module for wave propagation across the beach profile which is used to estimate the cross-
shore transport rates in different zones from outside the surf zone to the swash zone. These transport 
rates are included in the conservation equation to estimate beach profile changes. The model requires 
an initial beach profile and the sediment grain size to characterize the receptor and, the wave height, 
period furthermore it requires the direction time series and the water level time series to characterize 
the forcing. The model has been largely validated via field cases and now it can be considered as a 
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“standard” for beach/dune erosion calculations. In fact, it has been used to start beach erosion by 
overwash to be subsequently complemented with more sophisticated models such as Delft3D (see. e.g. 
Cañizares and Irish, 2008).  
 
Due to its simplicity and its robustness, this model is recommendable for estimating the evolution of 
the beach during the impact of storms. It has to be noted that although coefficients to be used in the 
model have been calibrated in numerous applications and, default values have been recommended, 
results of its application without an ad-hoc calibration must be interpreted as an order of magnitude of 
the expected coastal response. 
 
As storm magnitude increases, the dune and the beach are more frequently overtopped and overwash 
transport begins to be important. However, there are few models capable of dealing with overwash 
processes in a realistic manner. One of the last attempts to include the transport in a beach profile 
model has been made by Larson et al (2004) with the before mentioned analytical model for dune 
erosion. It also has to be mentioned that the last version of Sbeach simulates the effect of overwash 
transport on the beach profile evolution. However, this is a subject under development and a realistic 
model is still required (e.g. Donelly, 2008). 
  
During very intense storms, the final coastal response, especially in low-lying areas, is breaching. A 
breach is a new opening in a narrow landmass such as a barrier beach that allows water to flow from 
the sea to the area behind the barrier -a water body or a low-lying area- (Kraus and Wamsley, 2003). 
They usually occur during extreme events and, in consequence, they are associated to the inundation 
stage in the scale of Sallenger (2000). In spite of the potential importance of this process, the number 
of existing models able to simulate breaching is quite limited (models dealing with dike breaching 
have been reviewed elsewhere, see e.g. Oumeraci et al., 2005; Allsop et al, 2007). 
 
One of the first serious attempts to model the breaching process in sandy barriers was made by Basco 
and Shin (1999). They developed a one-dimensional model for simulating storm-induced breaching in 
coastal barriers. The model considers the different (four) phases-stages of the process starting by the 
beach/dune erosion which is simulated by means of the Sbeach model (Larson and Kraus, 1989). This 
is followed by a series of hydrodynamic models used to simulate the water flow over the barrier and 
induced sediment transport.  
 
Roelvink et al (2003) assessed the feasibility of using a general morphodynamic model such as 
Delft3D to model barrier island breaching and storm surge. To do that, they first validated the model 
against laboratory and prototype experiments of breaching of a sand dike. They concluded that the 
model was able to predict the occurrence of breaches with a satisfactory level of accuracy. They 
proposed to use the model to identify weak spots in barrier islands and to identify conditions and 
locations where a breakthrough might occur. 
 
Another process-modeling approach is due to Tuan et al (2006, 2008) who presented a process-based 
model to simulate the overflow-induced growth of an erosional channel in noncohesive bodies such as 
sand-dikes and barriers. It includes an overwash model for barriers which makes use of the Unibest-
TC approach (Tuan et al., 2006) and a model for the lateral growth and morphological development of 
erosional channels (Tuan et al., 2008). 
 
In spite of all of these attempts, there is not yet a morphodynamic model able to accurately simulate 
the dynamic response of low-lying coast to the impact of extreme events. Due to this, the USACE-
ERDC has launched a program to develop an open-source program to simulate effects of hurricanes on 
low-lying sandy coasts. The aim of this program, XBeach (Roelvink et al., 2007), is to simulate the 
different phases taking place during the impact of extreme storms in low-lying coasts, i.e. dune 
erosion, overwashing and breaching. A first version which has been tested against some laboratory 
experiments is already available. The main emphasis has been put up to date in numerical robustness 
and first order accuracy.  
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Once the beach/dune response during the event has been calculated, the run-up level and overtopping 
discharges will be updated. This can be done by estimating the respective variable for intermediate 
beach configurations as supplied by the model. This uncoupled way of updating floodwaters can be 
superseded when using a model able to properly take into account the modifications of such processes. 
An overview of different morphodynamic models to predict changes in river, coasts and estuaries 
useful for flood hazard analysis can be seen in Reeve (2007).   
 

3.4 Risk receptor 
 
3.4.1 Inundation  
Once the design water level, the associated overtopping discharge and related probabilities of 
exceedance have been determined, the next step is to determine the extent of the area to be affected by 
inundation.  
 
In some cases, depending on the estimated water level, the coastal area can be subjected to a full 
inundation in with reformed broken waves able to propagate overland. On these occasions, it should is  
to estimate the wave propagation to correctly delineate the inland extension of the inundation. For 
these situations, a wave propagation model capable of simulating the wave breaking and reforming in 
very shallow waters with artificial roughness (due to vegetation, buildings, etc.) should be used. 
Examples of such models are the simple approximation followed by Fema (2003) with the Whafis 
model or, more process-oriented ones, such as the one by Möller et al (1999). Again the selection of 
the proper model will depend on the characteristics of the study area and on the importance of the 
hazard analysis. 
 
However, before estimating any wave propagation overland, the first estimation to be done is the 
determination of the surface to be flooded. For this purpose, flood inundation models combined with 
Digital Terrain Models are used to describe the processes taking place in the flood plain. 
 
As in the previous calculation methods, there exist different options to estimate the magnitudes of the 
inundation.  
 
The simplest option is the use of the so called empirical models, which are often described as pure 
mapping. No physical laws are involved in the simulations performed. They are rather simple methods 
and of low cost, but they provide only poor estimates of flood hazard in large low lying or extensive 
areas where flows through a breach may be critical in determining the flood extent. They are usually 
applied to assess flood extents and flood depths on a broad scale.  
 
In essence they are just GIS routines to delineate areas to be inundated applied to a DTM. This can be 
done in different ways: (i) determining the extension of the coastal domain and its height below the 
target water level or (ii) distributing the estimated water volume entering the hinterland depending on 
the internal topography.  
 
The first case should be equivalent to assuming a situation in which the target water level is 
maintained for a certain time period long enough to supply the required water volume to “fill” the 
entire area. This option should be acceptable when analyzing the flooding associated with the relative 
sea level rise (RSLR)-induced water level scenarios and/or when the shoreward extension of the area 
to be inundated is relatively small (figure 3.7).  
 
The second case should be applicable in situations when the beach topography is not as simple and the 
event involves the overtopping of the beach/dune crest with a flow of water entering to a domain with 
a lower elevation than the beach crest. The application of the before mentioned method could result in 
projected inundated areas with a very unrealistic dimension landwards. In this case, the approach 
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should be to estimate the total volume of water overtopping the beach along the coast and, to distribute 
it in the floodplain according to the existing topography.  
 
 

Target total
water levelSWL

Limit of the 
flood hazard area

 
 
 

Figure 3.7: Delineation of the coastal area to be inundated for a given water level for the simplest 
case. 

However, in this second situation, i.e. time varying water levels pumping water towards the hinterland, 
the best way to determine the flood extension should be the use of inundation models. As in all the 
cases involving a model selection, there is no  general rule for accepting the advantage of the use of 
one specific model over a different one other than an ad-hoc analysis of the case study. The best model 
appears to be one including the processes and conditions of the specific case, for which the required 
data is available and which has been calibrated/validated. In Woodhead (2007) and Prinos (2007) 
different available inundation models are presented together their range of validity.    
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4. Mapping 
 
Once the properties of the flood in the study area have been determined, the final step is to produce the 
Flood Hazard map. This map should provide information on the flood conditions that harm people 
during a flood. It can include the hazards associated with a single event or a combination of events. 
 
Flood mapping in river domains is a well known task, which can be easily adapted to the coastal 
domain when the boundary conditions are known. The workflow described below is based on the 
workflow, which is used in Baden-Württemberg, but can be seen as a standard workflow for 
producing flood hazard maps in river domains (Ministry of the Environment Baden-Württemberg, 
2005). 

4.1 Data Collection 
The first step of building flood hazard maps should be the collection of necessary data. The general 
way to provide all required data is to build a digital terrain model. A digital terrain model is usually 
built from a data collection that contains laser scan data as well as geographical survey data. Laser 
scan data are collected by flying a plane over the territories which are at risk to be flooded. The plane 
contains a rotating laser that scans the land at right angles to the direction of flight. The scan should be 
made during the winter month, when vegetation is sparse. Afterwards, the scanned data have to be 
processed with the assistance of, for example orthophotos, in order to eliminate vegetation or man-
made objects like cars, bridges or buildings. This is used to calculate regular, comprehensive dot grids 
with grid spacing of for example 1 m or 5 m. Any gaps in the terrain point data set (e.g. due to 
buildings) are filled in using interpolation. 
To increase accuracy of the details with respect to buildings and terrain structures near to water 
bodies, the laser-derived digital terrain model is combined with geographical survey data. This process 
is especially important for adding cross section data for water bodies. Due to the lack of the existence 
of detailed geographical survey data it could be necessary to acquire data by an on-site survey. All 
buildings in and around a water body should be surveyed. Furthermore, cross sections of the water 
bodies should be surveyed at appropriate intervals for hydraulic requirements. 
In the end the laser-scan data can be combined with the geographical survey data to produce a digital 
terrain model which, in this case, reach an accuracy of about +/- 50 cm in position and +/-25 cm in 
elevation for laser-scan data and about +/- 5 cm elevation accuracy for surveyed data. The 
combination of the data is shown in figure 4.1. 
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Figure 4.1: Combination of geographical survey data and laser scan data for extracting cross section 
data along the water bodies (Ministry of the Environment Baden-Württemberg, 2005) 

 

4.2 Sources 
 
Hydrology 
The main input data for calculating flood hazard maps is the occurrence probability and the amount of 
high water discharge in rivers. High water discharge for particular annualities can be calculated by a 
regionalisation approach for water levels measured by gauges. In individual cases river basin studies 
need to be carried out. The application of a rainfall runoff model can also be helpful for considering 
water body system characteristics such as retention reservoirs or long term calculations. The following 
annualities are considered: 

• HQ10 
• HQ50  
• HQ100 
• HQEXTREM 

The results of the hydrologic calculation are high water discharges for certain annualities at certain 
locations along the water body. However, the identification of annulities for coastal domains is not a 
simple task. Please refer to chapter 3.2.1 for further information. 
 
Hydraulic 
Based on the hydrologic output data and the cross sections derived from the digital terrain model, as 
shown in figure 4.2, a hydraulic calculation can be made. In so doing, the choice of an appropriate 
model is essential for getting good results. Whereas for the vast majority of water bodies a 1D model 
is sufficient there are some areas which cannot be correctly represented by the simplified numeric 
system of a 1D model. This is particular true for any kind of water body which does not satisfy the 
boundary conditions of a 1D model, e.g. estuaries or other areas where irregular flow occurs. In those 
cases a more complex calculation has to be done by a 2D model. Whereas 1D models can only be 
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applied for assessing water levels along the axis of the water body, 2D models are able to assess 
extensive hydraulic dimensions such as flow depth, and speed of current in both directions along the 
axis of the water body. 
The results of the hydraulic calculation show the different water levels along the length of the water 
bodies. The results from a 2D model and a 1D model differ in terms of resolution. Therefore an 
adaptation on cutting edges has to be done. 
  

 
Figure 4.2: Input data for hydraulic calculation (Ministry of the Environment Baden-Württemberg, 

2005) 

 

4.3 Pathway Inundation 
 
With the results of the hydraulic calculations the flood outline can be calculated. The main step is to 
calculate the inundation area by subtracting the water level plane from the digital terrain model for 
results produced by a 1D model. The resulting map can be interpreted as a water depth map where 
negative values denote inundation areas as it is shown in figure 4.3. Results of a 2Dmodel bring out 
the water depth directly. Other hydraulic dimensions such as speed of current are also available for 
areas calculated by a 2D model. 
The use of high resolution data in the digital terrain model can cause a so called “salt and pepper”- 
effect. This effect is caused by vegetation that adds a random noise to the elevation data. A 
classification of the map content might be necessary when the effect occurs heavily in the map. These 
classification leads to a corrected version of the map. Classifications are usually based on boundary 
criteria which depend on the water depth and noise area. 
 

 
Figure 4.3: Intersection of hydraulic results with the digital terrain model (Ministry of the 

Environment Baden-Württemberg, 2005) 
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The calculated map of the water depth is the basis for further work. Another display option is the 
outline of the flooded area as it is shown in figure 4.4. In Baden-Württemberg following maps are 
created by using the results from the hydraulic calculations: 

• Flood extents (all annualities displayed in one map) 
• Water depth for flooded areas HQ10 (uncorrected) 
• Water depth for flooded areas HQ50 (uncorrected) 
• Water depth for flooded areas HQ100 (uncorrected) 
• Water depth for flooded areas HQEXTREM (uncorrected) 
• Water depth for flooded areas HQ100 (corrected) 
• Water depth for flooded areas HQEXTREM (corrected) 
 

Figure 4.4: Possible map contents of flood hazard maps (Ministry of the Environment Baden-
Württemberg, 2005) 

Other maps can also be built form the water depth that is given by the hydraulic results. For example, 
an intersection of the water depth and the flood protection buildings can lead to a map in which the 
protected area is shown. Another example is the identification of bridges that can be used during the 
flood. 
 
 
 

4.4 Map Content 
 
Ideally, according to the EU Directive 2007/60/EC a Flood Hazard map should include the flood 
extent, projected water depths and, where appropriate, the flow velocity. Due to the characteristics of 
coastal floods, Flood Hazard maps will mainly include the extension of the area to be inundated and 
projected water depths. In addition to this, the areas along the coast sensitive to the event to be mapped 
(i.e. showing a projected erosion significant enough to affect/enhance inundation of the hinterland) 
should also be indicated. 
 
The most simple flood hazard map should be one just showing the extension of the area to be flooded 
during an event of a given probability or return period (e.g. figure 4.5). 
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Figure 4.5: Delineation of flood hazard areas to a water level associated to a 50 years return period 
(dashed blue lines, GIOC 1998). 

A further developed hazard map is one that includes not only the extension of the area to be flooded 
but also the expected water depth. As an example of such maps, figure 4.6 shows the maximum 
inundation depth due to sea flooding in the Netherlands. It has to be noted that although expected 
damages should be related to water depth, this map is not equivalent to a flood damage map since it is 
only providing information on the physical process. 
 
The Flood Hazard Map can also include the information of the different flood-related variables to 
derive a hazard scale. An example of such an approach is the development of flood hazard maps for 
events affecting people. Figure 4.7 shows an example of such maps where the hazard is rated in terms 
of danger to the people according a simple equation that integrates the depth of flooding, the velocity 
of floodwaters and the debris factor.     
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Figure 4.6: Example of maximum flood inundation depth caused by sea flooding in the Netherlands 
(Excimap, 2007a). 
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Figure 4.7: Example of Flood Hazard Map with a hazard scale in the UK (DEFRA, 2006). 

Finally, in coastal sedimentary environments where the coastal fringe is capable of responding to the 
impact of an event (a storm associated to a given probability), the hazard map can also include an 
indication of the areas prone to be eroded. This information can later be integrated into the flood 
hazard to obtain the integrated hazard of the zone. Figure 4.8 shows an example of deriving two 
different maps associated with the same event but disaggregating the two induced processes, i.e. 
flooding and erosion.  
 

  
Figure 4.8: Example of Flood and Erosion Risk Maps in USA (NOAA, 2008). 
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The maps presented above, summarize the main technical information to be included in flood hazard 
maps. In addition to the technical information, according to the recommendations produced by 
Excimap (2007) after analysing different map types in Europe, Flood Hazard maps should include at 
least the following information:  
 
 Title (what kind of information on which location is presented). 
 Probability of the event. 
 Location of the map. 
 North and scale (preferably graphic bar as this allows for changes in page sizes). 
 Responsible authority or institute with contact details. 
 Date of publication. 
 Disclaimer, including remarks on the quality of information. 

 
All maps should have consistent information (e.g., consistent extents for given event probability), 
although the content, format and dissemination may differ depending on the purpose and target 
audience. Explanations should always be given (directly onto the maps) for correct interpretation of 
maps (e.g. return period or probability, method of development, uncertainty, etc.), as appropriate for 
the target audience. 
 
Public maps should be simple and self-explanatory and include a legend, so that as little supporting or 
explanatory information as possible is required for correct interpretation. 

 
The extent of potential flooding has to be presented as a surface covering the topography for a 
specified flood level /frequency. For reference, roads, railways, houses and permanent water bodies 
from which the floods originate may be included. A good option is  to overlap the inundation area over 
an ortho-photo in which elements in the territory can be easily identified. Presently, there are many 
administrations providing digital versions of flood hazard map so that the user can interactively decide 
what information will be included (see e.g. figure 4.9). 
 
 
If the Flood Hazard map is produced for organisational users (governments, local authorities, etc.), the 
map may require more detailed explanatory information to enable the reader to fully understand its 
development as well as the limitations of the included information. Supporting information for 
organisational users should include: (a) GIS data available for download, emphasising the use of 
supporting information, (b) Metadata information (e.g. quality, data sources, inventory of existing 
information, etc.). 
 
 
As a final remark, publication of flood hazard maps requires the determination of their level of 
confidence and the likely uncertainty. An easy way to do this is to include the calculated uncertainty as 
an area of uncertain flooding.  
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Figure 4.9: Example of digital flood hazard map generated through the Fema web application. 
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5. Summary 
 
In this report the main technical aspects related to flood hazard mapping in coastal areas have been 
reviewed. The main steps to produce a flood hazard maps are summarized in figure 5.1. They are: 
 

 Characterization of the source. This is primarily done by specifying wave and water level 
conditions associated to a given probability to be used in the analysis (which should be the 
one characterising the flood hazard map to be produced).   

 Characterization of the pathway. This is done by estimating (i) the wave-induced runup on a 
representative beach transect. To do this, representative beach profiles of the study area are 
needed. If the area of study is “morphodynamically active”, it should be necessary to 
estimate the coastal response to the impact of the event by using a morphodynamic model. 
This will serve to update the estimated run-up and the beach/dune height during the event 
from which the overtopping discharges are calculated.    
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Figure 5.1: Sketch of the methodology to generate a coastal flood hazard map. 
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 Characterization of the receptor. Finally, the estimated overtopping discharges to the 
hinterland are “propagated” landwards over a Digital Elevation Model of the floodplain, from 
which the flood hazard areas are delineated in terms of extension and depth. 

 
For each of the mentioned steps, specific recommendations have been specified in this report ranging 
from data acquisition, data analysis to modelling. These recommendations can be considered as 
general enough to be applied to most of coastal environments, although they need to be adapted to the 
specific conditions of the area of study, including the proper selection of techniques and models to be 
used throughout the process. 
 
Finally, as an example of application of these recommendations, in Annex II the presented 
methodology is applied to the Ebro delta coast to delineate the flood hazard area associated to the 
impact of a storm with a Tr of 100 years. This case is a clear example of the influence of the coastal 
morphodynamic feedback on the extension of flooding. The obtained results showed that the selection 
of a given initial beach profile from an existing dataset to characterize the coastal fringe, can result in 
variations of the duration of overtopping events of about 300 %. When the beach evolution during the 
storm is included, the volume of floodwater entering the coastal plain is significantly larger than for 
any tested static scenario. This means that any flood hazard mapping in coastal sedimentary 
environments without including the beach response will significantly underestimate the hazard area.  
 

  
 

Figure 5.2: Changes in Flood hazard maps (extension of the flood) in the Ebro delta for a 100 year 
return period storm as a function of the initial beach morphology. 
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Annex I. Run-up and overtopping formulas 
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Run-up on beaches 
 
For wave runup estimations on beaches, there exist different options in the literature. Here we 
recommend the use of one the recently proposed by Stockdon et al. (2006). This recommendation is 
due to the fact that the formula has been derived from reanalysis of run-up data obtained in field 
experiments, large scale laboratories and, in consequence, in prototype conditions. Moreover the 
employed datasets cover most of the expected conditions occurring at natural beaches.  
 
The method predicts the runup, R2%, which is exceeded by 2% of the number of incident waves as  
 

 
  
and  
     

   for very dissipative beaches ( ) 
 
where:  
 
ξ0  Iribarren Number using Tp and Hs0 [-] 
Hs0 deep-water significant wave height [m] 
Tp wave peak period [s] 
L0 deepwater wavelength associated to Tp [m] 
βf  beach slope [-] 
 
This expression also accounts for the wave set-up at the shoreline. 
 
 
Wave overtopping discharge 
 
As an example of formulas for overtopping discharges in coastal flood analysis, Fema (2003) proposes 
to use a mean overtopping discharge rate formula derived for sloping surfaces and irregular waves 
which is given by 
 
Q* = 8•10

-5 

exp[3.1(rR* -Rc / Hs)]  
 
Q = Q* (g Hs

3)1/2 
 
where Q* is the dimensionless mean overtopping discharge rate, Q is the dimensional discharge 
rate in m3/m/s, R* = [1.5 m/( Hs /L0)

0.5

], up to a maximum value of 3.0, is an estimated extreme 
runup normalized by Hs, for a beach/barrier slope given as the tangent m, Rc is the freeboard of 
the beach/barrier and r is a  roughness coefficient. This formula is applied when the freeboard, Rc < 2 
Ru. 
 
There are cases where empirical derived formulas for ad-hoc estimations of overtopping rates do 
exist. In such cases, it is recommended to use the corresponding proposed method. An example of 
this is the formula derived to estimate the mean overtopping discharge for dunes along the dutch 
coast associated with a return period of 100 years. This formula was derived by Delft Hydraulics 
(1983) based on a series of laboratory experiments and it predicts the mean overtopping discharge 
(m3/m/s), Q,  as a function of the freeboard, Rc, of the dune remnant above that water level  
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Q = 0.489 exp (-0.0771 * Rc) 
 
 
A recommendation of the corresponding formulas for mean overtopping discharge rates for 
different typologies of coastal structures can be found in Eurotop (2007). 
 
 
Once the mean overtopping discharge is calculated, the following step is to convert it to 
overtopping volumes, or, in other words, in the water volume entering to the hinterland, V. In this 
case, this can be simply done by extending the calculated mean discharge rates to the duration of 
wave conditions, τ, i.e. 
 
V = Q τ. 
 
 
. 
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Annex II. Coastal flood hazard mapping in the Ebro delta 
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Flood Hazard Mapping for Coastal Storms in the Delta 
Ebro1  

D. Alvarado-Aguilar  & J. A. Jiménez*  
Laboratori d’Enginyeria Marítima, ETSECCPB, Universitat Politécnica de Catalunya, 
c/Jordi Girona 1-3, Campus Nord, ed. D1, 08034 Barcelona, Spain (Email: 
dagoberto.alvarado@upc.edu, jose.jimenez@upc.edu)  
* Corresponding author (voice: +34 934016468, fax: +34 934011861) 
 
Abstract  
 
Flood hazard mapping is a critical issue in coastal low-lying areas due to its intrinsic sensitivity to the 
impact of extreme storms. The estimation of the beach response during the event is a key point, not 
only to calculate the induced erosion, but to properly evaluate flood hazard areas since the magnitude 
of the flooding can be affected by a morphodynamic feedback. Here, we present a methodology to 
delimit the uncertainty in flood hazard mapping associated to natural beach morphodynamics. This 
methodology has been tested in the Ebro delta coast for the impact of a storm with a Tr of about 100 
years. Results showed that the selection of a given initial beach profile, from the different recorded 
ones, can result in variations of the event’s overtopping durations of about 300 %, which are amplified 
for overtopping rates. Along the study area, the uncertainty introduced by the use of a single 
representative profile for the entire coast is much lower than the one associated with the selection of 
the beach profile shape. Finally, when the beach evolution during the storm is included, the volume of 
floodwater entering the coastal plain is significantly larger than for any of the tested static scenarios. 
This means that any flood hazard mapping in sedimentary coastal environments without including the 
beach response will significantly underestimate the hazard area.  
 
 
Full paper available from: http://www.routledge.com/books/Flood-Risk-Management-Research-and-
Practice-isbn9780415485074 
 

                                                      
1 Paper presented at the FLOODrisk 2008 conference, 30 September – 2 October 2008, Oxford, UK.  
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Annex III Sources of Uncertainty 
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Sources of Uncertainty 

In these guidelines there are references and explanations of the uncertainties occurring in the 
process of flood hazard mapping. This part shall give additional information on these 
uncertainties. 
 
One of the major sources of uncertainties in coastal flood hazard mapping has been identified as 
the coastal response or the coastal changes that occur during an event. But there are many other 
sources of uncertainties in the modelling process. Thus a brief and general overview of the 
sources of uncertainties shall be given. The overview is not restricted to coastal-flood-hazard 
mapping but deals with flood hazard mapping in general so there may be parts that make 
reference to sources of uncertainties that are more of a concern when creating a hazard map for 
river basins. 
 
 
Definition 
 
According to Pappenberger et al. (2005) the term “uncertainty” is described as follows:  

• Uncertainty - A general concept that reflects our lack of sureness about someone or 
something, ranging from just short of complete sureness to an almost complete lack of 
conviction about an outcome. 

• Uncertainty Analysis (Model) - Assesses the uncertainty in model outputs that derives 
from uncertainty in structure, parameters, boundary conditions and evaluation data 

 
 
Sources of uncertainty 
 
Uncertainties arising from the creation of flood hazard maps can be divided into three types: 

• data uncertainty, 
• model uncertainty, 
• Parameter uncertainty. 
 

From each element, contributing to the flood disaster chain, arise uncertainties, which can be 
assigned to at least one of the above types of uncertainty. 
The following table displays the steps of creating flood hazard maps and shows likely sources of 
uncertainty and the assigned type: 
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Table 1: Sources and types of uncertainty (Source: FLOWS (Homepage), modified) 
Variable Source of uncertainty Type of uncertainty 
Annual discharge Rainfall runoff modelling Model uncertainty 
 Wave modelling Model uncertainty 
 Selection of distribution function Model uncertainty 
 Parameters of the statistical distribution Parameter uncertainty 
 Short or unavailable records Data uncertainty 
 Measurement errors Data uncertainty 
Levee failure Measurement errors of levee geometry Data uncertainty 
 Breach modelling Model uncertainty 
 Levee parameters (geometry, substrate, 

breach width, turf) 
Parameter uncertainty 

Water stage Model selection (1D or 2D model) Model uncertainty 
 Steady or unsteady calculation Model uncertainty 
 Frictional resistance equation Model uncertainty 
 Channel roughness Parameter uncertainty 
 Channel geometry Parameter uncertainty 
 Sediment transport and bed forms Data uncertainty 
 Debris accumulation and ice effects Data uncertainty 
Flood damage Dependence on water stage Model uncertainty 
 Dependence on water stage Parameter uncertainty 
 Land/building use, value and location Data uncertainty 
 Content value Data uncertainty 
 Structure first-floor elevation Data uncertainty 
 Flood warning time Data uncertainty 
 Public response to a flood (flood evacuation 

effectiveness) 
Data uncertainty 

 Performance of the flood protection system 
(possibility of failure below the design 
standard) 

Data uncertainty 
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Dealing with uncertainty 
 
Several approaches have been developed to assess uncertainty. They can be divided by their need 
for evaluation data. The following figure provides a general guidance of which method can be 
used, depending on the existent evaluation data: 
 

 
Figure 1: Decision tree for uncertainty analysis tools (blue boxes represent the questions to 
derive a decision for an uncertainty method, yellow boxes show the major classifications of several 
uncertainty methods and orange boxes stand for individual methods or small sub-groups of those) ( 
from Pappenberger et al.(2005)) 
 
 
For the creation of flood hazard maps usually no evaluation data is available. Hence, regarding the 
diagram, the applications of Monte Carlo methods or error propagation methods seem to be 
reasonable. A short introduction of both methods is given as follows: 
 
Error propagation equation 
 
The Error propagation equation deals with the normal distributed errors of the underlying formula. 
The goal is to asses how the quantified uncertainties in model inputs propagate during the model 
calculations and how it affects the results. The following simple example shows how it works: 
Regarding the following equation  

z = x + y+ … 
With the appropriate deviation of the input parameter x and y the following equation leads to the 
deviation of z: 

 
This method can be used to quickly evaluate simple calculations. However, this shows its strength 
and limitation at the same time. While simple calculations are easy to execute, it is hard to apply 
this method to complex calculations. For this reason the application of error propagation does not 
seem to be favourable to assess uncertainties in the run of flood hazard map creation. 
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Monte Carlo method 
 
 
The Monte Carlo analysis can be used to gain information about the distribution of the output 
parameters. This can be achieved by applying random drawing of input parameters and examine 
the results. The variation of the input parameters and the repeated application of the model can be 
a very time consuming task. Therefore models should be simplified in order to reduce 
computation time. 
 
 
Method suggested by the FLOWS Project 
 
Another approach to consider uncertainty is shown by the FLOWS Project (2005). Instead of the 
examination of uncertainty after calculation FLOWS recommends as a “best practice” to 
determine a level of accuracy for which appropriate methods should be used to match the 
accuracy level. Figure 2 shows a sample application for low lying areas which was originally 
published in the FLOWS Technical Report (2005). It shows the required accuracy depending on 
the location of the site and the vulnerability to floods.  
 

 
Figure 2: Required accuracy (for application to low-lying areas only) (from FLOW, 2005) 
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Presentation of uncertainty in flood hazard maps 
 
 
As mentioned before publication of flood hazard maps requires remarks to the confidence and the 
likely uncertainty. An easy way to do this is proposed in Figure 3, where the calculated 
uncertainty is demonstrated as an area of uncertain flooding. This can nowadays easily be done 
using GIS. 
 
 

 
Figure 3: Scheme of cross section and overhead view showing application of error estimates 
(from Jones (1998)) 
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