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Executive Summary
Background to research
In meeting the requirements of the Flood Risk Management (2009) Act, the Scottish Environment
Protection Agency (SEPA) published Flood Hazard and Risk Maps in December 2013. SEPA are
required under the Act to review and update the maps in six yearly cycles. The existing maps do not
include the effects of wave setup, runup or overtopping, and in the Shetland Isles and some other
locations in Scotland, storm surge and wind setup are also not fully accounted for.
Objectives of research
The purpose of this review is to investigate ways to improve SEPA’s Coastal Flood Hazard dataset, by
considering how best the Flood Hazard and Risk Maps can be developed to incorporate wave setup
and runup, and wind setup components. The study was conducted by reviewing both scientific (i.e.
peer-reviewed) and grey literature.
Key findings and recommendations
For local, regional, or national scale assessments, a cost saving approach for obtaining wave and
water level boundary conditions would be to use the Environment Agency/Defra’s Coastal Flood
Boundary (CFB) data set of swell waves and still water levels. The joint probability of extreme events
could be assessed using Defra’s best practice ‘simplified’ method, which considers the dependence
between waves and water levels, and does not require an in-depth joint probability analysis of the
raw data. Although cost-effective and simple, this approach has deficiencies, as wind-sea waves are
not represented in the CFB data, and, furthermore, extreme wave conditions are unlikely to be well
predicted by the CFB marginal distributions due to the short, 8-year duration of the time series they
were derived from.
This therefore necessitates further extreme value analysis using more robust hindcast wave data, if
any confidence is to be placed in the wave boundary conditions. 36 years of offshore wave data for
the entire Scottish coast can be obtained from the Met Office’s ReMAP hindcast, at 8 km resolution,
which would be appropriate for local, regional, and national assessments. This could be used in
conjunction with SEPA’s existing extreme water level predictions. However, cost considerations
apart, a full and rigorous joint probability analysis (for example, using Defra’s analytical approach) of
the ReMAP wave time series and extreme water levels from a calibrated tide-surge model would be
advised, as this would yield the most accurate flood boundary conditions. This would also provide an
opportunity for wind setup to be properly accounted for in sea lochs, estuaries and other locations
where it is not currently well represented by SEPA’s flood hazard map, as it could be predicted using
the calibrated tide-surge model (if it were of a suitable resolution).
For each return period of interest, a number of extreme wave height and water level combinations
with the same joint probability should be determined and transformed into the coast to assess
which event would have the greatest flooding impact at each location. Using linear shoaling to
transform the waves would introduce significant errors in the inshore conditions, due to the
embayed and complex structure of the Scottish coastline. Instead, a third-generation numerical
wave model such as SWAN should be used to propagate extreme wave conditions into the shallow
water at the coast. For local or regional flooding assessments, existing SWAN models (such as the
one used for real-time flood warning at the Firth of Forth and Tay) could be used for SEPA’s strategic
predictions. For a national scale assessment, a number of overlapping SWAN domains that cover the

entire Scottish coast would need to be set up and calibrated, which is the approach currently used
by the EA in England.
To predict wave induced flooding at the coast, either an empirical approach (using the Stockdon
formulae, the Poate formula, and the EurOtop formula, for sandy beaches, gravel beaches, and
defence structures, respectively) or a numerical model (such as XBeach for all coastal situations)
could be used. An empirical modelling approach would be most appropriate if limited computational
resources or expertise were available, but would potentially incur a significant time and data cost to
implement for a large number of profiles, and especially those featuring defence structures.
Numerical models have the advantage of being more universally applicable to different coastal
situations and being able to consider complex coastal profiles. Computation time is deemed to be of
less concern to the resource requirements than the complexity of setting up either a numerical or an
empirical model successfully for each coastal location.
For a national scale assessment, a numerical runup model would provide the greatest level of
flexibility and applicability to varying coastal situations (defence structures and beaches), only
requiring as input a well resolved coastal profile, boundary wave conditions, and standard
parameter settings. For this type of application, the numerical model XBeach would provide accurate
runup and overtopping predictions, and incorporates all key physical processes relevant to wave
runup in Scotland (incident and infragravity waves, wave setup, wave direction, varying tidal/water
level elevation). For small regions or localised studies however, it would require less modelling
expertise to use the appropriate empirical model for each coastal profile, which are well validated
for runup and overtopping assessment. Furthermore, for some complex sea defence structures (for
example those with a wave return lip), runup could only be predicted confidently using one of the
empirically based EurOtop formulae.
Although SEPAs existing coastal flooding predictions are likely to be underestimating flood extents in
many places due to the lack of wave consideration, once wave runup is included it is likely that using
horizontal projection to predict flood extents would significantly over-predict the level of flooding
associated with each storm event. Using the wave setup elevation, rather than the maximum runup
height, may provide an improvement to the accuracy of this methodology. Where resources allow,
flood propagation modelling with a numerical hydrodynamic flood model is recommended to
maximise inundation accuracy, and although computationally expensive, could feasibly be achieved
for the major urbanised areas in Scotland.
While wave and water level data are commonly available around the entire coast of Scotland for
SEPA’s coastal flooding assessment (although water level data are limited in the Shetland Isles),
there is a significant need for bathymetry and topography data for SEPA’s flood hazard assessment.
Relatively coarse, 230 m resolution bathymetry data suitable for offshore wave transformation are
freely available for the entire region from the European Marine Observation and Data Network
(EMODnet), but high-resolution bathymetry (with 10s of meters resolution) is needed at the coast
for nearshore wave transformation modelling. On dry land, the 5 m resolution digital terrain map
currently used by SEPA will not accurately resolve steep beaches or sea defence structures, and
runup can therefore not be computed with any certainty. LiDAR coverage of the areas of coast
requiring a runup prediction, collected at 1-2 m resolution, would fill this data gap, and would
suitably resolve most coastal profiles. For profiles featuring very complex sea defence structures,
ground based survey data at sub-meter resolution should be obtained.

Key words
Coastal flooding, wave runup, overtopping, still water level, storm surge, tide, extreme weather,
sandy beach, gravel beach, sea defence structure, wave transformation, numerical model, empirical
model.
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1. Introduction
The Flood Risk Management (Scotland) Act 2009 places a number of requirements on the Scottish
Environment Protection Agency (SEPA). This includes publication of Flood Hazard and Risk maps for
all sources of flood risk. The current coastal flood hazard maps were first published in December
2013. SEPA are required to prepare flood hazard and risk maps at the appropriate scale for all
Potentially Vulnerable Areas (PVAs) identified by the National Flood Risk Assessment (NFRA). SEPA
must use these maps for a number of purposes, including:
•
•
•
•

Providing advice to planning authorities;
Setting objectives to manage flood risks in PVAs;
Identifying sustainable measures to achieve those objectives (appraisal process);
Setting timescales to implement those measures within each six year planning cycle
(prioritisation process).

Due to the requirements to use the maps to provide planning advice, SEPA have taken the decision
to produce flood hazard maps with national coverage, not just for PVAs, and update these annually
as appropriate. SEPA are required to review and update these maps and the NFRA in six yearly
cycles; the next updated NFRA is required by December 2018, with the next updated flood hazard
and risk maps required by December 2019. The flood hazard maps must show water depth or level
(whichever is appropriate) and flow velocity or relevant water flow (where appropriate) in addition
to flood extent.
For the existing coastal flood hazard extent map design sea levels around the open coast were
derived from the Coastal Flood Boundary Conditions (CFB) for UK mainland and islands study
(McMillan et al., 2011a) commissioned by the UK’s Department for Environment, Food & Rural
Affairs (Defra) and the Environment Agency (EA). The SEPA Coastal Hazard Mapping Project
(undertaken by Royal Haskoning DHV and JBA consulting in 2013) extended the analysis from the
CFB study to sea lochs and estuaries within Scotland using a combination of observed data not
included in the CFB study, local modelling studies and relationships between open coast and
estuarine locations from similarly shaped and aligned estuaries.
The existing map uses a still water horizontal projection method and does not include the effects of
wave setup, runup or overtopping. In the Shetland Isles and some other locations in Scotland, storm
surge and wind setup are also not fully accounted for. The purpose of this research is to investigate
ways of improving SEPA’s Coastal Flood Hazard dataset, by considering how best the maps may be
developed to incorporate these components.
Throughout this document references are made to methodologies applied at varying spatial and
temporal scales. The temporal scales can range from the period of a single wave, all the way up to
return periods of hundreds of years. The spatial scales include localised studies, regional scale
studies, and national scale studies. ‘Strategic’ scales are of key interest to SEPA’s mapping of flood
hazard; these refer to methodologies that can be applied at relatively large spatial and temporal
scales, such as across entire regions or nations (i.e. 10 km resolution or larger) and across time spans
that enable effective coastal planning (i.e. return periods of hundreds of years). In this report
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methodologies that can be used at different hierarchical levels are discussed, as it may be necessary
to use different methods at a national scale, to those used at a local scale.

1.1 Background to coastal flooding
Coastal flooding is the temporary inundation by water, of land at the coast not normally covered by
water (Prinos et al., 2009). Such flooding events can be caused by the individual or combined effects
of elevated sea levels and the action of waves at the coast (Fig. 1), and can be exacerbated by other
inputs such as riverine or pluvial water. When ocean waves arrive at the coast, a significant
proportion of their energy is dissipated through depth-induced wave breaking in the surf zone. Any
energy that is not dissipated in this way will either impact on natural or man-made sea defences, or
will be converted to potential energy in the form of wave runup on the beach face or sea defence
(Stockdon et al., 2006). This runup has the potential to transfer water far above the water level that
would occur in the absence of waves, and can overtop the natural or man-made sea defences.
Wave setup is the time-averaged super elevation of the water level caused by an excess of
momentum (radiation stress) caused by wave breaking in the surf zone (Longuet-Higgins and
Stewart, 1963, 1964). Wave setup contributes to the runup elevation of waves and is separate to the
swash motion that repeatedly wets and dries the beach face. The combination of these factors
determines the total wave run up level (Fig. 2), defined by Stockdon et al. (2006) as ‘the set of
discrete water level elevation maxima, measured on the foreshore, with respect to still water level
(that which would occur in the absence of waves)’.
Whether or not water will be able to overtop sea defences (natural or man-made) and flood low
lying land depends on the Total Water Level (TWL) at the coast. TWL can be decomposed into two
main components:
1) The Still Water Level (SWL), which refers to the sea level when averaged over a period of 1520 minutes. This is determined by the mean sea level (relative to the elevation of the land,
and influenced by sea level rise), astronomical tide, and surges related to extreme weather
conditions (storm surge), such as the inverse barometric effect (low pressure) raising the
elevation of the sea, and wind set up (Pullen et al., 2007; McMillan et al., 2011a).
2) Wave runup at the coast, which repeatedly elevates and lowers the sea level on a more
rapid time scale. This includes wave setup1, as well as swash motion at both low frequencies
(infragravity waves, or ‘surf beat’), and high frequencies (individual gravity waves).
If a storm surge occurs at the time of a high spring tide, an extreme SWL event will occur. If large
locally generated wind waves, or large offshore generated swell waves also occur in conjunction
with this event, then the TWL at the coast can potentially be very large, and may result in waves
overtopping the natural (cliffs, beaches, or dunes) or man-made (dykes, seawalls, or breakwaters)
line of sea defence. As Prime et al. (2015) discuss, such events are likely to become more probable in
future, as rising sea levels caused by climate change will mean that the TWL necessary to overtop
sea defences will gradually reduce.
1

It should be noted that this is considered by FEMA (2004) to be a component of SWL, although most sources
consider it as a component of the total wave runup.
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Figure 1. Overview of elements contributing to wave overtopping and coastal flooding (JBA, 2014). Note that wave
swash motion is not shown explicitly in the figure. Mean sea level (influenced by relative sea level rise) is also a
contributing factor but is not depicted in the figure.

Figure 2. Cross-sectional schematic depicting the two components of wave runup (from Melby et al., 2012), wave setup
(here called ηmax) and swash runup (here called R). The sum of the two components determines the total wave runup
level from the still water level (SWL).

1.1.1 The Source-Pathway-Receptor framework
Coastal flooding is often considered in terms of a Source-Pathway-Receptor framework (Nicholls et
al., 2005; Prinos et al., 2009; Zanuttigh, 2011; Van Dongeren et al., 2014; Villatoro et al., 2014). This
holistic framework can be envisaged as progressing from offshore, to the coast, and then inland.
First, the Sources of coastal flooding – the meteorological and oceanographic boundary conditions
that drive the flooding – are considered, such as offshore wave conditions, tides, atmospheric
pressure, and wind. The Pathways that connect these sources to the coast and influence their
propagation are then considered, which include the bathymetry at the coast, the inter- and supratidal topography, and the geometry of sea defences. Finally the Receptors of coastal flooding are
considered, which include communities, industry, infrastructure, and ecosystems.
Many existing studies have focussed on individual aspects of coastal flooding (e.g. wave overtopping
of dikes, or the propagation of flooded water into the hinterland), and the Source-Pathway-Receptor
3

framework is used in this report to frame these methods in the overall context of coastal flooding.
An example modelling workflow, adapted from a coastal flooding assessment conducted by Royal
Haskoning DHV (2013), is provided in Table 1, and demonstrates how the various modelling phases
required to predict coastal flooding fit into the Source-Pathway-Receptor framework. Because the
main priority of this report is to review methods to include wave runup and overtopping in SEPA’s
coastal flooding assessment, only the Source and Pathway stages are discussed in detail in the
report, and methods to model the Receptors of flooding are omitted for brevity.

Table 1. A typical workflow of the modelling tasks required for a coastal flooding assessment, set in the context of the
Source-Pathway-Receptor framework. Workflow adapted from Royal Haskoning DHV (2013).

Modelling stage

Modelling task
Acquisition of offshore wave data

‘Source’

Determination of extreme offshore wave
conditions and extreme water level values
Assessment of the joint probability of occurrence
of extreme offshore wave conditions and
extreme water levels

‘Pathway’

‘Receptors’

Transformation of offshore wave and water level
conditions to inshore locations using a wave
transformation model
Wave runup and overtopping assessments of
coastal profiles using the inshore wave and
water level data
Modelling the flood extent of overtopped sea
waters using a flood extent or propagation
model
Mapping of the coastal flood risk to inland
receptors as a result of wave overtopping

1.2 SEPA’s existing Flood Hazard and Risk Maps
SEPA’s Flood Hazard and Risk Maps are currently based on an analysis of tide gauge data that was
jointly commissioned by Defra, the EA, The Scottish Government, and SEPA (McMillan et al., 2011a).
This analysis examined joint probabilities of predicted high tide and skew surge (the difference
between meteorological surge and the closest occurring high tide level, which do not always peak
simultaneously), and provided complete coverage of return period sea levels, interpolated to a 2 km
spacing around the entire UK coastline.
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To achieve this along-coast resolution, the SWL values from the 40 class-A tide gauges used by
McMillan et al. (2011a) were interpolated using data from the Proudman Oceanographic Laboratory
(POL) operational continental shelf tide-surge (CSX3) model (12 km along-coast resolution). The
model was driven by tidal harmonics and a 45 year meteorological dataset including wind and
atmospheric pressure, and therefore included the main effects that contribute to SWL (tide,
atmospheric surge, and wind setup). The model was first calibrated using the tide gauge data, and
then used to produce synthetic data from which the full suite of extreme sea level values could be
calculated. Finally, the values were interpolated to a 2 km spacing along the coast. By using dynamic
interpolation of the model data, the correct spatial behaviour of the tide and storm surges in
between tide gauge locations was represented. The CFB dataset was extended by SEPA in 2013 to
include sea lochs and estuaries within Scotland, using a combination of observed data not included
in the CFB study, local modelling studies and relationships between open coast and estuarine
locations from similarly shaped and aligned estuaries.
Surge is caused by both a lowering of atmospheric pressure over the sea (which induces a rise in sea
level), and the effect of wind induced currents causing water to be piled up against the coast (wind
setup). The raising of sea level that these effects cause are registered by tide gauges and the
contributing forces were captured by the tide surge model used by McMillan et al. (2011a); their sea
level analysis therefore intrinsically considered the key elements that contribute to SWL; including
the mean sea level, astronomical tide, and large scale atmospheric storm surge (including wind
setup).
As the contributing elements of SWL are already satisfactorily incorporated into SEPA’s existing
Flood Hazard and Risk Maps in most parts of Scotland, this report will focus on methods to include
the influence of wave action at the coast into coastal flood level prediction. However, there is a lack
of suitable data to correctly represent the storm-surge/wind setup element in certain locations in
Scotland (in particular in the Shetland Isles, where only one CFB data point is available), so a
summary of methods to account for localised wind setup is therefore provided in Section 2.2.

1.3 Aim and scope of report
1.3.1 Aims and objectives
The main aim of this study is to collate and review strategic scale coastal flood hazard modelling
methodologies, specifically looking at those studies that have incorporated wave, wind and
overtopping components, or a variation of these components. Methods to acquire data to model the
‘Sources’ of coastal flooding are discussed in Section 2, methods to model the ‘Pathways’ of coastal
flooding are reviewed in Section 3, and current thinking in the field of coastal flood modelling is
discussed in Section 4. Following the review, the opportunities, benefits and constraints of
incorporating a wind/wave and overtopping component into the SEPA coastal modelling
methodology are assessed in Section 5, and recommendations are made as to how best the
improvements could be implemented.
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To achieve these aims the review will:







Use both peer-reviewed and grey literature.
Draw on experiences from other EU member states in the first instance before looking
further afield.
Incorporate studies/literature which consider similar coastal conditions and processes to
those found in Scotland, and those in which wave, wind set up and wave overtopping have
been incorporated in the methodologies.
Identify the benefits, opportunities and constraints of the application and implementation of
each methodology reviewed.
Make reference to current studies, ongoing research, development work and current
thinking in the field.

1.3.2 Literature reviewed
This study was conducted by reviewing both scientific (i.e. peer-reviewed) and grey literature. Grey
literature can be difficult to obtain as it is often privately held by the commissioning organisation,
but a number of key studies were available for the review. SEPA have provided grey literature from
15 coastal flooding or vulnerability assessments from various places in Scotland. Additional grey
literature came from the US Federal Emergency Management Agency (FEMA) coastal flood hazard
analysis and mapping document (FEMA, 2004), the European overtopping ‘EurOtop’ manual (Pullen
et al., 2007), The European ‘FLOODsite’ Review of Flood Hazard Mapping (Prinos et al., 2009), and
the Tyndall Centre report on assessing coastal flood risk at specific sites and regional scales (Nicholls
et al., 2005).
Scientific literature was obtained by searching the online database Science Direct with the search
terms “coastal flood wind wave overtopping”. This resulted in 788 results, which were shortlisted by
their title down to 32 potentially relevant papers. On the basis of their abstracts, these were further
reduced to 17 studies that were deemed highly relevant to strategic scale coastal flooding
assessment. These papers were reviewed in full, and also lead to other relevant scientific works that
were reviewed in part or in full for the present report. A full list of references is provided at the end
of this document.
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2. Modelling the ‘Sources’ of coastal flooding
The Source stage involves the gathering of meteorological, tidal, and wave data from observations or
large scale (global or regional) model outputs. These provide the boundary conditions required to
model flooding at the coast. The source data are used to perform extreme value analyses to
determine the magnitude and characteristics of events of a given return period. Typically, wave and
tide/surge elements are measured or modelled separately, and require some assessment of their
joint probability density function, in order to determine the statistical distribution of combined SWL
and wave events.
This section will now focus on the acquisition of wave data for flooding assessments, and how its
joint probability with the existing SWL values predicted by the Flood Hazard and Risk Map could be
ascertained. Methods to assess wind setup are also discussed in Section 2.2.

2.1 Wave data
2.1.1 Wave buoys
Wave data to incorporate into coastal flooding assessments at a strategic scale can come from
various sources. A number of contemporary wave runup assessments have used offshore or
nearshore wave buoy data collected near to the coast of interest, in order to characterise the local
wave climate (Masina et al., 2015; Prime et al., 2016) or quantify specific extreme wave events
(Anselme et al., 2011; Gallien, 2016). A major limitation of this approach for assessing long return
period flooding events is that it relies on the availability of nearby data of a sufficient duration to
fully characterise the statistical distribution of wave heights and periods for an extreme value
analysis to be performed. For the aforementioned studies, the length of the wave buoy records used
for this purpose ranged in duration from 6 years (Masina et al., 2015) to 13 years (Prime et al.,
2016), but these studies made no attempt to assess the influence of the wave buoy record length on
the statistical distributions they observed.
As Fig. 3 demonstrates (red arrows), wave buoy data are available around the Scottish coast from
the publically available WaveNet buoy network from the UK’s Centre for Environment, Fisheries and
Aquaculture Science (Cefas), and are also sparsely available from other sources such as the National
Data Buoy Centre of the US National Oceanic and Atmospheric Administration (NOAA, of which only
two public buoys are in operation). Of Cefas’s currently operational inshore buoys, the longest
records started in 2008, and the shortest only in 2014, so the duration is variable and in many cases
not ideal to infer extreme value distributions from. Additionally, the scarcity of inshore buoy data
around Scotland combined with the complexity of the coastline means that for large parts of the
coast the wave buoy network will not adequately specify the inshore wave climate.
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Figure 3. CEFAS WaveNet wave buoys deployed around the coast of Scotland (courtesy of CEFAS,
http://wavenet.cefas.co.uk/Map). Red arrows show wave direction measured by the wave buoys and blue arrows show
wind direction measured by the deepwater buoys. Grey dots show locations of historic WaveNet deployments. The
labels next to the arrows show instantaneous significant wave height observations on 01/07/16.

2.1.2 Wave hindcast models
The scarcity, short duration, and intermittent nature of measured wave data means that hindcast
modelled data is often a more appropriate choice for flooding analyses (Bertin et al., 2014). Large
scale ocean wave models such as the third generation WaveWatch III (herein WWIII)(Tolman, 2009),
WWM-II (Roland et al., 2012), and WAM (WAMDI Group, 1988) models can be run at a global or
oceanic scale, and each have been used to supply boundary conditions for coastal flooding
assessments around the world (for example Cheung et al., 2003; HR Wallingford, 2008; Royal
Haskoning DHV, 2013; Barnard et al., 2014; Bertin et al., 2014; Breilh et al., 2014; JBA, 2014). WWIII
is now emerging as the industry-standard wave model for deep ocean waves, and is used by most of
the world’s meteorological organisations, including the UK’s Met Office and NOAA in the US. There is
ongoing development of this model, especially in terms of its application in shallow coastal waters.
As with other sources of wave data, the wave conditions from a large-scale hindcast model would
need to be subsequently transformed from their deepwater values into the coast (in order to
account for diffraction, refraction and shoaling effects – Section 3.1), before they could be used as
boundary conditions for a wave runup/overtopping model.
Met Office ReMAP wave hindcast
The Met Office have developed global and European scale WWIII models, at approximately 50 km
and 8 km spatial resolutions, respectively, both driven by global wind observations. These ‘ReMAP’
models provide hindcast waves every 3 hours, from 1980 to the present day, and output standard
wave parameters which can be used to infer 2D wave spectra if necessary. The Met Office have
8

assessed the accuracy of predictions from the European scale model (Fig. 4, upper panel) by
comparing it to satellite altimeter and wave buoy data, and found that it predicts significant wave
height (Hs) with a root-mean-square error (RMSE) of between 0.36 m (coastal waters) and 0.57 m
(deepwater).
The Met Office’s European model has been used in a number of local-scale Scottish coastal flooding
assessments to date; for example HR Wallingford (2008), Royal Haskoning DHV (2013), and JBA
(2014) used these data as boundary conditions for localised wave transformation into the coast of
the Western Isles, Eyemouth, and Stonehaven, respectively. As this model hindcasts over a relatively
long period and provides data at a relatively high-resolution around the entire coast of Scotland
(compared to the available wave buoy data), it provides a great opportunity for SEPA to acquire
reliable wave data for a national scale coastal flooding assessment. These data are believed to be
freely available to SEPA under current arrangements, and is hosted by CEFAS (Fig. 4, lower panel) as
part of their WaveNet website (http://wavenet.cefas.co.uk/hindcast).
The Met Office assessed the suitability of their ReMAP hindcast data for use in an extreme value
analysis (Leonard-Williams and Saulter, 2013). They compared extreme marginal wave height values
derived from 12 years of ReMAP data (2001 – 2012)2, to those derived from 11, 30, and 53 years of
data from the NOrwegian Re-Analysis (NORA10) wave hindcast data set. They found that the ReMAP
extreme values were significantly lower than the NORA10 values, which agreed better with extreme
values derived from observed wave height distributions from the North Sea. This was partly
attributed to the length of the data sets; the 30 and 53 year NORA10 data include the particularly
stormy period between the late 1980’s and early 1990’s, and therefore better capture the extreme
tail of the wave height distribution.
The ReMAP hindcast now includes this period to better enable extreme value analysis, and the
model source term, which caused some of the under-prediction, has been changed to better capture
the magnitude of extreme events. In addition, the ReMAP data more recently includes the extremely
stormy period over the 2013 – 2014 winter, which (for the Atlantic coast of the UK and Europe)
featured the largest wave conditions recorded in 65 years (Masselink et al., 2015). The inclusion of
these stormy periods enables extreme values to be inferred from the ReMAP data with greater
confidence, as the extreme tail of the wave distribution will be better populated with wave height
values.
European wave hindcast
A North Atlantic WWIII model was recently developed by researchers from France and the UK (in
conjunction with research at Plymouth University), to assess long term trends in storm energy in
Europe (Masselink et al., 2016). The model was driven by a record of 6-hourly wind field data from
January 1948 to April 2015 and therefore could provide a very robust analysis of extreme wave
values, given the time series length and inclusion of a number of notably stormy periods (the North
Sea storm of 1953, stormy periods during the late 1980’s – early 1990’s, and extreme Atlantic waves
during the winter of 2013 – 2014).

2

This was the maximum length of data available from the Met Office ReMAP hindcast until around 2013, when
the model was extended back to 1980 to better enable extreme value analysis.
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A constraint of this dataset is that the model resolution (approximately 50 km grid size) is coarse in
comparison to the Met Office European model (approximately 8 km grid size), and would therefore
resolve the differences in wave climate around the Scottish coast with less precision than the Met
Office model. Furthermore, this hindcast has not been validated in any way for extreme value
analysis, unlike the Met Office’s ReMAP hindcast. Although this longer data set does capture the
significant storm of 1953, overall, it does not provide a significant advantage over the ReMAP
dataset, as they both capture the more recent stormy periods and should have comparable marginal
distributions if the two models were compared.
Coastal flood boundary conditions (CFB) wave hindcast
Another source of hindcast wave model data is the EA’s Coastal flood boundary conditions for UK
mainland and islands project which, alongside design SWL data (McMillan et al., 2011a), determined
design swell wave conditions around Scotland, England and Wales (McMillan et al., 2011b). For the
CFB project wave conditions from various directional sectors were assessed at chainage points
around the UK (Fig. 5) for a range of return periods, which conveniently match the return periods
assessed for the CFB sea level study3. These wave data were developed from an older Met Office
wave model at 12 km resolution, and were found to match wave buoy observations well by
McMillan et al. (2011b), although extreme values from marginal distributions were not compared.
The return period wave heights are presented in both a GIS layer format, and a spreadsheet.
There are two major limitations of these data. The first is the short duration of the wave hindcast
(2000 – 2008) and related omission of the notably stormy periods during 1953, the late 1980’s –
early 1990’s, and winter of 2013 – 2014. This means that the extreme tail of the wave distribution
will not be well populated and, as a result of this, will provide a questionable marginal distribution
for extreme value analysis4. This is supported by the findings of Leonard-Williams and Saulter (2013),
described earlier in this section. The second limitation is that the hindcast only includes swell waves
and not locally generated (shorter period) wind-sea, which was not modelled for the CFB project,
but is an important contributor to runup during storms. Wind-sea is common around the UK and is
especially relevant in fetch-limited areas, such as the east coast of Scotland and the more sheltered
sea lochs and estuaries. Wind-sea data are available separately from the Met Office, but it is unlikely
that the effort required to assess swell and wind-sea dependence, and then derive extreme values
from the wind-sea data to complement the CFB values would be justified, given the short duration of
the existing CFB data set, and that a more complete data set is available from the ReMAP hindcast.
2.1.3 Alternative sources of wave data
Other methods to derive offshore wave conditions for coastal flooding assessment also exist. For
example, on a very large scale, average wave height values have simply been estimated for entire
coastal regions, or by using visual observations taken from shipping records (Hoozemans, 1993).
These methods are crude by modern standards, but potentially provide a quick and ‘cheap’ method
of making initial assessments of wave climate for coastal flooding assessments on a national, or even
3

Albeit with two return periods – 2 years and 10,000 years – included in the sea level study, but not included
in the wave study.
4
Conversely, the CFB SWL data were developed from 45 years of model data. These data do not include the
1953 storm surge event, but do include notable surges in Scotland that occurred in the late 1980’s and early
1990’s. The duration of these data is such that extreme SWL events should be well represented by marginal
distributions fitted to the data.
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global scale, as was the aim of Hoozemans (1993) coastal vulnerability study. Considering that these
data are subjective and unvalidated, and given the availability of wave buoy data and hindcast model
data around the UK, such methods are now all but redundant for coastal flooding assessment.
Another approach was used by SNIFFER (2008) who quantified in a GIS platform the potential wave
exposure around the entire Scottish coastline by measuring the maximum fetch distance in various
directions from each point along the coast. This was done with a resolution of 200 m along the coast,
and is therefore of a very high-resolution for a strategic methodology, but nonetheless covers the
entire Scottish coast. From an assessment of historic flooding events in Scotland, SNIFFER found that
wave exposure (quantified by fetch) was a key driver of inundation at the coast. However, this
dataset is only useful for the study of wind waves, as swell waves propagating into sheltered areas
could not be predicted using these data alone.

Figure 4. Upper panel: Met Office WaveWatch III European wave model domain (Met Office, 2013). Lower panel: Met
Office wave hindcast output nodes around Scotland, as hosted by CEFAS’s WaveNet website
(http://wavenet.cefas.co.uk/hindcast).
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Figure 5. Model chainage (output points) for swell wave data around the UK, from McMillan et al. (2011b).
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2.2 Wind setup
In most locations around Scotland the CFB storm surge analysis sufficiently captured the effects of
wind setup through the use of tide gauge data, and numerical surge modelling driven by wind data.
However, in some locations there is a lack of suitable extreme sea level data to correctly represent
the wind setup contribution to SWL. Specifically, this applies to the Shetland Isles, where only one
CFB data point is available on the eastern side of the Isles (Fig. 6), and in sea lochs and estuaries
around Scotland, where SWL was determined through relationships based on knowledge from
equivalent locations.
The significance of the lack of wind setup in these places will vary from site to site, depending on the
wind speeds experienced, wind direction, wind fetch, and bathymetry of each site. Sites that
experience stronger winds, blowing over a longer fetch, towards a coastal area where the
bathymetry gets narrower and shallower (i.e. converges to a point) will experience a greater SWL
contribution from wind setup than a site that is deep or sheltered from strong winds.
For deep sites with limited wind fetch, Bodine and Hebler (1978) suggest that wind setup will be
small in comparison to the wave setup, and may be ignored; conversely, for sites where the
bathymetry converges to the shore, the wind set up may be as much as 50% greater than a deep site
with the same wind conditions. Bodine and Hebler (1978) describe an example scenario in which a
reservoir of 11 m depth and 6 km length, is subjected to a wind of 27 m/s (60 mph); this was
calculated to cause 1.58 m of wave runup, and 0.27 m of wind setup, resulting in a total rise of 1.85
m. Although this illustrates that wind setup can be significant, the relative contributions of wave and
wind setup at coastal sites in Scotland cannot be specified without using detailed observations or
sophisticated modelling.
A number of local scale coastal flooding assessments in Scotland have utilised the existing CFB data
to determine extreme water levels, including the contribution of wind setup (Mott Macdonald,
2011, 2013; Royal Haskoning DHV, 2013; JBA, 2014). Besides using this existing resource, three other
methods have been applied in the reviewed literature to assess the level of wind setup at specific
locations at the coast, which are briefly described in the following sections.

2.2.1 Tide gauge measurements
As low pressure and wind setup raise the sea level over large expanses of the coast, their influence
on SWL is registered by tide gauges. Tide gauge measurements can therefore be used to assess the
magnitude of storm surge events, although it may not be possible to separate out the individual
effects of atmospheric pressure and wind setup using these data alone. This method was used in a
number of localised coastal flooding assessments in Scotland prior to the development of the CFB
dataset where nearby tide gauge data were available (HR Wallingford, 2008; Mott Macdonald,
2011), as well as being used widely in other parts of the world (Nicholls et al., 2005; Masina et al.,
2015; Gallien, 2016; Prime et al., 2016). A constraint of this approach is that it is dependent on the
presence of a nearby tide gauge to allow direct application, which is often not the case, and is
therefore limited to localised flooding assessments where such data are available.
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2.2.2 Tide-surge modelling
Tides and wind driven circulation (including wind setup) during storm surges can be predicted using
a large scale ocean circulation model, driven by tidal constituents and meteorological data. Such a
model (POL CSX3) was used by McMillan et al. (2011a) to develop the CFB dataset of still water
levels that SEPA’s current flood hazard map is based on. Anselme et al. (2011) similarly used the
ADvanced CIRCulation (ADCIRC) model to assess wind setup for a regional scale coastal flooding
assessment in France, and the approach is also used in other parts of the world (for example Barnard
et al., 2014). A tide-surge model could be used to predict wind setup in estuaries and sea lochs, if the
model had suitable resolution to capture these features; however, the 12 km resolution of the POL
CSX3 model would not be sufficient in such confined areas.
2.2.3 Estimation
In the absence of available measured or modelled sea level data, the wind setup contribution can be
estimated; this approach was taken by Mott Macdonald (2011, 2013) for an overtopping study in
Dundee, Scotland, where 0.1 m of sea elevation was used to estimate the localised effects of storm
surge and wind setup for the riverine location during a storm event. This amount provides, however,
only a crude estimate of these effects.
2.2.4 Summary of wind setup methods
For SEPA’s current coastal flooding assessment the best option would be to use data from a tide
surge model, and reassess the extreme SWLs in those areas lacking in sufficient data, as it is the only
way to achieve a reliable prediction of wind setup. As the existing CFB model data were derived from
the POL CSX3 tide-surge model, this would be the most compatible and consistent model to use in
order to fill data gaps around Scotland, and the 12 km model resolution would be sufficient for the
open coast around the Shetland Isles. Equally, another tide-surge model that has been developed
for that region of ocean could be used, such as Marine Scotland’s three-dimensional FVCOM model,
currently used to predict tidal and non-tidal currents for the whole of the Scottish shelf and inshore
waters for the purposes of renewable energy assessment. These existing models provide an
opportunity for SEPA to improve their existing predictions of extreme SWLs in those regions lacking
in data, without the need to commission the development of a new circulation model.
In most cases the raising of sea level caused by wind setup is not usually separated from the effect of
atmospheric pressure, and it is therefore simply considered to be part of the surge element.
Knowledge of the tidal signal and atmospheric pressure at a certain point would potentially allow for
the wind setup component to be separately determined from model or tide station data however. It
may therefore be possible to retrospectively assess the wind setup component and add it to the
existing predictions of SWL at places in Scotland where these data are scarce.
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Figure 6. Position of Coastal Flood Boundary (CFB) data points for still water levels in Scotland from McMillan et al.
(2011a), and additional positions (F3004) where SEPA has expanded the water level predictions to include sea lochs and
estuaries. Note the lack of CFB data points around the Shetland isles at the top of the figure.

2.3 Joint probability of extreme waves and water levels
Assessing the probability of extreme still water levels occurring simultaneously with extreme wave
heights is of obvious importance in coastal flooding assessment. Flooding levels associated with 16
different return periods (from 1 in 1 year, to 1 in 10,000 year returns) were calculated for the CFB
extreme sea level dataset (McMillan et al., 2011a), and 3 main levels of flooding likelihood (high,
medium, and low) associated with 3 different return periods (10 year, 200 year, and 1000 year
returns) are displayed in SEPA’s existing Flood Hazard and Risk Map. These return periods did not
consider the joint occurrence of an extreme SWL and an extreme wave event, as only the processes
contributing to SWL were assessed. As a result, the likelihood of flooding in Scotland is likely to be
higher than the existing flood hazard map indicates, as the additional effects of wave runup have not
yet been considered. Since the development of the CFB dataset, several localised coastal flooding
studies around Scotland have used the extreme SWLs to perform joint probability analyses with local
wave data (for example Mott Macdonald, 2013; JBA, 2014) and a similar process will be necessary in
order to incorporate wave runup into SEPA’s existing Flood Hazard and Risk Map.
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Prior to the 1980’s, a lack of proper understanding of wave and SWL joint probability meant that
extreme still water levels and extreme wave heights were often considered separately in flooding
assessments, and events of a given return period were simply combined to estimate the total
flooding hazard (Hames and Reeve, 2007; Prime et al., 2016). This leads to a misrepresentation of
the actual likelihood of flooding from such events. The reason that it is important to correctly
account for joint probability, is that the processes that lead to storm surge (strong offshore winds
and low atmospheric pressure) also lead to increased wave energy, and the dependence between
the two factors has to be accounted for (Masina et al., 2015).
Researchers from HR Wallingford and the Proudman Oceanographic Laboratory (POL) conducted
much research in this area in the 1990’s and early 2000’s, and developed a statistical package called
JOIN-SEA (Hawkes and Gouldby, 1998), as well as a set of best practice guidance (Hawkes et al.,
2002; Hawkes and Svensson, 2003; Hawkes and Svensson, 2005) for Defra and the Environment
Agency, which are both widely used by coastal practitioners for flooding assessments (for example
Nicholls et al., 2005; HR Wallingford, 2008; Royal Haskoning DHV, 2013; JBA, 2014; Prime et al.,
2016), although JOIN-SEA is now somewhat outdated. As the developed methods have been the
industry-standard approach for the last decade or so, this section will focus on the opportunities and
constraints that they might provide to SEPA’s Flood Hazard and Risk Map.
2.3.1 Defra’s best practice approach
The original analytical method developed by Hawkes and Svensson (2003) for Defra’s best practice
guidance involved the following steps:
1. Preparation of input data to provide nearby, concurrent measurements of wave height,
period, and sea level. Typically, each record should represent the conditions at the peak of
each tidal cycle (i.e. approximately 12 hours apart), to satisfy the requirement for each
record to be temporally independent.
2. Fitting of marginal distributions (from which extreme values can be inferred) individually to
the time series’ of concurrently measured SWL, Hs, and wave steepness (calculated from the
wave height and period). Generalised Pareto Distributions were fitted to the top few percent
of wave heights and sea levels, while the distribution of wave steepness was modelled by a
Normal regression on wave height.
3. Gaussian distributions were then used to represent the dependence between different
combinations of the variables, by fitting a bivariate normal distribution to the wave heights
and sea levels.
4. Monte Carlo simulation was used to create a large number of synthetic records of wave
height, period, and sea level from the fitted distributions, essentially populating the full
distribution of possible events.
5. Estimation of extreme values was performed from the appropriate exceedance probability in
the synthesised data.
A simplified (or desk-study) version was also presented by Hawkes and Svensson (2003) and Hawkes
(2005), for use in situations where a lack of time series data or low sensitivity to dependence does
not warrant the time and expense of a full and rigorous statistical analysis. The simplified approach
uses a correlation factor (rather than a Gaussian distribution) to describe the dependence between
SWL and wave height. This parameter was calculated at various points around the UK coast by
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Hawkes and Svensson (2003) using 12 years of concurrent wave model and tide gauge data (Fig. 7).
Larger correlation factors indicate that larger waves and water levels often occur simultaneously,
and lower values suggest that they tend to occur in isolation.
For a particular part of the coastline, the estimated correlation factor can be inferred from a
dependence map (which for Scotland is show in Fig. 7), and a look-up table provided by Hawkes and
Svensson (2003) is then used to determine wave height return periods associated with given SWL
return periods. The wave height associated with the prescribed return period would then be inferred
from a statistical distribution fitted by the user to the available wave time-series data. For example,
Royal Haskoning DHV (2013) used a Gumbel distribution fitted to wave height data from different
directional sectors to infer extreme values for Eyemouth, Scotland, while HR Wallingford (2008)
fitted a Weibull distribution within each wave direction sector, for the Western Isles of Scotland. The
choice of statistical distribution used to infer extreme values ultimately depends on which
distribution best fits the available wave or SWL data.
A benefit of Hawkes and Svensson’s (2003) methods is that any return period (within reason) can be
inferred from the spreadsheets they provide, using appropriate extrapolation. This means that the
10, 200, and 1000 year return periods currently used by SEPA could be determined from the report.
An additional benefit is that for each joint exceedance return period of interest, various
combinations of wave height and SWL can be quickly inferred; each potentially having a different
effect on the coast, yet having the same joint probability of occurrence. Using the different
combinations, different scenarios can therefore be investigated in the runup analysis, to determine
which would cause the greatest flooding at the coast.
A limitation of Hawkes and Svensson’s (2003) simplified method is that correlation factors are not
explicitly provided for all wave directional sectors. Instead, correlations are given for all wave
directions combined, and for the directions that have the highest level of correlation and the lowest
level of correlation, respectively. This potentially means that for specific areas that have a narrow
window of wave approach, the correlation factor between waves and SWL may be poorly
represented due to the coarse, regional representation of the correlation factors in Hawkes and
Svensson’s map. However, as the assessment of joint probability would be applied to offshore wave
conditions (i.e. prior to transformation into the coast; Section 3.1), narrow wave windows should not
be encountered, and the map should sufficiently capture the minimum, maximum, and mean
dependence between waves and SWL for different wave directions around Scotland.
Hawkes and Svensson’s correlation map contains some areas where correlations are not specified at
all however (for example the North coast of Scotland, Orkney and the Outer Hebrides; Fig. 7), and in
these locations correlations would have to be extrapolated from nearby locations, incurring some
uncertainty. A warning is given by Hawkes (2005) that the dependence values may not be applicable
in those areas. This may justify a full statistical analysis of wave and water level data, if certainty is
required in these specific locations, or if more precision in the dependence values at any location is
desired.
2.3.2 Other considerations for joint probability
Regardless of whether a full or simplified analysis of joint probability is undertaken, SEPA’s existing
Flood Hazard and Risk Map is constrained by the fact that the return periods are currently defined in
terms of SWL alone. This is an issue because different combinations of water levels and waves can
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have the same joint probability, but could exhibit different flooding impacts at the coast. Currently
only one water level is considered for each return period used by SEPA; when combined with a
suitable wave condition, this would not necessarily predict the worst-case flooding scenario for that
return period, as a lower water level combined with larger waves (yielding the same joint return
period) may cause worse flooding.
Ideally, for each return period of interest, SEPA’s Flood Hazard and Risk Map should show the
flooding extents for the worst case scenario in terms of overtopping discharge. This was investigated
by Prime et al. (2016) for Dungeness in England, who used a process based numerical model
(XBeach-G, see Section 3.3) to predict overtopping rates caused by various wave and water level
scenarios, each with a 1 in 200 year joint probability of occurrence. They concluded that the greatest
flood hazard was posed by large SWLs combined with low swell waves, rather than larger, shorter
period waves occurring during a period of lower water levels. As overtopping rates are highly
sensitive to the slope of the nearshore seabed (Stockdon et al., 2006; Anselme et al., 2011; Gallien,
2016), the results of Prime et al. (2016) are likely to be sight-specific to Dungeness with its
characteristically steep gravel beach. In other places, large waves occurring with relatively smaller
extreme SWLs may cause more overtopping to occur. For each coastal location it is therefore
advisable to consider a number of different wave and SWL scenarios, each with the same joint
probability of occurrence (an approach taken by JBA (2014) for Stonehaven, Scotland, and Prime et
al. (2016) for Dungeness, England).
In preparing extreme wave and SWL events for a coastal flooding assessment, a design wave period
for each wave event needs to be determined. In the full analytical approach and JOINSEA software
described above (Hawkes and Svensson, 2003), wave periods are determined from a normal
regression of wave steepness on wave height. Wave period (which, along with wave height,
determines the wave steepness) is therefore assumed to be highly dependent on wave height during
extreme conditions, allowing for it to be inferred from the regressed relationship between wave
height and steepness, and negating the need to consider it as a separate variable in the joint
probability assessment. In the simplified joint probability method presented by Hawkes and
Svensson (2003) no dependence information for wave period is provided in the correlation maps. As
with the analytical method, wave period is therefore assumed to be dependent on wave height and
needs to be similarly inferred from relationships in the observed wave data. These methods can be
considered the standard approach for considering wave period as they have been widely applied in
the literature (for example Nicholls et al., 2005; HR Wallingford, 2008; Royal Haskoning DHV, 2013;
JBA, 2014; Prime et al., 2016). Hawkes (2005) also suggests a rule-of-thumb 20 s wave period that
could be applied to extreme wave heights, if limited wave data are available, but it is not known
whether this has been applied to a real flooding assessment.
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Figure 7. Correlation Factor (CF) and correlation parameter (ρ) values for wave height and SWL in Scotland (for all wave
directions), from Hawkes and Svensson (2003).

2.4 Summary of Source data
For a national scale assessment of coastal flooding, the most cost effective approach would be to
use the existing datasets of offshore wave conditions provided by the CFB swell wave study
(McMillan et al., 2011b), and the CFB sea level study (McMillan et al., 2011a). At each location
around the coast of Scotland, sea levels and wave heights could be inferred from the closest
available model nodes in the CFB reports and the marginal distributions of these data could be
assessed by retrospectively fitting distributions to the values5. A Monte Carlo simulation could then
be used to synthesise wave heights and sea levels at all return periods within the distribution. Once
these distributions are specified, combinations of SWL and Hs with the desired return periods could
be determined using the correlation factors and look-up tables provided by Hawkes and Svensson
(2003), providing the necessary offshore extreme wave and sea level values needed for the next
stages of the coastal flooding assessment.
Although cost-effective, this approach would incur significant uncertainty because of the short
hindcast duration and lack of wind-sea in the CFB wave analysis, and the coarse coverage of Hawkes
and Svensson’s (2003) correlation factors around Scotland. For a more thorough analysis, a more
robust wave data set (considering both swell and wind-sea) such as the Met Office’s ReMAP hindcast
should be used to infer extreme wave values, and their joint probability with SWL could be
determined using Hawkes and Svensson’s simplified approach as previously described for the CFB
data. This would still suffer from the coarse representation of wave and SWL dependence in Hawkes
5

the distributions themselves may be available from the authors of the CFB study, saving the need for this step
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and Svensson’s correlation maps however, and ideally a rigorous joint probability assessment (using
Defra’s analytical approach, rather than the simplified desk-study approach) should be undertaken
using concurrent time series of wave and sea level data around the entire Scottish coast.
This would be an extensive process and would require hindcast sea level data to be acquired (in
addition to the ReMAP wave data), necessitating the use of a tide-surge model (such as Marine
Scotland’s FVCOM model) to generate hindcast water level data. This may be a worthwhile exercise
if detailed modelling of wind setup and surge could be included where they are currently lacking, i.e.
around the Shetland Isles, and in the sea lochs and estuaries around Scotland. Ultimately, such an
analysis of waves and water levels would provide the best results in terms of statistical robustness
and representativeness of extreme wave and SWL conditions, and should be considered if sufficient
resources are available (see Section 4 for information on how this approach is being used in England
and Wales).

3. Modelling the ‘Pathways’ of coastal flooding
The Pathways through which the Source boundary conditions are transformed into actual coastal
flooding events can be divided into 3 stages (from Table 1): (1) transformation of waves into the
shallow coastal region; (2) modelling wave breaking, runup and overtopping; and (3) modelling the
propagation and extents of flooded water into the hinterland. The second stage - modelling wave
breaking, runup and overtopping - is considered by some to be the most challenging and uncertain
aspect of coastal flooding assessment (Hunt et al., 2016), but has undergone significant research in
recent years to reduce this uncertainty. Modelling approaches for each of these stages are described
in Sections 3.1 – 3.3 below, and data requirements relating to each stage are discussed in Section
3.4.
Currently, SWL predictions are provided by SEPA every 2 km along the coast of Scotland. For a
national scale coastal flooding assessment, this potentially presents up to around 9,500 separate
profiles over which runup needs to be predicted (assuming Scotland’s coast is approximately 19,000
km long), although it is recognised that flood hazard assessment will not be needed at every point
along the coast. Setting up a model and running a number of runup events for each of these profiles
is a large computational task that will undoubtedly require some level of automation. The methods
reviewed below have therefore been assessed with this in mind, and their suitability for such an
extensive task is considered in Section 3.2.
It should be noted that due to the number of unknowns regarding data, scope, and computational
resources at this stage in SEPA’s assessment, it has not been possible in many cases to estimate the
time or cost associated with the described modelling approaches.

3.1 Wave transformation
The nearshore wave conditions used for a coastal flooding assessment play a significant role in
determining the extent of wave runup and the rate of wave overtopping predicted (JBA, 2014). To
model wave runup, the offshore ‘Source’ wave conditions first need to be transformed from
20

deepwater, into the shallow water at the coast. Some runup models require information about
wave conditions at the toe of a defence structure (Pullen et al., 2007), or at the model boundary
outside the surf zone (Roelvink et al., 2009; Roelvink et al., 2010), while some are driven directly
with deepwater values (Stockdon et al., 2006).
Wave propagation in coastal areas is strongly influenced by the bathymetry over which the waves
are travelling, as in water depths that are approximately half of the incident wave length, waves
begin to be influenced by the sea bed. The dominant processes that influence waves in this zone are
(in descending order of importance) breaking, shoaling, refraction, diffraction6, wind generation and
bottom friction. Wave-current interaction is also an important process, but is only of significance in
areas with particularly high flows, such as where tidal currents are extreme. Therefore, to transform
offshore wave conditions (such as those from the CFB swell wave data set or the Met Office ReMAP
model output) into the coast with maximum accuracy for use in a runup model, a wave
transformation model that can account for these processes is required.
3.1.1 Linear shoaling equations
One approach is to use a simple equation based on linear wave theory to shoal waves from their
offshore depth into shallow water, under the assumptions of depth-limited breaking. This approach
was adopted by JBA (2014), who shoaled offshore waves into the coast using the formula of Battjes
(1974) for an assessment of wave overtopping at Stonehaven, Scotland. They acknowledged that
due to complex bathymetry and topography in the form of rock reefs and headlands, this equation
could only provide a basic estimate of the nearshore wave conditions, as frictional losses and
sheltering from the headland were not accounted for in the formula.
Some shoaling equations attempt to account for the refraction of oblique waves using Snell’s law
(for example Larson et al., 2010), and HR Wallingford (2006) used such an approach to shoal
nearshore waves (10 m depth) to the toe of a seawall (1 – 2 m depth) to assess wave overtopping,
but refraction over complex bathymetry cannot be captured properly using this approach.
Furthermore, energy is usually conserved in such equations and frictional losses to the seabed are
therefore not considered, typically resulting in overestimation of inshore wave heights.
Despite not fully accounting for localised wind generation, bottom friction, complex refraction or
diffraction, linear shoaling equations are capable of providing reasonable estimates of shallow water
wave height, depending on how influential the aforementioned processes are at the site in question.
For a national scale assessment, where inshore wave height is required at thousands of inshore
positions, this may be the only available option, given the computing and man-power required to
numerically model wave transformation for a suite of storm conditions around tens of thousands of
kilometres of coastline. A linear shoaling equation would take only a matter of seconds to compute
each inshore wave condition, for each coastal location. Additionally, if there is a large amount of
uncertainty in the offshore wave conditions (for example because, wind waves are not included in
the CFB data) more detailed numerical modelling to transform those waves into the coast would not
be justified.

6

Diffraction can play a role where headlands, engineered structures, or islands are present, and can occur
even before the waves experience the sea bed.
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Linear shoaling may be acceptable for regions with un-embayed, gently sloping bathymetry, such as
the North and East coasts of Scotland, where it would provide a conservative estimate of inshore
wave height for a flooding assessment (i.e. would overestimate height in most cases). However, for
areas with complex or highly embayed bathymetry, such as the West coast of Scotland and Scottish
islands, it would be almost impossible to achieve an accurate transformation of deepwater waves
into sheltered parts of the coast using linear shoaling. In such areas wave heights could be
overestimated, but could equally be underestimated due to shoaling effects such as wave focussing
not being accounted for. For the most accurate representation of inshore waves, Frictional losses,
wave-current interaction, local generation of wind waves during storms and shoaling effects at
different water levels need to be considered, and cannot be modelled properly with a linear shoaling
equation. Therefore in areas where high confidence needs to be placed in the wave conditions, and
especially in all highly embayed and complex regions in Scotland, the limitations of linear shoaling
justify the use of a more detailed modelling approach.
Linear shoaling is most appropriate to use over short distances (of the order of kms) in deep water,
where it could compliment numerical wave transformation modelling by transforming waves from
the location of offshore hindcast grid points or wave buoys, to the boundary of a numerical wave
transformation model grid, if required.
3.1.2 Numerical wave models
Numerical wave models can model wave transformation across complex 3D bathymetry (including
sheltering and refraction) and most off-the-shelf models capture all of the key processes mentioned
previously with appropriate accuracy, although some do not model diffraction. They can additionally
capture non-linear wave-to-wave interactions, wave-current interactions, and dissipation due to bed
friction and white-capping. These processes are of secondary importance to wave propagation, and
for a national scale assessment could be ignored to save computation time, as the error this would
introduce should be small in most cases.
However, for some locations it would be highly recommended to model wave-current interactions,
especially for a localised flooding study where computation time would be of less concern. For
example, in confined stretches of ocean such as the Pentland firth, tidal currents can travel at up to
2 m/s during an average spring tide (Department for Business Enterprise & Regulatory Reform, 2008)
and would significantly affect wave shoaling during peak flows. In such complex locations (including
the West coast of Scotland, the Hebrides, the Orkneys, and the Shetland Isles), all wave
transformation processes should be modelled, and if this is not possible, then some validation
against wave buoy measurements should be attempted to quantify the error introduced in those
locations.
Because numerical models compute wave transformation processes at many grid points in the
model domain, they are computationally expensive to run for large areas or high grid resolutions
(i.e. for a large number of grid points); despite this they have been applied in most localised coastal
flooding assessments over the last decade. For example, the Simulating WAves Nearshore (SWAN)
model is widely used for coastal flooding assessments (for example by Anselme et al., 2011; Royal
Haskoning DHV, 2013; Barnard et al., 2014; Gallien, 2016), and other similar wave transformation
models have also been applied to such studies, such as MIKE 21 (used by Martinelli et al., 2010), and
TOMAWAC (used by Nicholls et al., 2005).
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A number of existing coastal flood warning systems exist in Scotland, which use numerical wave
transformation to provide flood boundary conditions in locations of high risk. These include the
Solway Firth and Moray Firth flood warning systems, and the Flood Early Warning System (FEWS) at
the Firth of Forth and Tay (Fig. 8). These systems transform wave conditions and calculate
overtopping, to provide a real-time warning of coastal flooding based on waves predicted a few days
in advance by the UK Met Office. They could equally be applied to strategic coastal flood prediction,
i.e. for long return period events, and could be used by SEPA to transform offshore wave conditions
(e.g. from the ReMAP hindcast) into the coast, even if a different runup/overtopping model is to be
used at the coast. For example, the FEWS system uses a number of nested SWAN grids (Fig. 8) to
transform waves into areas of the Forth and Tay, and these models could be run with extreme wave
and SWL events for strategic scale flood assessment. The models will have already undergone
significant development and calibration, and their use would save SEPA having to repeat the same
process. Similarly, Marine Energy Scotland have validated FVCOM wave models for Pentland Firth
and Orkney Waters, which were designed for marine renewables assessment but could equally be
applied to SEPA’s wave transformation needs and are freely available.

Figure 8. SWAN model domains (indicated by rectangular boxes) used in the Firth of Forth and Tay Flood Early Warning
System (FEWS). Stars indicate the location of Met Office real-time wave boundary conditions, used to drive the regional
model domain; this then provides boundary wave conditions to the nested domains further inshore.

With the power of modern computers and computing clusters, it is becoming more common for
large, national scale wave modelling efforts to be made (Barnard et al., 2014; Van Dongeren et al.,
2014; Hunt et al., 2016). For example, the UK Environment Agency and HR Wallingford have
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recognised the importance of properly transformed waves for coastal flooding assessments, and are
currently working on a national system of wave transformation models which can be used to provide
realistic wave conditions for runup and overtopping assessments (Hunt et al., 2016). They have
approached this by setting up 24 separate SWAN model domains to cover the entire coastline of
England (Fig. 9), each forced at their boundary by Met Office WWIII output, allowing them to shoal
extreme offshore wave conditions into approximately -5 m ODN depth at the coast. The network of
available wave buoys around the coast was used to calibrate and validate the models.
At the present time this should be considered a ‘gold standard’ approach, which, if applied in
Scotland, could provide SEPA with the best possible estimates of extreme inshore wave conditions
for flooding assessment, assuming reliable offshore wave conditions were used to drive the models
(see Section 4 for further details on these methods). These estimates could provide data for use at a
national scale (i.e. for the present Flood Hazard and Risk Map), but could also be of sufficient quality
and resolution for more detailed localised studies that may be required in the future.
In future, global and oceanic scale wave models such as WWIII may replace the need for nearshore
wave models like SWAN, as they are being developed for shallow water application. The ability for
WWIII to use unstructured grids (which can have a low resolution in deep water and fine resolution
in shallow coastal waters) will allow these models to be computationally resourceful, and may
therefore make it possible to model waves into the nearshore from a large oceanic scale model
domain. It is not known whether the Met Office or NOAA plan to re-run their multi-decadal wave
hindcasts using such fine scale nearshore modelling in the near future, but it is recommended that
enquiries are made. Even if they are, it is unlikely to provide a feasible wave transformation solution
for SEPA’s coastal flooding assessment, as it would be far too cumbersome for an ocean scale model
to use bathymetry data of a sufficient resolution to capture the complex features at the coast (i.e. 5
– 10 m resolution bathymetry), even if the model grid size was of a fine resolution.
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Figure 9. SWAN model grid domains used by Hunt et al. (2016) to transform offshore wave conditions into the coast
around England.

3.2 Wave runup and overtopping
Once wave conditions associated with a given return period have been transformed into the shallow
water near the coast, it is then necessary to model the amount of runup associated with those wave
conditions. This is dependent on both the shoaled wave conditions arriving at the coast, and the
geometry and characteristics of the beach or structure that those waves meet at the coast, and both
must therefore be represented in the chosen model. To achieve this at a strategic scale around the
entire coast of Scotland, i.e. for many thousands of cross shore profiles, a computationally efficient
means with which to characterise the coast and compute wave runup is needed. This poses a great
challenge to SEPA, and some compromise will ultimately have to be struck between the model’s
complexity, and the number of profiles over which the model is run.
Two main approaches for modelling wave runup and overtopping exist. The first option is to use an
empirical formula to relate the incident wave conditions (ideally inshore, but possibly offshore) to an
average wave runup elevation and/or overtopping rate. The second option is to use a process-based
numerical wave transformation model that can capture the shoaling, breaking, and runup of waves
at the coast. Numerical models operate differently to empirical models, as they usually solve a
number of equations describing individual physical processes, rather than capturing the overall
behaviour of a system using some form of regressed relationship, as is the case for an empirical
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equation. An advantage of numerical models is that if the key underlying physics are well captured,
then the models tend to be universally applicable, whereas empirical models are limited to the
conditions from which they were derived.
Because empirical formulae do not consider the individual processes occurring, they are simpler and
less computationally demanding to apply. However, they have been criticised for consisting of
incomplete physical representations (Splinter et al., 2011; Van de Lageweg et al., 2013) or being
overly dependent on tuning parameters (Ruessink et al., 2013). Their use also tends to be restricted
to the conditions under which they were developed. Because numerical models account for more of
the physical processes occurring, they tend to be more versatile and can be applied to complex and
varied bathymetries, with the drawback that they are more computationally demanding, and can be
unstable. In Sections 3.2.1 and 3.2.2 a number of empirical and numerical runup models are briefly
introduced; these are further compared for their suitability to SEPA’s coastal flooding assessment in
Section 3.2.3.
Field observations have shown that overtopping rates are highly influenced by spatial (alongshore)
variations in forcing (Morton and Sallenger Jr, 2003), not to mention the alongshore variation in
beach profile that the waves are acting over (Stockdon et al., 2006; Anselme et al., 2011; Gallien,
2016). Van Dongeren et al. (2009) therefore justifiably argue that as longshore variation influences
overtopping, it is crucial to use a model that considers cross-shore and alongshore processes.
However, as ‘2DH’ (horizontally two-dimensional) or ‘quasi-3D’ (i.e. depth varying) numerical models
have to make a far greater number of computations than one-dimensional profile models or simple
empirical models, they are likely to be too computationally demanding for a national or regional
scale application. However, it would be feasible to apply them for a localised study, or for specific
stretches of sea defence.
3.2.1 Empirical Formulae
The early study of Hunt (1959) related wave runup to the surf similarity or Iribarren parameter
(Iribarren and Nogales, 1949), which examines the ratio of the nearshore slope from horizontal (𝛼)
to incident wave steepness (wave height, H, over wave length, L):
𝜉 = tan 𝛼 ⁄(𝐻⁄𝐿)

(1)

Hunt’s (1959) runup formula related 𝜉 to the relative runup level (runup height, R, divided by wave
height):
𝑅
𝐻𝑜

= 𝜉𝑜

(2)

where subscript o denotes deepwater values. This simple relationship states that wave runup height
increases with increasing shore steepness and decreasing wave steepness, and has since formed the
basis for many later empirical runup formulae.
Runup equations have been determined through the analysis of measured runup data, collected
during scaled laboratory experiments (Mase and Iwagaki, 1984; Van Der Meer, 1988; Mase, 1989; De
Waal and Van der Meer, 1992; Van der Meer and Stam, 1992; Van Gent, 1999b; Van Gent, 2001), or
full scale field (Van Gent, 1999a; Stockdon et al., 2006) and laboratory experiments (Pullen et al.,
2007; Turner and Masselink, 2012; Masselink et al., 2013). The conditions tested during these
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experiments have included regular and irregular waves (Battjes, 1974; Holman, 1986; Mase, 1989),
incident dominated and infragravity dominated waves (Stockdon et al., 2006), dissipative to
reflective sandy beaches (Stockdon et al., 2006), gravel beaches (Poate et al., In press), and steep
permeable and impermeable coastal structures (Battjes, 1974; Van der Meer and Stam, 1992).
As a result, the empirical formulae have been fitted to, and validated against, a wide range of
scenarios, but none attempt to predict wave runup for all scenarios, as their predictive skill is limited
to the conditions under which the data were gathered. In simplistic terms, empirical formulae have
tended to be developed either for runup on structures or on beaches, but never for both.
Melby et al. (2012) compared six different empirical formulae for predicting wave runup at the
coast; three were developed for engineered structures (Van der Meer and Stam, 1992; Van Gent,
2001; Pullen et al., 2007), and three were developed for sandy beaches (Holman, 1986; Mase, 1989;
Stockdon et al., 2006). These formulae were tested by comparing their predictions of the 2%
exceedance runup height, R2% (depicted in Fig. 10), with experimental measurements (for example
those shown in Fig. 11). R2% describes the height that only the very largest wave swashes reach (i.e.
the highest 2% of swashes). Melby et al.’s assessment of the formulae will be drawn upon to help
determine which of the empirical models would provide the most accurate runup predictions for
SEPA’s coastal flooding assessment. Because different model scales and wave heights were tested,
their results will be presented here in terms of the (non-dimensional) relative runup height
(R2%/wave height). We also compare results from a recently developed equation (Poate et al., In
press) that was specifically formulated to predict runup on gravel beaches, which are common in
Scotland.

Figure 10. Schematic of the 2% exceedance runup height (here called Ru2%) and other parameters used to develop and
test runup models (from Pullen et al., 2007).
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The EurOtop formula
The European overtopping (EurOtop) manual (Pullen et al., 2007) provides a number of methods for
predicting wave runup over structures of various form. Here their empirical model is considered, as
it is the most straightforward of the EurOtop formulae, and therefore lends itself well to a strategic
scale assessment7. In the formula, runup (relative to the spectral significant wave height, 𝐻𝑚0) is
related to the spectral Irribarren number 𝜉𝑚−1,0 , and is adjusted for slope roughness, wave
direction, and berm type using correction factors 𝛾𝑓 , 𝛾𝛽 , and 𝛾𝑏 (respectively). First, slope roughness
under surging wave conditions must be assessed using 𝛾𝑓 𝑠𝑢𝑟𝑔𝑖𝑛𝑔 = 𝛾𝑓 + (𝜉𝑚−1,0 − 1.8)(1 − 𝛾𝑓 )/
8.2 for 𝜉𝑚−1,0 < 10, and 𝛾𝑓 𝑠𝑢𝑟𝑔𝑖𝑛𝑔 = 1 for 𝜉𝑚−1,0 > 10, then the relative runup is computed as:
𝑅2%
𝐻𝑚0

= 1.65𝛾𝑏 𝛾𝑓 𝛾𝛽 𝜉𝑚−1,0 for

𝑅2%
𝐻𝑚0

≤ 𝛾𝑏 𝛾𝑓 𝑠𝑢𝑟𝑔𝑖𝑛𝑔 𝛾𝛽 𝜉𝑚−1,0 (4 − 1.5/√𝜉𝑚−1,0 )

(3)

The EurOtop empirical formula (herein the EurOtop formula) shown above (used by Mott
Macdonald, 2011; Royal Haskoning DHV, 2013; Gallien, 2016; Vuik et al., 2016) and EurOtop’s neural
network method (used by JBA, 2014; Gouldby et al., 2016) have been applied to numerous coastal
flooding assessments, and EurOtop’s PC-overtopping method has been used for 5-yearly
assessments of sea defences in the Netherlands (Pullen et al., 2007). Recently, the neural network
method has been further developed, and is being used to assess overtopping rates at all sea
defences in England and Wales (Gouldby et al., 2016). Further details of this assessment are given in
Section 4.
Of the equations developed for structures that were assessed by Melby et al. (2012), the EurOtop
formula (Eq. (3)) was found to be the most accurate and the most versatile when tested against scale
model data (RMSE = 0.18). Depending on the type of structure, the required inputs include
parameters relating to the berm elevation, structure roughness, angle of wave attack, structure
slope, as well as wave height and length. To apply this formula on a national scale would therefore
require a means with which to characterise these parameters in an automated manner, for each
coastal profile where a structure is present. The formula was not developed for use on open coast
profiles, such as at beaches, but it has been used in these environments with some success (see
Section 3.2.3).

7

The EurOtop manual also provides a neural network based method and an older method from the Dutch
TAW manual (Van der Meer, 2002) called ‘PC-Overtopping’, both of which were developed for versatility when
modelling complex multi-component structures. These require numerous measurements of the structure
geometry however, and may prove to be too complex for flooding assessment on national or regional scales,
but would be highly suited to localised studies if such data were available.
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Figure 11. Example of empirical measurements from a wide variety of structures, and wave and water level conditions,
compared to the runup predictions of the EurOtop empirical formula (red dashed line) from the analysis conducted by
Melby et al. (2012). The different shapes of the data points show measurements under different conditions, and are
defined in the figure legend. The Y axis shows the relative runup height, and the X axis shows the surf-similarity
parameter. γf, γβ, and γb are correction factors for slope roughness, wave direction, and berm type, used to standardise
the axes.

The range of sea defence structures that the EurOtop (empirical) formula can be applied to are:











simple slope
composite slope
composite slope with (small vertical) wall
armoured simple slope
armoured composite slope
armoured composite slope with crest berm
vertical wall
vertical wall with a wave return lip
vertical wall with toe armour
vertical wall with toe armour and wave return lip

However, it is believed that variations of Eq. (3), described in the EurOtop manual, would be
required for some of these structures. For the following structures, the empirical EurOtop formula
would not satisfactorily predict wave runup, and a different EurOtop model (either the neural
network, or PC-Overtopping model) would need to be used:






vertical wall with composite wave return and toe armour
stepped structures
stepped and composite structures
simple slope with toe detail
slope with berm
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armoured slope with toe detail
armoured slope with berm
multi-layer bermed armour

The Stockdon formula
Stockdon et al.’s (2006) empirical equations (herein the Stockdon formula) are the most widely used
formula for sandy beach runup assessment (Anselme et al., 2011; Masina et al., 2015; Gallien, 2016);
for example, the formula was used by Bosom (2011) in a regional scale coastal flooding assessment
to model runup along a 50 km coastal stretch of the Catalonia (NW Mediterranean), and has been
used extensively in the US to predict runup during hurricanes. Of the existing beach runup
equations, the Stockdon formula was developed from the largest range of data, having been
collected across nine full scale beach experiments. The time-varying beach gradient was averaged
over the duration of each experiment (𝛽), and the runup equation was given the following form:
1

𝑅2% = 1.1 (0.35𝛽(𝐻𝑜 𝐿𝑜 )1/2 + 2 [𝐻𝑜 𝐿𝑜 (0.563𝛽2 + 0.004)]1⁄2 )

(4)

where 𝐻𝑜 and 𝐿𝑜 are the deepwater wave height and length, respectively. Eq. (4) was developed for
micro- and meso-tidal beaches, which are often steeper than the macrotidal beaches commonly
found in Scotland (UKTAG, 2004). Fortunately, a modified version of the formula for shallow-sloping
dissipative beaches was provided, making the Stockdon formula suitable for all sandy beaches in
Scotland. In such environments, Eq. (4) reduces to infragravity-dominated runup:
𝑅2% = 0.043(𝐻𝑜 𝐿𝑜 )1⁄2 for 𝜉𝑜 < 0.3

(5)

where the Irribarren number computed from deepwater waves, 𝜉𝑜 , is used to distinguish dissipative
beaches (𝜉𝑜 < 0.3) from intermediate and reflective beaches (𝜉𝑜 > 0.3).
Melby et al. (2012) found that the Stockdon formula had the greatest model skill of the three beach
formulae they tested. When compared to field measurements, the RMSE of Eq. (4) was slightly
worse than can be achieved by the EurOtop formula for structures (0.27 and 0.18, respectively), but
this is due in part to the noise inherent in collecting data over beaches, compared to collecting data
over structures in a controlled laboratory experiment.
A benefit of the two Stockdon equations is their simplicity; the only required inputs are a
representative beach slope, and deepwater values of wave height and length. In sheltered areas of
coast (which are common in Scotland) however, inshore waves would first need to be accurately
determined from a wave transformation model, and then de-shoaled to represent synthetic
deepwater values with a linear shoaling equation, to be suitable use in the Stockdon formula. This
approach was successfully used by Gallien (2016), in their comparison and validation of coastal flood
modelling techniques.
Eq. (4) of the Stockdon formula is the only runup equation that has the ability to separately estimate
wave setup and swash (Anselme et al., 2011), as setup can be individually estimated by the first term
in brackets. This functionality is not necessarily required to predict coastal flooding however, as total
runup height (wave setup plus swash) is usually used.

30

The Poate formula
Although widely used for sandy beaches, the Stockdon formula (Eqs. (4) and (5)) leads to systematic
under-prediction of runup by a factor of 2 for gravel (shingle) settings (Poate et al., In press), which
are common in Scotland. Such a difference can lead to significant under-prediction of coastal
flooding hazard, and is a deficiency shared by the EurOtop formula and other empirical models not
developed for gravel settings.
To fill this knowledge gap, Poate et al. (In press) developed an equation for runup on gravel beaches
(herein the Poate formula) using many computer simulations of wave runup, then validated their
equation against field measurements. The resulting formula is given as:
−0.15
𝑅2% = 0.21𝐷50
tan 𝛽 0.5 𝐻𝑠 𝑇𝑚−1,0

(6)

where 𝐷50 is the median grain size, and 𝑇𝑚−1,0 is the spectral mean period. The model was capable
of reproducing the measured runup elevation extremely well, and captured 97% of the variance in
the synthetic runup values and 86% of the variance in the field observed values from six gravel
beaches. The data used to develop the model were collected under energetic storm conditions (Hs 1
– 8 m), and from gravel beaches and barriers composed of fine gravel (D50 = 2 mm) to large pebbles
(D50 = 160 mm). It is therefore relevant to all gravel settings in Scotland, which can be defined as
having D50 > 2 mm.
In practice, 𝐷50 could be determined for a localised flooding assessment, but is unlikely to be
quantifiable for regional and national scale assessments. Fortunately, Poate et al. (In press) noted
that 𝐷50 is the least influential parameter in Eq. (6), and tested a formula without the 𝐷50 variable
included:
𝑅2% = 0.39 tan 𝛽 0.5 𝐻𝑠 𝑇𝑚−1,0

(7)

Removing D50 causes the equation to systematically over-predict runup where relatively coarse
sediments are present, and under-predict runup where fine sediments are present; however,
despite not considering D50, Eq. (7) was still able to capture 95% of the variance in R2% from the
synthetic runup values. Eq. (7) of the Poate formula is therefore recommended for gravel beaches
where grain size information cannot be obtained. To identify gravel beaches in the absence of grain
size information, it is recommended that beach slope is used instead (as grain size and slope are
related); therefore the Poate formula would be relevant to beaches with steep gradients where tanβ
> 0.1 (Poate et al., In press).
Other empirical formulae for runup on gravel beaches are rare (for example the equations of Powell,
1990; Lorang, 2002) and have been found to provide no greater accuracy for gravel settings than the
Stockdon formula (Matias et al., 2012), and would certainly perform worse than the Poate formula,
given its predictive skill.
Other empirical models
Computer programs that utilise empirical formulae have also been developed specifically for runup
and overtopping assessment. These include the Automated Coastal Engineering System (ACES),
which uses different formulae (Ahrens and McCartney, 1975; Ahrens and Titus, 1985; Mase, 1989)
and coefficients for structures, gentle smooth slopes, and rough slopes; and Runup 2.0, which is a
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computer programme recommended by FEMA (2004) for flood insurance studies, based on the
empirical equations of Stoa (1978), for structures of complex profile. These were found to have
inferior model skill when compared to the EurOtop and Stockdon equations (Melby et al., 2012) and
as they would not provide any other significant benefits, are not deemed suitable for SEPA’s flood
hazard assessment.
3.2.2 Numerical wave transformation models
Numerical wave transformation models fall into two categories –




Phase-averaged models, which simplify wave motion by ignoring the exact elevation of the
sea surface at a given position and moment in time, but model the statistical properties of
the waves.
Phase-resolving models, which capture the detailed transformation of individual waves in
space and time.

Phase-averaged models have the advantages of being much quicker and more stable to run than
phase-resolving models, but unlike phase-resolving models, do not necessarily capture wave to wave
physics or infragravity (long wave) motions completely. Both types of numerical model can be used
to predict wave runup at the coast and will be reviewed in the following paragraphs.
CSHORE
A phase-averaged, open-source model, CSHORE (Kobayashi, 1999; Kobayashi et al., 2008; Kobayashi,
2009), has proved to be highly effective at predicting wave runup during a broad range of wave
conditions, over coastal structures and beach profiles (Johnson et al., 2012; Melby et al., 2012). It
resolves time-averaged continuity, momentum, and energy equations to model the propagation and
runup of waves, including processes such as wave-current interaction, wind effects, and wave setup.
It also has a sediment transport solver, and can therefore update the bed morphology in response to
the waves, if required. For national and regional scale assessments this is unlikely to be practical,
given that it would increase computation time significantly, although by how much is not clear.
However, it may be useful for localised studies, as the nearshore gradient could respond during the
simulation to better represent the slope experienced during storm conditions.
CSHORE is extremely efficient to run; Melby et al. (2012) report run times of only a few seconds per
profile, per storm (although they do not mention the duration of the storm, the model resolution, or
the processor needed to achieve such run times, and morphological updating would slow the run
times significantly). The efficiency and stability of the model make it very attractive for national scale
assessments, where runup needs to be modelled over thousands of profiles. The inputs required by
the model are wave height, period, and direction, a sea level or tidal elevation, and a representative
coastal profile. Additionally, a number of tuning parameters such as bottom friction and breaker
ratio need to be defined, but Melby et al. (2012) report that the model is relatively insensitive to
these parameters, and Casella et al. (2014) used standard settings (following Melby et al., 2012) with
good results.
Despite its potential to efficiently predict runup, it has rarely been used in the literature for coastal
flooding assessment (with the exception of Casella et al., 2014). CSHORE has been shown to predict
R2% for a number of different coastal situations to within approximately 20% of measured values
from scaled and full scale experiments (Johnson et al., 2012; Melby et al., 2012; Casella et al., 2014),
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and can have comparable skill to a tuned empirical equation for structures (RMSE of 0.09-0.19).
However, much greater errors were observed for beaches (RMSE of 0.37-1.83), and especially at
dissipative sites on the North West coast of the US, where infragravity wave energy was significant
during the experiments (Melby et al., 2012).
CSHORE can only model structures if they are well resolved by the coastal profile (i.e. a 1 m
resolution should be sufficient), and could only properly model composite slopes and/or nearvertical features, as the cross-shore profile coordinates must monotonically increase (i.e. cannot
have a return lip or overhang – these can only be modelled by the EurOtop formula). For example,
for a model domain/coastal profile with a 1 m resolution, a 3 m vertical wall would be represented in
CSHORE as a 3m high slope that is approximately 18 degrees from vertical.
XBeach
X-Beach (Roelvink et al., 2009; Roelvink et al., 2010) is an open-source numerical model that has
been increasingly used in recent years for the purpose of wave runup and overtopping assessment
(Van Dongeren et al., 2009; Barnard et al., 2014; JBA, 2014; Van Dongeren et al., 2014; Villatoro et
al., 2014; Gallien, 2016; Prime et al., 2016), and can be run in phase-averaged, or phase-resolving
modes to capture both incident and infragravity wave components. It is now establishing itself as an
industry-standard tool for modelling coastal hydro- and morpho-dynamics, especially for cross-shore
dominated coastal processes that occur during storms.
As well as fully capturing short wave transformation in the phase-resolving (non-hydrostatic) mode,
XBeach also has a solver for infragravity wave generation, propagation and dissipation. As this mode
attempts to capture all wave motion processes, it is quite computationally demanding, so an
alternative phase-averaged (Surfbeat) mode is also offered which captures the bulk effects of short
waves, and separately solves for the long infragravity waves associated with wave groups to
significantly reduce computational time (Roelvink et al., 2010). If required, bed morphology can also
be updated as advection-diffusion transport is solved for, which has proved effective in predicting
barrier response to storms (Van Dongeren et al., 2009; McCall et al., 2010). For national and regional
scale assessments this is unlikely to be practical, given that it increases computation time in XBeach
by 40 – 50% (McCall 2016, personal communication). However, it may be useful for localised studies,
as the nearshore gradient could respond during the simulation to better represent the slope
experienced during storm conditions.
A number of studies have compared runup heights predicted by XBeach to runup measurements,
and overall have found that the Surfbeat mode predicts runup height reasonably well, albeit with
some underestimation of total runup (Mehvar et al., 2015; Palmsten and Splinter, 2016). Compared
to a large-scale laboratory dune scenario, Palmsten and Splinter (2016) found that it could capture
87% of the variance in R2%, but, in agreement with previous studies (van Rooijen et al., 2012;
Stockdon et al., 2014), noted that incident and infragravity swash heights were underestimated
while wave setup was overestimated. This is not of great concern to SEPA’s coastal flooding
assessment however, as the total runup height is generally of most importance to flooding, and was
fairly well reproduced. In non-hydrostatic mode XBeach performs better, and as it explicitly solves
for both incident and infragravity band waves, it captures the swash heights more accurately.
Roelvink et al. (2009) found that in this mode XBeach could capture up to 98% of the variance in
runup height, with little bias.
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Figure 12. Example XBeach-G domain applied to Chesil beach, showing wave overtopping of a gravel barrier. The black
line shows the coastal profile used, and the blue filled band shows the water elevation envelope during the simulation.
The blue line and green line indicate the mean water level and ground water level during the simulation, respectively.

Less validation of XBeach has been done for runup on sea defence structures, although Mehvar et al.
(2015) came to similar conclusions about runup being under-predicted in Surfbeat mode, compared
to field data from a dyke. A modified version of XBeach, XBeach-G (McCall et al., 2014), has also
been developed (in the non-hydrostatic mode) to predict storm wave runup and morphodynamic
response on gravel (shingle) beaches (Fig. 12), where infiltration and exfiltration of water can be
significant. Compared to full scale lab and field data from gravel barriers, R2% was predicted to within
approximately 10% of the runup measurements (McCall et al., 2014). Runup on steep beaches (i.e.
gravel) and on structures is mainly at incident wave frequencies, even during extreme storms, and as
such, must be modelled using the non-hydrostatic version of XBeach/XBeach-G, in order to fully
resolve the incident wave motion.
As previously indicated, the computational time of XBeach is higher for the non-hydrostatic mode
than for the Surfbeat mode, but the increase in computation is largely due to the former of the two
modes requiring a higher cross-shore model resolution, in order to properly capture the shape of
waves as they transform in the nearshore (Robert McCall (2016) personal communication). As the
tidal level is the largest contributor to the total runup height (given constant wave conditions), the
model could be run just for the 1-2 hour window around high tide per storm scenario, allowing the
maximum runup elevation during that time to be determined in the shortest possible computation
time. For a model run of that length, the computation time for XBeach over a beach profile with a
reasonable cross-shore resolution should be in the order of 10-15 minutes per profile, per storm on
a modern stand-alone computer (Robert McCall (2016) personal communication). If such run-times
were feasible for SEPA’s strategic scale assessment, then the non-hydrostatic version of XBeach
could be applied to sandy beaches, gravel beaches and structures around the Scottish coast.
As a result of its ability to efficiently model short and long wave transformation, XBeach is already
being used for strategic scale coastal flooding assessments in Europe (Van Dongeren et al., 2014)
and the Californian coast of the US (Barnard et al., 2014). Barnard et al. (2014) combined a number
of process models to develop a very comprehensive Coastal Storm Modeling System (CoSMoS),
designed to make detailed predictions (meter scale) of storm-induced coastal flooding, erosion, and
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cliff failures over large geographic scales (100’s of kilometres). For this project, storm wave
conditions at the coast were fed into tightly spaced XBeach profile models (every 100 – 200 m
alongshore) to predict wave transformation and runup. Van Dongeren et al. (2014) are in the
process of developing a similar modelling system (RISC-KIT) for regions of about 100 km of coastal
length, to assess risks resulting from dune and structure overtopping, surge and flash flood events,
and coastal morphodynamic response. Using XBeach run on 1 km spaced coastal profiles, they aim
to identify 10km length hotspots of coastal vulnerability. Both of these studies have used modified
versions of XBeach, in order to optimise the efficiency of the model for use on many profiles.
As with CSHORE, XBeach and XBeach-G can only model runup on structures if they are well resolved
by the coastal profile, and could only model composite slopes and/or near-vertical features, due to
the requirement for a monotonically increasing profile. See the CSHORE section above for more
details.
Other numerical models
A number of other off-the-shelf numerical models exist, which could potentially be used to assess
wave runup for SEPA’s Flood Hazard and Risk Map. One such model that has been validated under
full scale, overwashing conditions is the 1D cross-shore profile model SBEACH (Larson and Kraus,
1989; Larson et al., 1990) developed by the US Army Corp of Engineers. However, the focus of the
validation was to assess the model’s ability to predict dune erosion, not runup elevation (Larson et
al., 2004). This and other similar models all suffer from the same deficiency as CSHORE in that
infragravity motion is not accounted for, and they are therefore not suited for use at high-energy
dissipative beach sites which are common in Scotland. For this reason, these other numerical models
are not reviewed here.
3.2.3 Comparison of wave runup models
From the runup models available in the literature, three empirical methods (the Stockdon formula,
the EurOtop formula, and the Poate formula; Section 3.2.1) and two numerical model methods
(CSHORE and XBeach; Section 3.2.2) for predicting wave runup have been presented, which were
shortlisted on the basis of their applicability to a strategic scale assessment, and ability to accurately
predict wave runup. Within the literature, each of the shortlisted methods have been validated
against measurements of wave runup from laboratory or field measurements, and have been
applied in contemporary grey or scientific studies to the prediction of wave runup for the purposes
of coastal flooding assessment. The uses, limitations and data requirements of the five runup models
are summarised and compared in Table 2. The following criteria will now be used to compare the
five key methods that have been shortlisted:
1. How accurate is the methodology in predicting wave runup/overtopping?
2. To what extent does the methodology incorporate all physical processes relevant to
coastal flooding?
3. How broadly applicable is the methodology to different environmental conditions and the
varying structure of the Scottish coast?
4. Can the methodology be applied at a strategic scale, using data that are commonly
available?
5. How compatible is the methodology with SEPA’s existing Coastal Flood Hazard Dataset?
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6. What are the computational/ man-power requirements involved with implementing the
methodology on a strategic scale?
How accurate is the methodology in predicting wave runup/overtopping?
All five models have been shown to have good skill in predicting the R2% runup height, when
compared to laboratory and field measurements. Due to differences in the statistical measures used
to validate the models in the literature it is not possible to compare the five models’ predictive skill
on an equal scale. However, when compared against other models designed for equivalent
applications, the five methods reviewed here have been found to provide the most accurate
predictions of wave runup and overtopping that can be achieved using current methods.
A key difference between the empirical models and the numerical models is that the accuracy of the
results yielded by the empirical models is usually determined by the goodness-of-fit of the original
empirical relationship used to derive the model, and the suitability of its application. Assuming the
input variables have been defined as prescribed by the method, the results will be consistent with
other similar cases. Conversely, the accuracy of the runup predictions from a numerical model will
be largely influenced by the way it is set up by the user, and changes in the model free parameters
can have significant effects on the accuracy of the results. Numerical models therefore perform best
when some form of calibration has been performed, or at very least when a sensitivity analysis has
been used to reveal which free parameters have the most influence on the results.
To what extent does the methodology incorporate all physical processes relevant to coastal
flooding?
The five methods are designed to predict wave related runup and overtopping processes only. The
empirical models do not actually take account of the still water level occurring at the time of each
storm event; instead they assume that the sea level is within the range of levels that were present in
the measurements used to derive the formulae. The equations have usually been derived from, and
validated against, a range of sea level conditions, but this does not mean that they can account
perfectly for wave runup occurring at any sea level, as the equations are a one-size-fits-all in terms
of SWL.
On the other hand, the numerical models require information about the water level occurring during
the simulation, and the factors that contribute to the time-averaged SWL (mean sea level,
meteorological tide, and storm surge) are therefore included in each model run. As the SWL can be
time-varied in the numerical models, the runup level at different stages of the tide can be
determined if required.
The physical processes that are captured by each model vary:
 Infragravity wave energy is only explicitly modelled by the empirical Stockdon formula and
by the numerical model XBeach. As infragravity energy is less important than incident energy
on steep structures it is not modelled explicitly by the EurOtop formula, and is not captured
by wave solvers in CSHORE.
 Incident wave energy, and therefore short-wave swash runup, is captured by all the models
but is parameterised in some way in each case. The exception to this is the phase-resolving
mode of XBeach, which is the only one of the reviewed methods which can fully represent
time-dependent incident wave motions.
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As each of the reviewed models is one dimensional8, wave direction is only considered
parametrically. In the EurOtop formula, a wave direction factor is used to correct the runup
level for oblique waves arriving at the toe of a structure. In the numerical models, wave
direction is captured using a refraction type parameterisation. The Stockdon formula does
not consider wave direction, as only deepwater wave conditions are input. Waves are
therefore assumed by the model to be refracted to shore normal as they arrive at a sandy
beach, and this must be accounted for using wave shoaling into the coast followed by
reverse linear shoaling to deepwater values. Wave direction is not considered at all in the
Poate formula.
Wave setup is captured by all five models. For the empirical formulae, wave setup was
present in the experiments used to infer the equations and is therefore predicted as part of
the total wave runup by the formulae (FEMA, 2004). In addition, the Stockdon formula has a
term which explicitly quantifies the wave setup element of the runup. The numerical models
both capture wave setup, although this will be best represented by the phase-resolving
version of XBeach.
Wind setup is not modelled by any of the methods, and is assumed in all cases to be part of
the SWL input to the model. Wind-blown spray is also not captured by any of the models,
and except for cases of very low overtopping volumes (< 0.1 l/s/m) is not considered to
contribute significantly to coastal flooding even during strong winds (Pullen et al., 2007).

How broadly applicable is the methodology to different environmental conditions and the varying
structure of the Scottish coast?
The EurOtop formula was developed from many test cases of wave runup on structures, and can
predict runup well for vertical and over vertical structure geometries. This would not be achievable
using the Stockdon formula (which only considers a characteristic profile slope), or even with the
numerical models CSHORE and XBeach, as the model grids can only represent near vertical slopes at
best. As such, the EurOtop manual is considered the optimum approach for assessing runup where
structures are present (see EurOtop formula section above for details of which structure types can
be modelled).
Flooding and overtopping of the causeways that link a number of the Scottish Isles together could
potentially also be modelled with the EurOtop formula, as these are often simple slopes (for
instance the causeway between Holy Island and mainland Northumberland) or armoured simple
slopes (for instance the causeway between North Uist and Berneray) similar to a dike in form, and
would therefore be within the EurOtop formula’s range of application. XBeach and CSHORE would
also be able to model runup and overtopping in these situations.
Although the formulae in the EurOtop manual are predominantly intended to predict runup and
overtopping of structures, they were developed from a wide range of data, including a variety of
smooth slopes, and as a result they have been used to estimate beach and dune overtopping
volumes in some studies (Martinelli et al., 2010; Laudier et al., 2011; Gallien et al., 2014).
Interestingly, Laudier et al. (2011) concluded that the EurOtop formula better predicted wave
overtopping rates at a dune barrier in California than the Stockdon formula (which under-predicted
8

In the 2DH version of XBeach, wave direction and refraction can be fully modelled, but that model is not
reviewed in this report because of its additional computational requirements.
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runup heights for the cases considered), despite the latter being widely considered to be the most
appropriate formula for beach runup. However, the dataset from which the Stockdon formula was
developed includes observations from a number of dissipative beaches, and as a result is more likely
to properly account for the runup contribution of infragravity waves than the EurOtop formula or
the Poate formula, which is a significant advantage for the exposed western coast of Scotland.
Ultimately, if an empirical approach was adopted by SEPA, the three empirical models shortlisted
here would best be applied in combination, with the Stockdon formula used for sandy beaches, the
Poate formula used for gravel beaches, and the EurOtop formula being applied where structures are
present. For each coastal location, the most appropriate formula would have to be selected, making
automation for many thousands of profiles more challenging, but not unfeasible. As these empirical
equations are somewhat restricted to use in situations that replicate the conditions under which
they were developed, they should not be applied blindly to all parts of the coast.
In some locations, the complexity of the coastal profile and its surrounding area will mean that
modelling with any wave runup model with cause inaccurate and potentially misleading flooding
predictions. This may occur, for instance, in the presence of a nearshore breakwater or pier, or
where other coastal features occur that cannot be properly represented by the runup model.
However, the numerical models CSHORE and XBeach are based on universal physical processes, and
their use is more flexible and transferable than the empirical models as a result. These could be
applied confidently to a variety of coastal situations, including those featuring beaches and dunes,
engineered structures, reefs, platforms, and cliffs (given suitable profile resolution, and
parameterisation of bed roughness). Of the two numerical models, only XBeach (run in XBeach-G
mode) would correctly capture the infiltration processes on gravel beaches, which are common in
Scotland (for example Spey Bay and Whiteness Head on the Moray Firth and the West Coast of Jura,
respectively), making it more universally applicable.
One advantage of modelling runup on structures with XBeach or CSHORE is that any number of
(shallower than vertical) slopes can be included in each profile, as long as the feature is well resolved
by the profile data. Therefore, unusual composite profiles (multiple slopes on one structure, for
example) could be modelled in XBeach or CSHORE, with no need to manually define the slope
lengths or angles, as would be required by the EurOtop formula.
To model wave runup effectively at high-energy, dissipative coastal settings, such as on the Atlantic
coast of Scotland, an approach that captures infragravity wave motion is essential (Jones et al., 2005;
Barnard et al., 2014). Because CSHORE cannot model infragravity waves, runup is likely to be underpredicted at these sites, where infragravity swash can dominate over incident band swash during
storm conditions (Raubenheimer and Guza, 1996). Its use is limited to situations where incident
wave energy dominates (e.g. over steeper beaches and structures), severely restricting its
applicability in Scotland. This, coupled with the ability to predict runup on gravel beaches, makes
XBeach a far more appropriate model choice than CSHORE for this application.
Can the methodology be applied at a strategic scale, using data that are commonly available?
The modelling of wave runup will be heavily reliant on the DTM currently used by SEPA for the
existing flood hazard map, as well as offshore wave data which are likely to be sourced from a
hindcast wave model. Depending on the depth to which the DTM currently extends offshore, it may
also be necessary to incorporate bathymetry data, in order to have a complete coastal profile for use
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with the runup models. Once inshore wave conditions have been determined (which may be the
most challenging of the data/modelling demands) and the necessary resources to set up and run the
models are available (i.e. sufficient man power and computational power), there is no fundamental
reason why any of the five shortlisted models could not be applied on a strategic scale.
The EurOtop model would perhaps have the highest data requirements, as each break in slope and
roughness element should be quantified, and any structure elements such as berms and vertical
sections also need be defined. These data are not commonly available unless assessed for a
particular project (as such assets are not owned centrally by SEPA), whereas DTM profiles (which are
the key data required for either the Stockdon formula to derive the gradient, or for the numerical
models) are potentially available for the entirety of Scotland. In the Netherlands, the methods from
the EurOtop manual are applied on a strategic scale to all sea defences (Pullen et al., 2007), and
although defining the structure characteristics requires detailed data, this approach could be
adopted by SEPA for sea defences in Scotland, in conjunction with another approach for areas of
undefended coast.
How compatible is the methodology with SEPA’s existing Coastal Flood Hazard Dataset?
The compatibility of the wave runup models with SEPA’s existing dataset is determined by the
nature of the inputs and outputs of the runup models. Extreme SWLs will be quantified during the
assessment of joint probability of extreme waves and SWLs (potentially using SEPA’s existing
dataset), and will then be passed to the runup model as an input (for the numerical models), or
simply added to the runup elevation (for the empirical models) in order to predict the TWL. The
models are therefore equally compatible with the existing SWL dataset.
To predict which inland areas will be flooded by each predicted TWL, SEPA currently uses a ‘static’
horizontal projection method to map the flooding extents, an approach where all elevations below
the TWL height are considered to be flooded. This uses as input the maximum TWL that occurs
during a flooding event (SWL plus runup height), but does not model the dynamic propagation of
flooded water into the hinterland. Because dynamic flood propagation is not currently modelled by
SEPA, the runup models must simply predict the wave runup elevation of each extreme wave event,
which all five models are capable of.
In future, however, dynamic flood propagation modelling is also likely to be used by SEPA for certain
areas, and would require the chosen wave runup model(s) to output an overtopping rate.
Overtopping rates are also required in order to determine whether overtopped water poses a
danger to pedestrians. For the empirical models, predicting the overtopping rate would require a
further calculation using the predicted R2% as an input to an overtopping equation (described in the
EurOtop manual (Pullen et al., 2007)). For the numerical models, the overtopping rate would need to
be specified as an output parameter. Therefore, all five methods are capable of predicting
overtopping if required by SEPA.
What are the computational/ man-power requirements involved with implementing the
methodology on a strategic scale?
Given that for a national scale study there may be c. 9,500 coastal profiles for which an assessment
of flooding is required, some automation of the modelling will be necessary. The required man
power should be limited to setting up a standardised model (or modelling system) for the entire
coast, and automating the input of wave and SWL conditions to the models, as it will not be feasible
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for a national scale assessment such as this to create a bespoke model for each coastal profile and
supervise each model run, as would usually be done for a localised coastal flooding study. Although
each of the five reviewed models could, in principal, be applied on a strategic scale, some of the
methods could be automated more easily than others, and would therefore be more suited to this
coastal flooding assessment.
For example, assuming wave conditions from some data source have been transformed from
deepwater values to a suitable depth, and assuming a single cross-shore profile is available at each
coastal location of interest (see Section 3), the Stockdon formula could be applied by automatically
quantifying the mean slope between two predefined elevations, and calculating the runup from the
slope and offshore wave conditions. In the presence of a structure, or unusual topographic profile,
this would result in an inaccurate estimate of runup, but for most simple situations it would be
suitable and could be automated relatively easily around the entire coast of Scotland.
Conversely, the EurOtop formula would be far more complicated to automate for a large number of
profiles, as for each break in slope the gradient and roughness should be quantified along with any
structure elements such as berms and vertical sections. However, for smooth, mild slopes they
actually reduce to a similar level of complexity as the Stockdon formula. The EurOtop formula was
designed to be used with careful, site-specific assessment of each profile being modelled, and was
not intended to be used in a broad-brush automated manner.
Although more complex in their computation, the numerical models could potentially be automated
more easily than the EurOtop formula. This is because they can be provided with a coastal profile of
any variety, and can be operated with reasonable results using standard model settings if necessary
(for example Gallien (2016) did this with XBeach, and Casella et al. (2014) did this with CSHORE).
Because they lend themselves fairly well to automation, numerical models present an opportunity to
capture the detailed processes involved in wave runup, even for a national scale coastal flooding
assessment. This significant advantage over empirical methods is undoubtedly why a number of
recent studies have started to apply XBeach to large scale coastal vulnerability studies; for example
Van Dongeren et al. (2009) for the European MICORE project, Van Dongeren et al. (2014) for the
European RISC-KIT project, and Barnard et al. (2014) for the US CoSMoS system.
The constraint of using numerical models is that they take longer to run than a simple empirical
equation, but given that CSHORE can run a single storm in a matter of seconds (Melby et al., 2012),
and XBeach run in Surfbeat mode is estimated to take around 15 minutes to model a storm (Robert
McCall (2016), personal communication), the total computational time is not likely to be
prohibitively long, especially if a cluster of computers can be used to simultaneously run multiple
simulations.
The manpower required would be in setting up the initial model system, in terms of defining free
parameters, automatically passing in profiles and wave data, and creating tidal signals (if required).
Although a commercial support service is not explicitly offered on the XBeach website
(http://oss.deltares.nl/web/xbeach), there is a growing open-source support community online.
Furthermore, both Deltares in the Netherlands, and Plymouth University in the UK employ XBeach
developers and users who are available to provide commercial support in the use of XBeach.
Similarly, the University of Delaware may be able to offer support from the academics involved in
the development of CSHORE.
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Table 2. Summary of the uses/limitations and data requirements of the five runup models compared in this document.

Empirical models
The EurOtop formula
The Stockdon
formula
Uses/
limitations

The Poate
formula

Numerical models
CSHORE
XBeach/
XBeach-G

Wave runup and overtopping

✓

✓

✓

✓

✓

1-dimensional (cross-shore)

✓

✓

✓

✓

✓

✓

✓

✓

✓

2-dimensional (cross-shore and alongshore)
Sandy beaches

✓

✓
✓

Gravel/cobble beaches
Simple sea defences

✓

Complex sea defences

✓

Time-varying water level
Incident waves (parameterised)

✓

✓

✓

✓
✓

✓

✓

✓

✓

✓
✓

Incident waves (phase-resolved)
✓

Infragravity waves
Wave setup and swash runup

✓

✓

✓
✓

✓

Wave set up (separately predicted)
Morphological updating

Data
requirements

Nearshore
slope,
structure
geometry,
slope roughness. Wave
height,
period,
and
direction at toe of
structure.

Beach
slope,
deep-water
wave
height
and period.

Beach
slope,
inshore wave height
and
period,
sediment grain size
(non -essential).

✓

✓

✓

✓

✓

✓

Coastal
profile;
inshore wave height,
period, and direction;
sediment grain size
(non- essential).

Coastal profile; inshore
wave height, period, and
direction; sediment grain
size (non- essential, except
for coarse gravel beaches).
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3.3 Quantification of flood extents
Flood extents from wave overtopping events can be predicted using simplistic, ‘static’ horizontal
projections of the TWL (Heberger et al., 2009; Barnard et al., 2014), or numerically modelled using
mass conservation models such as LISFLOOD (Nicholls et al., 2005; Purvis et al., 2008; Prime et al.,
2016; Seenath et al., 2016), or hydrodynamic models based on the shallow-water equations such as
TUFLOW (Mott Macdonald, 2011; URS-Scott Wilson, 2012; Mott Macdonald, 2013; Royal Haskoning
DHV, 2013) and BreZo (Gallien et al., 2014; Gallien, 2016).
Flood extents are currently predicted by SEPA using a static horizontal projection method, whereby
all elevations below the extreme SWL height are considered to be flooded. The same approach can
be used to predict wave induced flooding, where the calculated TWL, consisting of SWL plus the
predicted runup height R2%, from an empirical model (e.g. FEMA, 2004; Heberger et al., 2009) or
numerical model such as XBeach (e.g. Barnard et al., 2014) is used to determine the height below
which flooding occurs.
Because the horizontal projection method projects the maximum water level over the backshore, it
tends to significantly over-predict inland flooding (Bates et al., 2005; Gallien et al., 2014; Gallien,
2016; Seenath et al., 2016), as overtopped water is not unlimited in volume and momentum as the
method assumes. Using this approach is therefore likely to introduce unacceptably large errors in
the flooding extents predicted by SEPA in their Flood Hazard and Risk Map, such as the difference in
observed and predicted flooding extents shown in Fig. 13 from a coastal flooding assessment in
California. Indeed, the horizontal projection may introduce larger errors in flooding extent than any
introduced during the wave and runup modelling stages.
Modifications to the traditional horizontal projection method may provide some improvement to
SEPA’s flood extent predictions however, and do not necessarily require extensive extra modelling
activities. For example Barnard et al. (2014) experimented with different elevations to use in the
horizontal projection; initially they tried using the maximum inland swash lens elevation from an
XBeach simulation of wave runup, but found that this still over-predicted the runup level when
projected along the coast. They eventually found that a more appropriate estimate of flooding level
could be achieved by using the average wave setup height, rather than the maximum or R2% runup
height. The efficacy of such an approach warrants further research and development from SEPA, as
the height used for their horizontal projection will ultimately have a significant effect on the
accuracy of their flooding predictions. This method would still be less accurate than if a numerical
model was used to predict the flood propagation however.
SEPA are not tied to the horizontal projection approach for all scales of assessment, and may wish to
use a more detailed inundation modelling approach for high risk locations, such as highly urbanised
areas in Scotland. ‘Dynamic’ numerical flood propagation models have often been employed for
localised flooding assessments, such as the study by Prime et al. (2016) at Dungeness, England. Such
models are, however, extremely computationally expensive and it can take hours or days to
compute the hydrodynamic propagation of flooded water, even for localised studies (Prinos et al.,
2009). This approach is therefore not deemed suitable for a broad-brush flooding assessment, but
could be applied to select locations where greater accuracy and detail is needed. As a screening
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process for this type of approach, the TWL with waves could be compared to the TWL without waves
(i.e. the existing SWL prediction); in locations where the two are significantly different, wave
overtopping rates could be computed and dynamic flood propagation could be locally modelled, to
provide accurate inundation predictions where wave effects are particularly relevant.

Figure 13. Flood extent modelling at Imperial Beach, California (from Gallien, 2016), using (A) horizontal projection with
runup from Stockdon et al. (2006) R2%, and (B) dynamic flood modelling using EurOtop overtopping rates and the BreZo
flood and drainage model. Field validation data are shown as black lines. Flood depth is shown for the dynamic model in
(B), but the static model did not predict flooding depth, and the extent is shown in red in (A).

3.4 Data requirements
To model the pathways of coastal flooding, various data requirements have been mentioned in
previous sections of this document. Here the key data requirements for each wave transformation
and wave runup modelling approach are discussed in more detail, and potential data gaps are
identified.
3.4.1 Wave transformation modelling
Unless linear shoaling is to be used, the transformation of waves into the coast requires quality
offshore bathymetry data that sufficiently resolve the main bathymetric features. These data would
be required from the area where the offshore waves are specified all the way into the coast (for
example, at least 8 km from the coast if Met Office ReMAP wave data are to be used). It is
acceptable to use relatively coarse bathymetry for offshore wave transformation in deep water (for
instance the GEBCO global 1 arc-minute resolution data could be used), but once in shallow coastal
water, bathymetric features need to be well resolved and the resolution should therefore be high
enough to capture features such as submarine shoals and gulleys.
Single and multi-beam bathymetry data are typically of sufficient resolution for coastal wave
transformation modelling, and are commercially available from sources such as the UK Hydrographic
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Office (UKHO) or SeaZone. For example, the SeaZone TruDepth 1 arc-second dataset offers
approximately 30 m resolution, which is more than adequate for wave transformation modelling
into shallow waters at the coast, even for a localised study. The coverage of these data is not
necessarily continuous around the coast of Scotland however. For instance, the UKHO data appear
to have sizeable gaps around Scotland. The SeaZone TruDepth data set is said to cover the Eastern
Atlantic, Irish Sea, and North Sea, but it is not clear from their website whether this is completely
continuous around the coast of Scotland. In some areas it would be necessary to fill gaps in the
coverage with data from other sources, or with data collected by SEPA specifically for this purpose.
To tackle the issue of bathymetry data gaps, the European Marine Observation and Data Network
(EMODnet; http://portal.emodnet-bathymetry.eu/) have created a composite bathymetry, which
combines GEBCO data with higher resolution inshore data from a number of European hydrographic
offices (including UKHO data) to provide a continuous quality-controlled bathymetry of 230m
horizontal resolution (Fig. 14). This bathymetry was used by Marine Scotland to develop their
FVCOM Scottish shelf model, and would be equally suitable for SEPA to use for a regional or national
scale assessment, but could be considered too coarse for a localised study, especially in the presence
of small embayments or complex bathymetric features (i.e. features that cannot be adequately
captured with that resolution).
For such situations, the EMODnet data could be complemented by higher resolution data at the
coast (to a depth of say 15 m, or to capture a specific embayment) at the site of each localised study,
and would therefore be of great benefit even for a localised study. The EMODnet data are free to
download, and therefore offer an excellent cost-effective opportunity for SEPA to extend their land
based DTM offshore, providing a complete coastal DTM for modelling the pathways of coastal
flooding.
In addition to seabed bathymetry and wave conditions, wave transformation models like SWAN also
require the user to provide as inputs spatial and/or temporal information about bottom friction (bed
roughness), water level, current fields, and wind fields (if they are to be modelled). It is common to
apply a constant value for bottom friction across the model domain, as although this introduces
some error in terms of frictional losses, it is often impractical to quantify bed roughness over large
areas, and a representative value can be estimated during the calibration process. In the case of
SEPA’s flood hazard modelling, the water level at the coast should be known, as this would be
provided by the predicted extreme SWL value.
If current and wind fields are to be modelled (Section 3.1.2) these factors need to be quantified and
given as inputs to the wave transformation model. To achieve this, an ocean circulation model would
be needed to generate grids of current velocity during extreme storms, of which measured wind
fields would be provided as input to the circulation model. This could be achieved at the same time
as modelling SWL (and wind setup), if this step is to be taken by SEPA. The appropriate winds and
currents could then be input to the wave transformation model, assigning them to the joint
probability wave event related to those meteorological conditions.
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Figure 14. EMODnet composite bathymetry data around Scotland. With a resolution of 230 m by 230 m, large shoals,
gulleys, and embayments (visible on the West coast) are well resolved by the data, while smaller features may not be
well captured.

3.4.2 Wave runup modelling
Often, due to the difficulty of accessing shallow coastal waters by boat, there is a lack of nearshore
bathymetry data close to the coast. Depending on the depth to which SEPA’s existing DTM extends
offshore, it is likely that inshore bathymetry data would need to be incorporated with the DTM, to
provide a complete coastal profile for use with the runup models. The numerical runup models
require bathymetry data from the extent of the surf zone all the way to the hinterland at the coast,
while the empirical models only require information about the nearshore gradient or structure
gradients that are present. The EurOtop model requires waves to be modelled into the toe of the
defence structure, and would therefore require inshore bathymetry and potentially an extra wave
transformation modelling step to shoal waves closer into the coast; this was achieved with a 1D
SWAN model by Gouldby et al. (2014), and is described in Section 4. For national or regional level
studies, it may be acceptable to assume a smooth nearshore gradient and merely interpolate
between the nearshore bathymetry (such as EMODnet) and SEPA’s topographic DTM at the coast.
The modelling of wave runup will be heavily reliant on the Digital Terrain Map (DTM) used by SEPA.
This is of 5 m resolution and is of variable quality, partly consisting of LiDAR data (Fig. 16) with a
vertical accuracy of 0.1 - 0.3 m, and partly consisting of Intermap’s NEXTMap data, with a vertical
accuracy of 0.7 - 1 m (Hansom et al., 2013). Although some coastal features, including smaller
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defence structures, will not be well resolved by the DTM’s 5 m resolution, it does provide
topographic data around the entire Scottish coast from which profiles to conduct wave runup
modelling could be extracted using a simple method such as that depicted in Fig. 15.

Figure 15. Schematic view of cross-shore profile extraction from a DTM at predefined transects (note that the DTM grid
shown is of 1 m resolution, but the same method could be applied to any grid), from Matusmoto et al. (In press).

Ideally the topographic DTM would be of the highest resolution and accuracy possible to ensure that
sea defences and beach profiles are well resolved, and that runup can be calculated accurately. It is
therefore suggested that the 5 m resolution of the present DTM can only be considered acceptable
for extracting profiles on gently sloping beaches (i.e. sandy rather than gravel) and dunes, where the
gradient does not vary significantly over a 5 m distance. Therefore to model runup over all profiles,
LiDAR data needs to be obtained at all coastal locations as it typically features a 1 or 2 m resolution
and is therefore far more likely to resolve features such as defence structures and defined
morphology.
LiDAR should be flown during low spring tide periods to maximise the cross-shore coverage of the
measurements, and ideally would be captured following a winter storm event, when the most
dissipative (eroded) coastal profile is presented. This would best represent the state of the coast
when the most severe storms are likely to be experienced. However, it is understood that LiDAR is
often flown during good weather conditions outside of the winter months.
For the empirical models, the nearshore slope needs to be defined, and is typically measured as the
average slope between two elevations. Stockdon et al. (2006) used the mean slope between ±2
standard deviations of the mean water level, to define beach gradient in the Stockdon formula.
Poate et al. (In press) used the part of the profile between the still water level plus the significant
wave height (SWL+ Hs), down to the still water level minus twice the significant wave height (SWL 2Hs), to define gravel beach slope for the Poate formula. Conversely, the EurOtop formula does not
specify a method with which to define foreshore slope in front of structures. The nearshore gradient
is a source of uncertainty in runup equations, as beach slopes vary seasonally, and especially during
energetic conditions. Defining a representative gradient is therefore highly important, and it should
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represent the slope that is likely to be encountered during stormy conditions (i.e. a dissipative,
eroded profile is likely to be present during winter along sandy stretches of coast).
In addition to a high-resolution DTM combined with nearshore bathymetry/slope information, and
boundary wave data (wave height and period), various other data types are also required for each of
the different wave runup models:




To predict runup on structures using the EurOtop formula, slope roughness and gradient (for
each surface of the structure), wave direction, and berm elevation/type need to be
quantified. This may be achievable for a localised study, but would be highly demanding to
achieve for all coastal structures in Scotland using only LiDAR or NEXTmap data. This task has
been achieved in the UK and Holland, however, by using high-resolution ground survey data
of their sea defences.
For the Stockdon formula, deepwater wave values are needed, requiring waves to be
carefully transformed into the coast (using numerical modelling), then de-shoaled (using a
simple reverse linear shoaling equation) to achieve deepwater values. This may seem
illogical, but it ensures that the correct shoaling and refraction processes are considered in
the presence of complex bathymetry. Given the simplicity of linear shoaling, this is not a
considerable task, and can be automated easily.

Sediment grain size information is also needed for some of the models, which would be unfeasible
to collect for regional or national scale assessments, but in many cases a suitable estimate or
standard value could be used with limited impact on model accuracy:








The Poate formula can be run with or without sediment grain size information, as discussed
in Section 3.2.1, and would only need to be gathered if the highest accuracy possible was
needed (i.e. for a localised study, where the cost to collect/analyse sediment samples would
be low).
The numerical models CSHORE and XBeach (including XBeach-G) require sediment
information to estimate bed roughness. However, for sandy beaches, where roughness is
low, only a small amount of error would be introduced by using a standard D50 value (0.4
mm for example) across all sites.
To successfully apply XBeach and XBeach-G, sandy beaches, gravel beaches, and profiles
featuring coastal structures would each need to be identified, in order to select the
appropriate model (and representative grain size) for each situation. As suggested in Section
3.2.1, in the absence of grain size information, sandy beaches could be differentiated from
gravel beaches by applying XBeach-G only to profiles with steep nearshore gradients (where
tanβ > 0.1), where a representative gravel size could be applied (10 mm for example).
On coarse gravel /cobble beaches, XBeach-G improves runup accuracy by modelling water
infiltration through the material, and grain size information is therefore required in these
specific scenarios. This again could be estimated (120 mm for example), although this is
likely to incur more runup error than at sandy or medium gravel beaches. If grain size could
not be gathered or estimated confidently, then infiltration would have to be ignored, and
the model would overestimate runup somewhat. It is therefore suggested that at sites
thought to feature coarse material (i.e. > 50 mm in diameter), runup is only modelled if
sediment observations can be collected from the site.
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If morphological updating with XBeach or CSHORE is required, sediment grain size
information is essential, but for national or regional studies this may not be necessary or
practical. If morpho-updating were to be used, any parts of the model profile that represent
fixed features (e.g. rocks, or coastal structures) would also need to be identified, to stop the
model from applying morpho-updating to those regions. Given these data requirements,
morphological updating is only likely to be achievable for localised studies.

Figure 16. LiDAR coverage in Scotland (coloured areas) available to SEPA.
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4. Current thinking in the field
From the recent grey and scientific literature reviewed in this document, it is clear that XBeach is
being increasingly used as a cutting-edge approach to predict wave runup and overtopping at the
coast. In addition, methods to predict overtopping at gravel beaches (using the Poate formula,
Section 3.2.1, or XBeach-G, Section 3.2.2) have recently advanced to a suitable level for practical use.
However, the Environment Agency (in conjunction with HR Wallingford) has recently taken a
different approach to predict wave induced coastal flooding in other parts of the UK. The EA’s latest
assessment of coastal flooding was completed for England in 2015 (HR Wallingford, 2015), and is
currently being undertaken in Wales. SEPA’s current efforts to improve their coastal flooding
predictions are therefore timely, and provide a potential opportunity to align their approach with
the flooding methods used in the rest of the UK, if the methods are deemed compatible, suitable,
and feasible for use in Scotland.
The EA’s latest assessment was very much conducted on a strategic scale, providing inshore extreme
event data at a 1 km along-coast resolution for the entirety of England and Wales, although their
predictions of overtopping are currently focused on coastal profiles that feature sea defence
structures. A number of the techniques being used have been described in other parts of this
document, however, the method with which wave runup and overtopping is being predicted by the
EA differs slightly from the existing thinking that is commonly found in the recent grey and scientific
literature. Their overall approach consists of the following stages (from Gouldby et al., 2014; HR
Wallingford, 2015; Gouldby et al., 2016):
Modelling the Sources of coastal flooding
 Offshore wave and wind model data around the UK were provided by the Met Office 8 km
European WWIII model.
 Sea level measurements from class-A tide gauge data around the UK were analysed, and the
distributions used in the existing CFB dataset (McMillan et al., 2011a) were imposed on the
tide gauge data to align with previous assessments.
 The joint probability of offshore waves and sea levels were assessed, and an extreme value
analysis was performed, using an approach developed by Heffernan and Tawn (2004) where
non-linear regression models are fitted to certain parts of the data space. This multivariate
model enables synthetic extreme sea conditions to be simulated (Fig. 17).
 The variables considered in this analysis were significant wave height, wave period, wave
direction, directional spreading, wind speed, wind direction and sea level. Of these, only
wave height, wind speed and sea level required extrapolation to extremes.
 Monte Carlo simulation was undertaken to fully realise the joint distribution of extreme
wave and sea level events.
Modelling the Pathways of coastal flooding
 From this distribution, approximately 500 wave events were selected and transformed from
the offshore WWIII nodes into the shallow water at the coast (approximately to a depth of -5
m ODN) using 24 SWAN (2D) model domains to cover the entire coastline of England (Hunt
et al., 2016). The data were output at 1 km spaced nodes along the coast (Fig. 18).
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Because it is computationally expensive to model the transformation of a large number of
offshore wave conditions to the nearshore, a statistical tool called a Gaussian process
emulator used the information about the distribution of inshore wave conditions from the
SWAN model runs to efficiently estimate the inshore wave conditions for upwards of
400,000 different events.
Coastal profiles that feature a sea defence structure were created from a combination of
LiDAR, ground survey, and bathymetry data, for all stretches of defended coast in England.
A 1D SWAN model was used to further transform wave conditions (shoaling and refraction
across parallel bottom contours) from the -5 m depth, into the depth at the toe of the sea
defence structure in each profile.
An in-house overtopping model, BAYONET, which uses a combined Bayesian probability and
Artificial Neural Network approach, was used to predict wave overtopping volumes for given
wave conditions at the toe of the sea defence structure for each profile (Fig. 19). This
software is based on many observations of wave overtopping made during the European
CLASH project, as part of the development of the EurOtop manual and associated methods
(Gouldby et al., 2016), and is therefore intrinsically validated against observations.
This approach is much more efficient than actually modelling wave overtopping, and is
analogous to the Neural Network method currently offered by the EurOtop manual, but
incorporates additional information relating to uncertainty.
Wave runup is not explicitly modelled, as overtopping is directly inferred using BAYONET,
without the need to first predict the runup level.

Summary of current thinking in the field
The EA’s approach is statistically robust as uncertainty is accounted for at each stage, and it uses the
latest statistical methods to increase the efficiency of the modelling, allowing for a dataset of
hundreds of thousands of events to be assessed without the need to model each individual event.
This is therefore a robust, efficient, and cutting-edge approach, and would be highly suitable for
coastal flooding assessment in Scotland.
It is somewhat restricted, however, to prediction of overtopping at sea defence structures, due to its
use of the BAYONET model (although other runup models could be used instead). The output of
BAYONET is an overtopping rate for a particular sea defence; as SEPA currently use a horizontal
projection of TWL to predict the extents of inundation (which requires a runup elevation rather than
an overtopping rate), this method would not necessarily be compatible with the existing Flood
Hazard and Risk Map, but would be suitable for assessments where sea defence overtopping is of
interest and especially if dynamic flood propagation modelling is to be used.
For wave transformation modelling, the EA’s use of a Gaussian process emulator to estimate a large
number of inshore wave conditions would equally be beneficial for representing the full distribution
of extreme events in Scotland. This would provide a detailed and invaluable dataset for future
coastal vulnerability studies at local, regional, and national scales. This approach could be applied to
any numerical wave model used by SEPA, including existing SWAN models currently used for realtime flood warning, which may be adapted by SEPA for strategic prediction (as described in Section
3.1.2).
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Figure 17. Conceptual diagram from Gouldby et al. (2016) depicting synthetic events simulated from the multivariate
model (blue dots) and underlying empirical data (grey and black dots).

Figure 18. Example SWAN model domain from Gouldby et al. (2016) demonstrating the nearshore output points
(approx. -5 m ODN contour).
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Figure 19. 1D profile used for overtopping rate estimation for a sea defence, showing the 1D SWAN domain on the left,
and depiction of the BAYONET input parameters on the right (from Gouldby et al., 2016).

5. Summary and recommendations
5.1

Sources of coastal flooding

Wave and still water level data
 For local, regional, or national scale assessments, a cost saving approach for obtaining wave
and water level boundary conditions would be to use the Environment Agency/Defra’s
Coastal Flood Boundary (CFB) data set of swell waves and still water levels. Although costeffective, these data have severe deficiencies, as wind-sea waves are not represented in the
CFB data, and, furthermore, extreme wave conditions are unlikely to be well predicted by
the CFB marginal distributions due to the short, 8-year duration of the time series they were
derived from (Section 2.1.2).


This therefore necessitates further extreme value analysis using more robust hindcast wave
data, if any confidence is to be placed in the wave boundary conditions. 36 years of offshore
wave data for the entire Scottish coast can be obtained from the Met Office’s ReMAP
hindcast, at 8 km resolution, which would be appropriate for local, regional, and national
assessments. These data contain swell and wind sea conditions, and more extreme events
than the raw CFB wave data (Section 2.1.2).



These data could be used in conjunction with SEPA’s existing extreme water level
predictions. However, if sufficient resources exist, the ReMAP wave time series should be
used in conjunction with water level data from a calibrated tide-surge model (such as the
POL CSX3 model previously used, or Marine Scotland’s FVCOM model), as this would yield
the most accurate flood boundary conditions possible for a national, strategic scale
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assessment. This would also provide an opportunity for wind setup to be properly accounted
for in sea lochs, estuaries and other locations where it is not currently well represented by
SEPA’s flood hazard map, as it could be predicted using the calibrated tide-surge model
(Section 2.2.4).
Wind setup
 From the report of McMillan et al. (2011a) that describes the CFB extreme SWL analysis, it is
concluded that wind setup is adequately accounted for in all areas of Scotland where a
nearby CFB data point is available (Section 1.2).




For areas where wind setup is not deemed to be fully represented due to a lack of existing
CFB data (for instance in the Shetland Isles and in estuaries and sea lochs), the only suitable
approaches to determine wind setup effects are (from Section 2.2.4):
o

Add an estimated allowance for wind setup (for example 0.1 m was used by Mott
Macdonald (2011, 2013)), which is subject to large uncertainty.

o

Use predictions of wind setup from a calibrated tide-surge model, such as the POL
CSX3 ocean circulation model used for the existing CFB analysis, or the FVCOM
model used by Marine Scotland.

The latter option would provide far more certainty, and could be used to undertake a full
reassessment of SWL values (including wind setup) in all areas of Scotland. This would also
have the added benefit of providing wind and current fields to use as inputs for more
accurate wave transformation modelling in areas with strong tidal flows, such as the
Pentland Firth.

Joint probability analysis
 Whether used in local, regional, or national scale assessments, SEPA’s existing SWL values
and the ReMAP hindcast wave data could be analysed using Defra’s simplified (or ‘desk
study’) joint probability method (Hawkes and Svensson, 2003) (Section 2.3.1), as this
provides a quick and straightforward means with which to derive combinations of extreme
wave and SWL conditions for SEPA’s coastal flood hazard mapping. If they had to be used,
the CFB swell wave and SWL data could also be analysed using Defra’s simplified joint
probability method.


Ideally, a full and rigorous joint probability analysis, using Defra’s best practice analytical
approach, of waves (using the Met Office’s ReMAP hindcast) and extreme water levels (using
a calibrated tide-surge model) would be advised, as this would yield the most accurate flood
boundary conditions, with maximum precision around the coast of Scotland.



A number of combinations of wave heights and SWLs with the same joint probability should
be determined for each coastal location (Section 2.3.2), and this range of events should be
transformed into the coast and assessed for their flooding potential. This is more robust
than selecting one combination and assuming it to have the worst flooding impact.
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5.2

Pathways of coastal flooding

Wave transformation
 Offshore wave conditions could be transformed into shallow water using linear wave theory
and Snell’s law for refraction (Section 3.1.1). However, this would lead to significant errors in
the estimated inshore conditions due to the prevalence of highly sheltered sections of the
Scottish coast and likelihood of complex offshore bathymetry. This approach would only
provide a rough estimate, and should be avoided for localised, regional, and even national
scale assessments, if it is possible to commission more thorough wave transformation
modelling.


Inshore wave conditions would be determined with far more certainty by performing wave
transformation into the nearshore using a third-generation numerical wave model such as
SWAN, applied over a number of numerical model domains around Scotland (Section 3.1.2).
Existing model domains, such as those used for the Firth of Forth and Tay Flood Early
Warning System, could be used to transform extreme wave conditions to the shore, or
where these do not exist new model domains could be built using freely available
bathymetry data (such as the EMODnet composite bathymetry).



Enquiries should be made with the UK Met Office as to whether they intend to extend their
offshore wave hindcast modelling into the nearshore using unstructured grids, as this could
save the need for SEPA to commission further fine scale numerical wave modelling.



The Environment Agency have developed a statistical method with which to transform
hundreds of thousands of different offshore wave conditions to the nearshore, while only
actually running 500 or so events with their network of SWAN models, therefore saving
considerable computing and manpower efforts (Section 4.0). This presents a timely
opportunity for SEPA: if a similar approach was adopted by SEPA then the UK would have a
consistent nationwide dataset of inshore wave and sea level boundary conditions for
undertaking national, regional, or even detailed local-scale coastal flooding assessments in
the future.

Wave runup and overtopping
 Three empirical equations and two numerical models were assessed and compared for their
ability to predict wave runup and overtopping in Scotland (Section 3.2.3). Each was found to
provide the most accurate predictions of wave runup and overtopping that can be achieved
using current methods. The empirical models include the EurOtop formula, the Stockdon
formula, and the Poate formula. The numerical models are CSHORE and XBeach.


An empirical modelling approach would be most appropriate if limited computational
resources or expertise were available, and if the geometry of the coastal profiles to be
modelled could be characterised efficiently (either manually by selecting only high flood risk
locations, or automatically if a national scale assessment was to be made). The following
considerations should be noted:
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o

For coastal structures, the EurOtop formulae are well validated. However, they
require structure geometries to be quantified in detail, which must be applied with
careful user input. This would make it expensive to use for a national scale
assessment.

o

For coastal situations that are outside the models’ design conditions (such as in the
presence of nearshore reefs or shore platforms), empirical models would have
significant uncertainty and may not be suitable.

o

A combination of the EurOtop formula for sea defence structures, the Stockdon
formula for sandy beaches, and the Poate formula for gravel beaches would be
optimal given that this satisfies the conditions from which the empirical
relationships were developed. For a national scale assessment, an automated
method with which to select the appropriate equation at each coastal location
would need to be developed.

o

The EA has recently completed a runup assessment on all sea defences in England
using a version of EurOtop’s neural network model. If SEPA wishes to align with their
approach, then this model should also be used for sea defence structures in
Scotland.



A numerical modelling approach would be most suitable if sufficient computing resources
and expertise were available. The computation time is deemed to be of less concern to the
resource requirements than the complexity of setting up either a numerical or an empirical
model successfully for each coastal location.



Numerical models have the significant advantage of being more universally applicable to
different coastal situations and being able to consider complex coastal profiles, yet requiring
minimal user input to do so. They are therefore potentially more suitable for a national scale
assessment than the reviewed empirical models.



The reviewed numerical models XBeach and CSHORE both have the ability to model changes
in the beach morphology occurring during a storm, which would allow for a more accurate
prediction of wave runup.



Of the numerical models reviewed, XBeach is deemed to be the most suitable model for
coastal flooding assessment in Scotland, given that it can model incident and infragravity
waves, as well as sandy and gravel beaches, and is therefore suitable for all coastal scenarios
likely to be found in Scotland.



If a single model had to be selected for predicting wave runup for varying coastal situations
in Scotland (i.e. defence structures and beaches), the numerical model XBeach (including the
non-hydrostatic, Surfbeat, and XBeach-G modes) would provide the most versatile model. It
could be automated for a large number of profiles, and incorporates all key physical
processes relevant to wave runup in Scotland (incident and infragravity waves, wave setup,
wave direction, varying tidal/SWL elevation). It has the following advantages over the other
wave runup models reviewed:
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o

None of the other models have such a complete consideration of physical coastal
processes.

o

XBeach has varying modes of numerical complexity (phase-averaged and phaseresolving) that can be used to increase modelling efficiency in certain situations.

o

It has a mode specifically suited to modelling wave runup on gravel beaches which
are common in Scotland.

Modelling of flood extents
 The existing horizontal projection method used by SEPA to predict inland flooding extents
from wave overtopping is likely to significantly over-predict the level of flooding associated
with each storm event (Section 3.3).


Using the wave setup elevation, rather than the commonly applied maximum runup height,
may provide an improvement to the accuracy of flood extents (Gallien, 2016). This approach
warrants further investigation by SEPA as it may reduce the uncertainty in flooding extents
in some places, without necessitating extensive numerical flood propagation modelling
(although would not be as accurate as numerically modelling flood propagation).



This approach can only be taken if the Stockdon formula is used to predict runup (as the
EurOtop and Poate formulae do not separately predict wave setup), or if a numerical model
such as XBeach is used to predict runup.



Overtopping/overwash rates can be predicted with any of the reviewed models, and this
information could then be fed into detailed numerical hydrodynamic flood propagation
models, which would yield far more accurate flood extent predictions than the existing
horizontal projection method.



Where modelling resources allow, flood extents for high risk locations (such as urbanised
areas) should be modelled using numerical hydrodynamic modelling, rather than a
horizontal projection method.



Although this method would be too computationally expensive to achieve at every location
around Scotland, with sufficient modelling resources, dynamic flood extent modelling could
be applied to a national scale assessment if it were used selectively at the major urbanised
(or high risk) areas in Scotland. This would yield the most accurate coastal flooding
predictions possible with current techniques.

Data requirements
 Although SEPA face a number of onerous data requirements to predict coastal flooding
accurately around Scotland, the data gaps present a real opportunity to collect the most
appropriate data for this application.


The need for complete coastal profiles or subtidal seabed gradients for wave runup
modelling means that there is a large data requirement for nearshore bathymetry data.
Bathymetry data of a relatively coarse resolution (e.g. EMODnet’s 230 m resolution) would
be acceptable for offshore wave transformation modelling and are freely available, but high56

resolution bathymetry data (i.e. on the order of 10 meters resolution) that meets SEPA’s
topographic DTM are less commonly available and are required for accurate runup
modelling using any of the models (Section 3.4.1).


The 5 m resolution of the DTM currently used by SEPA can only be considered acceptable for
extracting profiles on gently sloping beaches and dunes, where the gradient does not vary
significantly over a 5 m distance. In other places, no runup modelling should be attempted
unless more detailed bathymetry/topography data can be obtained, as it would provide little
useful information.



Therefore, to enable wave runup to be modelled at any location, LiDAR data should be
obtained at all coastal locations of interest, and at a resolution of no more than 2 m
(preferably 1 m). LiDAR should be flown during low spring tide periods to maximise crossshore coverage, and should ideally be captured following a winter storm event or period of
high wave energy (Section 3.4.2) to represent the coast at its most vulnerable.



To accurately model wave runup over complex sea defence structures, it is suggested that
high-resolution (< 1 m), high accuracy (on the order of cms) topographic data be collected
for those specific structures (Section 3.4.2).



For sites thought to feature cobbles, or other coarse gravel material > 50 mm in diameter,
runup can only be accurately modelled with XBeach-G, which considers water infiltration.
For these specific cases, grain size information would be required by the model, otherwise
runup modelling would not yield useful results (Section 3.4.2).
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