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ABSTRACT

Recent extreme events are challenging the resilience of coastal defences, the task
facing coastal managers is to maintain and improve the resilience of these defences
in the face of a changing climate. Investing in cost effective redesign schemes that
also minimise environmental impacts is therefore of importance. To enable this, a
better understanding of the morphological control on overwashing hazard is required.
We take Sizewell and Minsmere, a region of high value in terms of habitat and energy
assets, as a case study to better understand the effect of morphological control on
overwashing hazard. The significant wave height, peak period along with the extreme
water level from an extreme event with a joint return period of 1 in 75 years that
occurred on the 6th December 2013 was used to force a storm impact model. The
model used 45 defence profiles along the coastline, the time varying discharge from
each was then used as a boundary condition within a flood inundation model.
Comparing this multiple-profile inundation with one based on a single storm impact
model using a defence profile that is representative of the variable coastline under
study, shows that using one representative defence profile gives a close
approximation of flood inundation. Changes to this representative profile, will
provide a good indication of the reduction or increase in inundation extent without
having to run multiple defence profiles for each change in morphology of the
defences. This identifies whether it possible to create a more efficient modelling
approach for feasibility studies to assess the impact of possible future intervention at
vulnerable locations.

1. Introduction
Coastal energy infrastructure assets with a
long lifetime, such as nuclear power
stations, will be subject to increasing mean
sea-levels and changes in storminess that
will put more pressure on the resilience of
the coastal system and infrastructure
(Turner et al., 1995). Without responding to
this increased pressure, loss of natural
environment and a reduction in the
resilience of the energy asset is expected. A
better understanding of the impact of

extreme events is required to allow the
planning of an effective response to the
decrease in resilience (Prime et al., 2015).
Information on extreme events and their
frequency over long timescales is
important; current UK flood management
guidance suggests using the joint
probability of extreme water level and
significant wave height (Hames and Reeve,
2007). The joint probability refers to the
probability of a given extreme water level

and significant wave height occurring at the
same time.

100 m to 1 km apart, depending on the
resolution of the model domain.

Coastal defences are designed to be
resilient to an extreme event of a given
return period or annual probability of
occurrence, which is also known as its
standard of protection. The standard of
protection of the coastline to these extreme
events varies depending on what assets are
being protected. A typical standard of
protection that defences are designed to
withstand a 1 in 200 year event, or a 0.5%
annual probability (Wyse et al., 2015). This
is typical of the protection desired for urban
areas. However, the defences protecting a
nuclear power station are designed to be
resilient to a 1 in 10,000 year or 0.01%
annual probability event (EDF Energy,
2011).

The second model uses the output from the
storm impact model to simulate the
inundation of flood water that is
discharging over the defence crest. The
numerical model used is LISFLOOD-FP
which is a 2D hydrodynamic model capable
of simulating a flood propagation across a
flood plain (Bates et al., 2010; Bates and De
Roo, 2000). Using the time varying
discharge over the defence crests for each
of the multiple storm impact profiles as a
boundary condition gives a maximum
extent of inundation, which can be used to
assess the impact of an extreme event.

A return period based on a joint probability
of extreme water level and significant wave
height can have a range of combinations
that have the same annual probability of
occurrence (Hawkes and Svensson, 2006).
To accurately capture the overwash and
inundation of a joint return period event,
being able to quickly simulate the
overwashing of different extreme water
level and significant wave height
combinations is important.
To simulate the impact of an extreme joint
event, two numerical models are combined.
The first is a storm impact model called
Xbeach-G, which uses a time varying
extreme water level during a storm and
significant wave height as experienced
during the same storm as inputs along with
a 1D across shore defence profile (McCall
et al., 2012). The model calculates the
discharge over a defence crest during an
extreme event. Multiple model runs are
required to provide a spatially varying
discharge over defences along a given
section of coastline. Typically profiles are

Combining the two models shows what the
likely extent and depths of the flooding
would be. The flood depths generated by
the hydrodynamic model can inform
decision makers of the cost of the flooding
using a depth damage curve that converts
the water depth into a monetary cost
(Knight et al., 2015). This can also show if
it would be more cost effective to ‘flood–
proof’ assets in the floodplain rather than
improving the coastal defences.
While the flood propagation model is not
particularly computationally expensive,
generating the multiple time varying
discharge outputs along a section of
coastline can be, especially if many
different extreme water level and
significant wave heights combinations
require simulation. Alternatively if the
defence profiles are altered to show the
impact of different options for increasing
resilience of the defences then re-running
the full suite of storm impact profiles for
each different option or combination will
also
significantly
increase
the
computational cost.
An example of this high computational cost
method was used in Prime et al. (submitted)

to project the uncertainty of a joint return
period. The analysis consisted of 13
defence profiles at 1 km intervals along a
section of coastline, each being run for 30
joint probability 0.5 % annual probability
return period combinations resulting in 390
storm impact model runs. As expected this
resulted in a very high computation cost
with a total runtime of over 6 weeks.
Being able to reduce the runtime would be
very useful in assessing the uncertainty of
different joint return periods and defence
interventions.
Example
interventions
consist of increasing the crest height of
defences, increasing the width of the
defences and varying the sub-tidal gradient
of the defence profiles. However, any
reduction of computational cost would still
require an output that is a good
representation of the high computational
cost output.

95th percentile values across all the profiles
calculated.
This results in 3 “representative” profiles of
the along shore variability in the section of
coastline that was extracted from the
LiDAR (Fig 2). However, if the coastline
significantly changes, e.g. from natural
defences to constructed defences then a
new representative profile is calculated for
that section.
The case study site is described in more
detail in section 2, which followed by a
methodology section in section 3. The
results are presented in section 4 with a
discussion section (section 5) and
conclusions section (section 6) following
respectively.
2. Study Site

To reduce the long runtime, this study has
produced “representative” defence profiles.
This is where multiple cross shore beach
profiles, including the coastal defences,
along a coastline are combined to give a
defined percentile value. This study used
5th, 50th (median) and 95th percentile values.
This is then used in place of the multiple
defence profiles to provide a single time
varying discharge over the defence crest
that is applied equally along the coastline
rather than being spatially variable as
derived from the multiple defence profiles.
Producing
“representative”
profiles
involves extracting defence profiles from a
LiDAR dataset. For the study area this has
a 1 m horizontal resolution so profiles have
been extracted at this resolution along the
coastline. This results in a 1 m resolution
1D defence profile across the coastline at 1
m intervals along the coastline. The defence
crests of each profile are then lined up and
each of the 1 m interval elevation values
along the shoreline then has the 5th, 50th and

Figure 1: Case study site showing power station sites and
Minsmere Level to the north. The dots show the locations of the
perpendicular defence profiles. The boxes show the areas of
LiDAR that were used to produce the defence profiles.

Sizewell and Minsmere are located in the
southeast of the UK, and are part of the
coastline in the North Sea (Fig 1). We focus

on the section of coastline that hosts the
nuclear power stations Sizewell A and
Sizewell B. Sizewell A is a twin Magnox
reactor site that became fully operational in
1966 and shut down on 31st December
2006. Defueling of the reactor has recently
been completed and full site clearance is
projected to occur by 2097. Sizewell B is a
single pressurised water reactor (PWR) that
became fully operational is 1995 and is
estimated to commence decommissioning
in 2035 with site clearance likely to occur
well after 2100. A new nuclear power
station, Sizewell C is currently in stage 2
consultations and is planned to be two PWR
reactors built on land to the north of
Sizewell B. Therefore the resilience of this
coastal region is important up to and
beyond 2100. The sea defences consist of a
secondary bank with a crest of 5.0 m OD at
the rear of the present beach, behind which
there is a depression before the ground rises
up again to the primary sea defence bank
with a crest of 10.0 m OD. Sizewell A and
B both have pre-existing operational safety
cases that evidence their resilience to
extreme events.
To the north, Minsmere is in a low-lying
area of the coast - the landscape is largely
flat and is known as the Minsmere Level, an
area of drained and re-flooded marshland.
The area is a RSPB reserve and has many
important habitats, with much of the area
being designated a RAMSAR site.
Minsmere and the surrounding area are
important tourist destinations and, as such,
provide large contributions to the local
economy. The coastline at Minsmere
consists of a narrow shingle beach with
some sand dunes. This area to the north of
the energy generation sites is at risk of
flooding from extreme storm surge events.
The Level is protected from coastal
flooding by a line of sand dunes from
Minsmere Cliffs in the north, to the power
stations site defences in the south.

Additionally there is a clay embankment
which runs along the back of the dunes in
the northern part of the site which provides
a second line of defence. There is also a
sluice at Minsmere that has recently
undergone refurbishment which will
protect from coastal flooding and allow
freshwater drainage from Minsmere Level
(RSPB, 2014).
3. Method
Section 1 introduced the concept of using
LiDAR to produce across-shore defence
profiles along the shoreline at the resolution
of the dataset. This study used the latest
dataset provided by the Environment
Agency. While every profile extracted is
used to produce the “representative”
percentile profiles (Fig. 2), the spatially
variable simulation only used every 100th
extracted profile resulting in 45 1D profiles.
As detailed in section 2, there are two
discernible separate sets of defences, the
Minsmere defences to the north and the
more substantial defences fronting the
power stations to the south. Figure 1 shows
these two areas as red and blue boxes.
As introduced in section 1, this study
combines a storm impact model (XbeachG) with a flood inundation model
(LISFLOOD-FP). The extreme event that is
being simulated by the storm impact model
is the 1 in 75 year joint probability extreme
event for the specific combination of
extreme water level and significant wave
height that occurred at Sizewell on the 6th
December 2013 (Wadey et al., 2015). The
storm forcing conditions for the extreme
event were taken from the Sizewell
Waverider buoy and the Lowestoft tide
gauge. Both of these datasets have good
quality data for the relevant extreme period
that is being reconstructed.
This study compares the maximum
inundation extent and water depths output

from the inundation model for two different
boundary condition simulations. The first is
based on the boundary conditions being
created by the 45 1D defence profile storm
impact model runs 100 m apart for the
section of coastline shown in Figure 1
(dots). This results in a spatially variable
discharge over the coastal defences. The
second
simulation
adopts
6
“representative” percentile defence profiles
for the two sections shown in Figure 1 (red
and blue boxes) resulting in a uniform
discharge over the relevant section of
defences. The aim of this being to
significantly reduce the computational cost
of simulating the inundation that occurs
over defences during an extreme event.
While maintaining a good representation of
the spatially variable simulation.
The output of the “representative” profile
calculations can be seen in Figure 2 where
the 5th, 50th and 95th across shore profiles
are shown for the first representative
section that covers the Minsmere level
(Blue box Figure 1).
The outputs from the two simulations can
be compared to see if they have a similar
maximum extent and also to see how
closely the water depths match between the
two simulations.

Figure 2: 5th, 50th and 95th Representative beach transect profiles
for the First representative section.

4. Results
Presented below are the results from the
spatially variable discharge simulation and
the 50th percentile representative profile
uniform discharge inundation (Fig, 3). The
5th and 95th representative profiles for both
sections (red and blue boxes Fig. 1) are not
shown as they showed excessive discharge
or no discharge respectively.
These results are not displayed or discussed
further as they would not be a suitable
representation of the spatially variable
discharge simulation. Figure 4 shows the
difference in depths of flooding between
the two simulations maximum extents.

Figure 3 shows that both flood simulations
have similar extents, with the spatially
variable simulation showing a larger extent
in the north of the model domain. There is
some additional inundation on the shoreline
in the north for the uniform simulation. The
extent matches well in the region of the
energy generation infrastructure at Sizewell
to the south and in the vicinity of the
proposed new build site.
Figure 4 shows the differences in flood
depth between the two simulations. It can
be seen that there is good agreement in the
depths of the flooding alongside the power
stations, however, there is a greater
difference in depths to the north of
Minsmere Levels, with areas having a
difference of water depths in excess of 0.15
m.
Figure 3: Maximum flood extents for both the spatially variable
discharge simulation made up of 45 profiles (red) and uniform
discharge made up of one 50th percentile representative profile
(blue).

Table 1: Details of the extents of flood depth difference when the
multiple profile model is compared with the 50th percentile
output. The percentage matched shows the percentage of the flood
depth difference in comparison to the total area of both of the
model approaches. The table also shows the inundation extent of
both profile model assessments, these are also compared with the
total area of both flood projections.

Flood Depth
Difference
≥1 m
< 1 m & ≥ 0.25 m
< 0.25 m & ≥ 0.15 m
< 0.15 m
Simulation

Extent (m2)

Multiple defence profile
simulation
50th Percentile profile
simulation

4,576,950

Percentage
matched
0.2%
10%
47%
46%
Percentage
matched
100%

3,930,450

86%

10,250
487,675
2,141,025
2,112,625
Extent (m2)

Table 1 shows the different inundation
areas and the areas that have differences in
flood water depths. All percentage values
are comparisons with the spatially variable
simulation. The total percentage values add
up to greater than 100%, this is due to the
uniform simulation flooding areas that the
variable discharge simulation did not.
Figure 4: Difference in flood depths between the spatially
variable discharge simulation and the uniform discharge profile

The storm impact model run times for the
45 profiles used in the spatially variable

simulation was 6428 minutes or
approximately 4 and a half days. In contrast
the two 50th percentile representative
profiles took 320 minutes. This is a
substantial improvement in computational
cost without significant detriment to the
flood inundation projection. In the future
the 5th and 95th “representative” profiles
would not be run as there is no benefit in
using them as a boundary condition for an
inundation model which also saves
computational cost.
5. Discussion
Table 1 shows the flooded areas for each of
the simulations. It can be seen from this that
the variable discharge simulation has a 14%
greater extent when compared with the
uniform discharge simulation. Figure 3
shows that this disparity is predominantly at
the northern part of Minsmere Level.
However, the extent is a good match to the
south of the Level and the flooding to the
northwest and west of the power stations.
Therefore the 50th percentile representative
profile exhibits a good match to the 45
profiles used in the variable discharge
simulation, particularly if the focus of the
modelling is in assessing potential flooding
in the region of the energy infrastructure.
The representative section that was created
from the area of LiDAR in the red box in
Figure 1 experienced no overwashing at
any point, which was also the same for the
relevant profiles from the 45 profiles used
in the variable discharge simulation that
were in this section protecting the power
stations.
Table 1 shows the extent in m2 for the two
different simulations. It also shows the
extent of the difference between the two
simulations. For example differences in
flood water depths between the two
inundation simulations that are less than
0.15 m make up 46% of the total inundation

extent of both simulations. If this is
increased to a difference of 0.25 m then the
match increases to 93%, showing that the
two simulations have a disagreement of less
than 0.25 m for 93% of the flood extent.
This demonstrates that the procedure of
using one 50th percentile profile to generate
a uniform discharge rate across a set of
defences will give a good indication of the
projected inundation based on 45 defence
profiles for this region.
Not having to run 45 or more profiles for
each different extreme event significantly
reduces the computational cost by 6108
minutes or by 95%. This reduction in
computational time would allow many
different extreme events or combinations of
extreme water level and significant wave
height to be simulated much more quickly.
It also allows the defence profile to be
modified to explore morphological
interventions to reduce the overwashing
discharge, for example higher crest heights
or wider defences.
It should be noted that the inundation extent
projected by either simulation may not
match with the reality of the extreme event
on the 6th December 2013. There are two
main reasons why there may be differences,
with the storm impact model, the simulation
used the same significant wave height that
occurred at the peak of the extreme water
level as input for the whole simulation
whereas in reality this varied. Additionally
the flood inundation model uses a friction
parameter which can be used to “tune” the
inundation extent to match the observed
extent if available. Currently this has not
been undertaken for this study, but if
observed extents become available this will
be undertaken.
6. Conclusions
This work has shown that using a 50th
percentile representative defence profile as

a basis for creating a uniform overwashing
discharge simulation that is then fed into a
inundation
model gives a
good
representation of inundation based on
multiple defence profiles that gives a
spatially variable discharge along the same
section of coastline. This demonstrates that
simplifying the storm impact modelling
does not have a detrimental impact on the
outputs of the inundation simulations. This
allows more projections to be made and
also more simulations of different
conditions, to see how anthropogenic or
natural interventions to the defence profile
perform in extreme events, and the most
cost effective way to improve the resilience
of the coastal defence.
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