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Abstract: The SCAPE (Soft Cliff and Platform Erosion) model of cliff
toe retreat, and a cliff-top recession model, have been linked with a new
flexible GIS tool (SCAPEGIS) to provide visualisation and analytical
capability for the model results. 45 model runs exploring different sea-
level rise and wave climate scenarios and protection choices are
available. Outputs are available in the form of maps, dynamic
visualisation, and descriptive statistics of key parameters such as cliff
toe and cliff top position. It also allows analysis with other datasets
such as land use and building location for impact evaluation, and hence
supports shoreline management and cliff-top land use planning. Some
preliminary results and ideas for further development are presented.

INTRODUCTION

The likely magnitude of coastal erosion over the coming decades is of great concern
to scientists, policymakers and the general public, especially with the expectation of



an acceleration in sea-level rise (SLR). In the UK, fluvial and coastal flood risk is
now reasonably well-defined at the national and regional scales (Hall et al., 2003;
Evans et al., 2004). In contrast, broad-scale modelling of coastal morphological
changes remains a major challenge (e.g. Capobianco et al., 1999), even though recent
studies are addressing the phenomenon and its determinants in a more realistic
manner (e.g., Burgess et al., 2002; Townend and Burgess, 2004), including
European-Union-scale assessments (RIKZ e al., 2004). In the UK, we are fairly
certain that present and future erosion risk is much smaller than flood risk (Evans et
al., 2004), but more detailed analysis of risks and responses is hindered by the
limited knowledge of the size and location of erosion hazard zones for different
shoreline change and management scenarios. The Soft Cliff And Platform Erosion
(SCAPE) model results described by Dickson et al. (2005a; 2005b) provide a
detailed dataset for such analysis for North-East Norfolk.

SCAPE is a process-based model that determines the reshaping and retreat of shore
profiles along the coast (Walkden & Hall, 2005; Dickson ef al., 2005a). Shore
recession proceeds through cycles of beach lowering from longshore transport, shore
profile erosion, cliff toe retreat and the release of beach sediments from the cliff and
platform. Predictions of cliff top recession are generated by taking the SCAPE
predictions of cliff toe recession and then sampling, from the relevant distributions,
first an initial cliff angle and then a sufficiently long sequence of angles ¢y and o
(within a Cliff Behavioural Unit, the cliff can be expected to fail when it reaches a
average angle orand will, after failure, adopt an angle ¢). Large numbers of samples
of these sequences of angles are used to generate a histogram of predicted cliff top
locations at given numbers of years in the future (Hall et al. 2002).

The SCAPE and cliff-top models provide the inputs to a new Geographical
Information Systems (GIS) tool (SCAPEGIS) which provides the framework of
analysis in this study. The target audience is coastal policymakers and planners who
would like to visualise erosion predictions and analyse their implications, including
possible responses, by integrating with other spatial datasets (e.g., land use) for
impact estimation and decision support. Using GIS technology to visualise coastal
erosion predictions provides a powerful means to understand coastal changes and
their impact in local and regional scales (Brown et al., 2004). This work is part of a
bigger research effort by the Tyndall Centre for Climate Change Research (see also
Brown et al., 2004; Dickson et al., 2005a; Hall et al., 2005; Jude et al., 2005), which
is making an integrated assessment of coastal erosion and flood risk within coastal
sub-cell 3b (for strategic planning of responses to flood and erosion hazards, the
coastline of England and Wales has been divided into 11 cells, which each contain a
number of sub-cells (DEFRA, 2001; Cooper et al., 2002)), and contributing to the
Regional Coastal Simulator (www.tyndall.ac.uk).

STUDY AREA

The area studied was the cliffed coast of Norfolk from Weybourne to Happispurgh
(within subcell 3b) as shown in figure 1. This area has been retreating through the
Holocene (last 10,000 years), with typical ‘natural’ recession rates of up to 1 m/yr



(Clayton, 1989). The cliffs are dominantly composed of easily-eroded till deposits up
to 70 m high. Erosion releases large quantities of sediment, the sand and gravel sized
fractions of which are carried to neighbouring beaches. Those to the south east,
fronting the low-lying Norfolk Broads, protect the coastal lowlands from North Sea
floods (Hall ef al., 2005). In recent times, much of the coast has been highly
modified by coast protection (Clayton, 1989; Dickson et al., 2005a), which delays
erosion of cliff-top land, but reduces the supply of sediment to the beaches.
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Fig. 1. Study area

METHODOLOGY

An “offline” protocol was used to link the SCAPE model and cliff top predictions
with the GIS. This means that the model and the GIS tool can be operated separately.
The advantage of this method is that it allows for independent development, use and
updating of the two tools, although in the future, the SCAPE and cliff-top models
could be embedded in the GIS if this was thought to be advantageous.

SCAPEGIS visualises data of past and future scenarios of shoreline evolution. The
SCAPE model runs for a combination of 45 climate and management scenarios and
the results produced (e.g. cliff toe position, beach volume) are input in the
SCAPEGIS for visualisation, and input to the cliff top prediction model developed
by Hall ef al. (2002). The outputs of the cliff top prediction model are also input to
SCAPEGIS together with other auxiliary data for visualisation and impact analysis.

The 45 scenarios used in the analysis are described in detail by Dickson et al.
(2005a; 2005b). They comprise a range of sea-level rise scenarios (from 0.2 to 1.2-m
rise over the 21* Century), wave scenarios (comprising no change, up to an increase
in winter wave heights of 10%, and changes in direction of £10° as a sensitivity
analysis), and a range of management scenarios (from no protection to total
protection, with three more realistic intermediate protection options, comprising the
existing situation (Management scenario 2), and two further options with a move to
less protection by 2030).



Table 1. Summary defining the 45 scenarios used in the analysis in terms of relative
sea-level rise, wave conditions (indicated by H; low, etc.) and management approach.

Management  Relative sea-level rise scenario (2000 to 2100)

Scenario _ _
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3 (34%) 19 20 21 22 23 24 25 26 27
4 (16%) 28 29 30 31 32 33 34 35 36
5(0%) 37 38 39 40 41 42 43 44 45

SCAPEGIS Description

SCAPEGIS provides visualization and spatial analysis support to SCAPE and cliff
top prediction models as described above, but other erosion models with a similar
data output format could also be imported to SCAPEGIS. The main dialog of the
current version of the user interface is shown in figure 2.

inking coastal erosion models to GIS
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Fig. 2. The main dialog of SCAPEGIS



Data input related to SCAPE results are possible using the third option (Read
SCAPE model outputs), and data visualisation using the fourth option (2D
Visualisation of SCAPE outputs) of the main form. An example of the modules
available using the fourth option is shown in figure 3.

Select the file that containg the current Chff Pogitions [...] 11'
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Fig. 3. The input and visualisation dialog of SCAPEGIS

The SCAPE simulations were conducted using a grid based on a series of 101 two-
dimensional ‘Y’ sections spaced at 500-m intervals. Shore and beach profile
evolution were calculated on the Y sections, whereas bulk longshore sediment
transport is calculated halfway between each ‘Y’ section (Dickson et al., 2005a).
The major focus here is the cliffed section of the coast, comprising63 sections. Data
provided from the SCAPE model includes:

1. Beach additions (yearly totals): The average amount of sediment added to the

beach from platform and cliff erosion at each Y section each year (101 sections * 99
years (2001-2100)).

2. Beach volume (yearly average): The average volume of sediment along 500-m
sectors of coast held in beaches at each Y section each year (101 sections * 99 years
(2001-2100)).

3. Recession distances: The total amount of cliff toe recession at each Y section
each year (101 sections * 99 years (2001-2100)).

4. Longshore sediment flux moving past the southern and northern boundaries of
the cliffed section (at Weybourne and a little south of Happisburgh, respectively)
every tide. The annual net sediment flux can be calculated by adding the first 703
tides together (703 tides per year).



5. The average relative level of the shore platform near the cliff toe for each Y
section every year.

Elements 1,2,3 and 5 are currently read into SCAPEGIS.

Cliff Top model outputs

SCAPE provides predictions of the cliff toe position, so to define cliff-top hazards
these need to be translated to a cliff-top position. This was accomplished using the
probabilistic cliff top model of Hall ef al. (2002). This provides probability density
functions (Pdf) of cliff top position for any cliff toe position. Recession distances
(from initial cliff toe positions) corresponding to the 5™ and 95™ percentiles of the
probability density function were extracted and used to generate the areas on the cliff
top considered to be lost, at risk, and safe, given any cliff toe position from SCAPE
(as shown in figure 4). The Pdf of cliff top positions accounts only for the
uncertainty in the angle of the cliff slope and not for uncertainties in the locations of
the cliff toe.
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Fig. 4. Areas lost and at risk on the cliff-top. All other areas are considered safe

Cliff Erosion Impacts

Visualisation is a major element of SCAPEGIS, but the use of SCAPEGIS extents
far beyond just producing maps. The tool developed has functions to link back to the
SCAPE model, providing information to define the baseline and grid and for
validation of the results, as well as other spatial information, in the form of
coordinates, necessary for the model’s operation. It should be noted that the parallel
development of SCAPEGIS assisted the SCAPE model development. Most



| importantly, SCAPEGIS can be used to assess the impact of coastline changes on
cliff top land use and associated urban areas, as well as changes in beach state.

The last option in the main dialog (figure 2) allows the user to estimate land losses
due to simulated cliff erosion. If land use and infrastructure data or scenarios are
available, then the types of land use and the number of infrastructure elements (e.g.
buildings) that will be lost or at risk can be estimated.

The user of SCAPEGIS can build polygons for each model section to estimate land
loss between the position in the “current” year and a predicted position (e.g. year 37,
through 100). It is also possible to estimate land losses in specific areas (for example
town boundaries) by selecting the appropriate sections. The form that allows impact
estimation is shown in figure 5.

Build Polygons of areas lost due to erosion

[ A
ﬁ Show Area Lozt due ta Erosion per Land Cover Type

1 Select specific Sections (in Polygan format]

20| Get [select] the number of Features that fall within the previously selected Sections [polygons)

Fig. 5. The Impacts Estimation dialog of SCAPEGIS

Using auxiliary data, for the current study area, such as CORINE land cover maps, it
was possible to estimate the type and the amount of land loss over the next 100 years
under different management scenarios. Using OS Landline data as well as
OS address layer it was possible to estimate the number of buildings and resident
properties that will be lost or at risk in the next 100 years for each SCAPE scenario.

Preliminary economic analyses have also been made, in terms of both undiscounted
losses, and the net present value of the losses as determined using the standard
national project appraisal methods in England and Wales (Penning-Rowsell ef al.,
2003; Hall et al., 2000). The costs of residential properties was estimated based on
the average value of (all) dwelling prices in 2001 (GBP 128184 in East England),
while the value of arable land was considered to be 7300 GBP/ha (Penning-Rowsell
et al., 2003). These preliminary estimates are being further investigated, including
development of four scenarios of future cliff-top land use based on the Foresight



socio-economic scenarios (cf. Evans et al., 2004) — giving potentially 180 different
scenarios (4 x 45 scenarios).

RESULTS & DISCUSSION

Visualisations of coastal recession and risk zone were performed for the area studied
using different scenarios in order to assess the impact of protection strategies and
climate change. The retreat of the cliff top (the risk zone) is shown below in figure 6,
for scenario 43 (remove all defences, high sea-level rise and Hs high). Such images
can be dramatic, especially in built areas, and are a useful way to communicate
potential erosion risk (see also Jude et al., 2005).

Fig. 6. An example of estimated cliff-top retreat for 2100 showing both recession lines (under
scenario 43 — see Table 1). Land seaward of the right hand (yellow) line is assumed to be lost,
while land between the two lines is at risk.

The loss of land, buildings and residential properties under the 45 scenarios has been
calculated. While it is apparent that losses increase as the proportion of defended
land decreases, it is also apparent that there are losses even when the entire coast is
protected, especially land loss. This reflects an uncertainty in the baseline data
compared to the SCAPE predictions, and also the linear representation of the coast
between the 500-m ‘Y’ cross-sections in SCAPEGIS. Given the small size of the
erosion hazard zones, small errors in position translate into large possible errors in
erosion risk. These problems are common when combining different geographic data



and we are still investigating how best to deal with them. In the results shown here,
losses are measured relative to the full protection option to minimise this effect: so
losses are zero under the full protection option by definition. Hence, the results are
meaningful in both absolute and particularly relative terms. Under the full protection
option we also identify land and buildings that are at risk. However, this is correct, as
there is potential for cliff failure, even if the cliff toe defences are maintained. An
example is the cliff-top failure at Clifton Way in Overstrand, despite long-term cliff-
toe protection.

Figure 7 shows the building and residential property losses, while Figure 8 shows the
total land and arable land losses, respectively. There are losses under all the cases
without full protection, even with the low sea-level rise scenario. This stresses the
erosional nature of this coast. Losses increase with sea-level rise and decreasing
protection. Wave scenarios also influence the losses, but to a lesser degree than the
other factors.

Land loss and residential property losses show different behaviour. Land loss
increases dramatically as the amount of protection declines from 100% protection to
70% protection, but land losses do not grow so rapidly with further reductions in
protection, although the losses are not necessarily occurring in the same locations.
The difference in land losses between the low and high sea-level rise scenarios is
about 20%. Residential property losses increase as protection decreases, and this
effect accelerates as protection falls to zero. The difference in residential property
losses between the low and high sea-level rise scenarios is about 40%. This
difference in land and residential property losses mainly reflects the non-uniform
distribution of residential properties. Hence, small additional land losses as defences
are abandoned lead to significant additional residential property losses. This can be
seen in figure 9, which shows the residential property losses per hectare of land loss
as a function of protected length: unit losses of residential properties increase as the
length of defences declines.

The undiscounted value of the residential properties lost is up to £194 million (in
2001 GBP). In terms of net present value, this is up to about £1 million/year. These
values are incomplete as they do not include non-residential properties or transport
link disruption. However, this omission is unlikely to change the overall picture that,
while impressive when visualised (e.g. figure 6), the economic losses on the cliffed
coast due to erosion are quite small under all the scenarios considered here. Hence,
the erosion risk is much smaller than the flood risk that occurs to the south (Hall et
al., 2005).

The results also show that if we protect the entire coast, or even maintain the present
situation, the shore platform will continue to lower, and the beach volumes will
continue to decline, resulting in declining beach width and area. This has
implications in terms of increasing defence costs over time, and a degrading coastal
environment, as the beach is an important element in the coastal aesthetic.
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above, the underpinning models and results stored in SCAPEGIS provide an

Shoreline management planning in England and Wales is looking to develop more
dynamic, less protected coasts (DEFRA, 2001; Cooper et al., 2002). As illustrated
excellent basis to explore the implications of these important choices.

10



0
09
00k
0Sh
00¢

0§
00k
oSk
00¢

0012 0} 000Z Pouad ay}

Jo} olleusos juswabeuew pue (aAem pue |aA8| eas) alewl|o Jad SSO| pue| ajge.e pue sso| puej [e10] ‘g ‘B4

1507 puT9IqeIY

}S07'pueT]
SOlleusdg Ememm:mS_
¥ € 4 3 g 14 € 4 4 € 4 3
T -0
— 0§
— 00l
— 051
— 002
pawy1S MO S yoIyIS
ybly sH ubly sH by sH
paw H1S MO TS yPIYIS
-yby sH -ybly sy -yby sH
T— -0
gl
— 0ol
— 051
— 002
paw H1S MO TS Py YIS
+UbIy sH +UbIy sH +UbIy sH
paw H1S MO TS yoy y1S
MOJ| SH MO| SH MO| SH
L — 0
"1
— 0ol
— 081
— 002
paw H1S MO 1S eI YIS
paw sH paw sH pasw sH

ey ‘ealy pue’

11



——SLR Low Hs Low

—=— SLR Low Hs High
SLR Low Hs High+
SLR Low Hs High-

—*— SLR Mid Hs Mid

6 + - |—®SLRHighHslow f------- - - - -

—+— SLR High Hs High

—— SLR High Hs High+
SLR High Hs High-

Density (/ha)
S

O T T T T
100% 80% 60% 40% 20% 0%

Protection (%)

Fig 8. Residential property density on areas subject to land loss,
versus the amount of protection. Results are shown for a range of
climate scenarios.

CONCLUSIONS & FURTHER WORK

The added value of a GIS tool such as SCAPEGIS to the analysis of the results of
coastal erosion models has been demonstrated in this study. It was made possible to
visualise cliff recession lines together with other layers representing the current
situation, and to estimate the potential impacts of erosion under a wide range of
climate and management scenarios. As further scenarios are developed, the
SCAPEGIS data sets can be expanded. SCAPEGIS allows the constituent datasets to
be analysed and hence explores the outcomes of different management approaches
across a range of climate uncertainties.

Further analysis of costs and benefits of cliff retreat as well as linking the cliff-top
changes with land use change models will be the next major step, as well as its link
to flood risk (Hall ef al., 2005). Given that there is widespread interest in shoreline
management moving to a less protected, more dynamic coast we will also explore
methods which could support planning for managed retreat on cliffed shorelines
Lastly, the uncertainties of the model also need to be systematically explored.
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