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a b s t r a c t
Cliff retreat poses a threat to coastal communities worldwide. In soft cliff environments, coastal retreat may
occur at rapid rates. The environmental signiﬁcance of soft cliff environments, coupled with the societal impacts of cliff retreat, means that it is important to understand the processes and timings of soft cliff erosion.
Here, a new statistical, process-response model of soft cliff erosion is proposed, based on the premise that
wave energy delivered to the cliff toe is the key parameter forcing erosion. More speciﬁcally, and in contrast
to prior studies that have sought to link erosion rates to indices of peak wave energy, we postulate that the
Accumulated Excess wave Energy (AEE; the time integrated total wave energy above an erosion threshold), is
the key hydraulic control on soft cliff erosion. The new model is calibrated to two UK sites with contrasting
(Atlantic versus North Sea) wave energy regimes, before downscaled HadCM3 Global Climate Model outputs
are used to assess how future (next ~ 100 year) changes in sea-level and wave height affect retreat rates at
the two study sites. We show that the AEE model accounts for between 46% and 89% of the variance in observed coastal erosion; representing an improvement over prior models that use measures only of peak
wave energy. The AEE model suggests increases of between 0.5 m.a–1 (92%) and 0.3 m.a–1 (33%) in mean erosion rate by 2100 for sites in the Atlantic and North Sea, respectively. Furthermore, it is shown that at both
sites extreme events, exceeding the 95th percentile value, are projected to become three to four times
more likely under scenarios of future climate change, highlighting a need to understand and predict the extreme response of coastal cliff systems to changes in climate.
© 2013 Elsevier B.V. All rights reserved.

1. Introduction
Coastal cliff retreat is a serious problem threatening coastlines
worldwide. In the UK alone, estimates of future economic losses due
to the coastal erosion expected under future climate change are of the
order of £126 M per year (Dickson et al., 2007). Understandably, there
is therefore an interest in using models to predict rates and locations
of retreat (Bray and Hooke, 1997; Dearing et al., 2006; Hapke and
Plant, 2010), and in particular to identify whether sea-level rise and climate change may cause enhanced erosion in the future (Walkden and
Hall, 2005; Dawson et al., 2009; Nicholls and Cazenave, 2010).
Given that there is now widespread agreement that anthropogenic warming will inﬂuence future sea-level and wave climates
(e.g. Solomon et al., 2007; Jenkins et al., 2009), it is evident that cliff
retreat models must be capable of representing the response of coastal systems to such pressures (Walkden and Hall, 2005). In the case of
sea cliffs, the energy delivered to the cliff toe via breaking waves has
long been identiﬁed as a key driver of coastal retreat (Robinson, 1977;
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Sunamura, 1992; Amin and Davidson-Arnott, 1997; Castedo et al.,
2012). Furthermore, it has been suggested that undercutting of the
cliff toe by wave action, and subsequent mass failure, is the mechanism by which most cliffs are eroded, regardless of their lithology
(Edil and Haas, 1980; Young and Ashford, 2008; Lim et al., 2011).
For the above reasons, the action of waves is widely regarded to be a
key factor controlling the process and rate of cliff retreat (Sunamura,
1992; Trenhaile, 2009, 2010). Previous empirical attempts to quantify
the relationship between wave energy and coastal retreat have tended
to employ indices of wave energy (such as peak wave energy) that are
focused on singular energy delivery events (e.g. Dorsch et al., 2008;
Quinn et al., 2010). Although these prior models have found that the
empirical relationships between peak wave energy and cliff retreat
rate are statistically signiﬁcant, their predictive power is frequently
not very high, only accounting for between 26% and 62% of the total variance in observed rates of coastal retreat (Robinson, 1977; Amin and
Davidson-Arnott, 1997). Large portions (38% or greater) of the variation
in coastal retreat remain unexplained by indices of peak wave energy,
therefore, other parameters may be more useful.
A particular limitation of prior approaches is that they focus exclusively on event magnitude. Yet, it is generally acknowledged that
storm events of equivalent magnitude but with varying (increased)
duration result in greater coastal erosion (Ferreira, 2005; Ciavola et
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al., 2007; Callaghan et al., 2008). More speciﬁcally, the duration of the
storm event above an erosion threshold has been shown to be a key
determinant of erosion rates in a number of geomorphic systems including river bank systems (Darby et al., 2010) and bedrock river
channels (Costa and O'Connor, 1995).
A further limitation of existing cliff recession models is that it is
recognised that the energy expended by breaking waves is not exclusively a function of the wave height. Notably, long-term changes in
sea-level are often cited as being a key driver of coastal cliff recession
(e.g. Nicholls et al., 1995; Bray and Hooke, 1997; Walkden and
Dickson, 2006), while shorter-term variations in sea-level associated
with tidal and nodal cycles also modulate the energy delivered to
the cliff foot by breaking waves (Adams et al., 2002, 2005; Lim et
al., 2011; Dickson and Petney, 2012). For example, large waves occurring at neap tides may be less effective at delivering energy to the cliff
than comparatively small waves occurring at spring tides.
Energy delivery to the cliff foot is also further modulated by physical features such as beaches and shore platforms (Walkden and Hall,
2005; Lee, 2008). For example, it has been shown that beach widths
of 20–30 m provide signiﬁcant protection from wave erosion, whilst
beaches of width greater than 60 m provide complete protection
(Everts, 1991). Many existing models account for the response of
sea cliffs to singular energy modulating factors, such as sea-level
(e.g. Bruun, 1962; Walkden and Dickson, 2006), and some empirical
shoreline evolution models have attempted to account for variations
in wave energy over decadal time scales (e.g. Yates et al., 2009;
Davidson et al., 2010; Yates et al., 2011; Gervais et al., 2012; Long
and Plant, 2012). However, these latter models integrate the applied
energy spectrum over singular events and do not include explicit representation of sea-level and its associated impacts on wave energy delivery, limiting their ability to be applied to meso-scale (10–100 year)
shoreline evolution (Davidson et al., 2010; Long and Plant, 2012).
In this paper we develop a new statistical, process-response model
of soft cliff (deﬁned as cliff composed of unconsolidated materials
such as sands and shales; Damgaard and Dong (2004)) erosion
based on a posited relationship between the rate of cliff erosion and
the accumulated excess (over an erosion threshold) energy (AEE) delivered to the cliff toe. Herein we compute this AEE parameter based
on absolute water level (Hs + Sl, Figs. 1, 2), that is we employ a water
level time series that combines estimates of signiﬁcant wave height
(Hs) and varying sea-level (Sl). This approach differs from previous
attempts to link coastal retreat to wave energy (e.g. Robinson, 1977;
Amin and Davidson-Arnott, 1997; Adams et al., 2002, 2005) by accounting for the accumulated combined sea-level and wave energy
over a threshold delivered to the coast over a period of time, rather
than focusing exclusively on the magnitude of singular energy delivery events (Fig. 2). This approach also permits the assessment of
changes in storminess and sea-level over meso-scale timescales, an
area where existing shoreline evolution models are limited (Long

Fig. 1. A simple theoretical model of cliff foot erosion (adapted from Ruggiero et al.,
2001; Lee, 2008).
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Fig. 2. Combined signiﬁcant wave height and sea-level data for a 25-day time period
from the Channel Light Vessel wave buoy and Southampton tide gauge. Differing
values of the threshold wave height (Ωc) are highlighted by the dashed (Ωc1 =
5.0 m) and solid (Ωc2 = 6.0 m) lines. For Ωc1, the accumulated excess energy (AEE)
equates to the light and dark grey areas combined. For Ωc2, the AEE equates to just
the dark grey shaded area. Totals for the AEE are provided for each indicated threshold.
Ωc1 has a higher AEE as more events occur above this threshold.

and Plant, 2012). The new model developed herein, therefore represents a ‘simple’ (i.e. without multiple parameters requiring calibration)
model of soft cliff erosion which is unique in the current soft cliff literature. Furthermore, the application of this model over meso-scale
timeframes is novel and represents a signiﬁcant development in facilitating improved understanding of the response of soft cliff coastlines
to changes in future climate.
The structure of this paper is as follows. Section 2 is concerned
with outlining the theoretical background behind the posited relationship between AEE and shoreline retreat. Section 3 describes the
study sites used in the calibration of the model, detailing their differing geologies and energy regimes. Section 4 identiﬁes the relevant
data sources relating to values of cliff retreat, wave energy and
sea-level required for each study site, and Section 5 presents the calibration of the model. Finally, in Section 6, the calibrated models are
forced using future (~ 100 year) sea-level and wave heights from
downscaled Global Climate Model (GCM) outputs to make projections of future changes in soft cliff erosion under climate change.
2. Model development
The underlying theoretical basis for using the AEE approach to
predict soft cliff erosion has its foundation in the concept of Basal
End Point Control (BEPC; Carson and Kirkby, 1972; Thorne, 1982).
This concept has long been used in hillslope and ﬂuvial geomorphology to explain the relationship between slope migration rates and the
interaction between ﬂow and sediment transport, or erosion, at the
base of the slope (Darby, 1998). BEPC relates the rate of slope retreat
to the rate of sediment removal/deposition at the foot of the slope
(the latter being controlled by the ﬂow energy there), with three distinct states being referred to as follows (Thorne, 1982):
I) Impeded removal
The rate at which material is supplied to the base of the slope
by slope failure is higher than the rate at which the sediment
is removed. This results in the accumulation of sediment at
the base, decreasing slope angle and height. The rate of supply
thus tends to decrease as the slope becomes more stable,
resulting in decreased slope retreat rates and leading to the
second state;
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II) Unimpeded removal
The processes delivering material to the base of the slope, and
those removing the sediment away, are in balance. There is no
change in basal elevation or slope angle. This is, therefore, a
state of dynamic equilibrium. The slope recedes via parallel retreat at a rate limited by the removal of material stored at the
base of the slope, meaning that the retreat rate is conditioned
by hydraulic conditions at the base of the slope;
III) Excess basal capacity
The rate of removal of basal deposits is greater than the rate of
supply of sediment to the base. Basal lowering occurs which increases slope angle and height. This causes increased slope instability and an increase in rate of supply of sediment to the
base, causing an increase in the slope erosion rates, resulting
in a tendency towards a state of unimpeded removal.
The principal implication of BEPC (that the rate of retreat is governed
by hydraulic activity at the toe) applies over timescales encompassing
multiple cycles of slumping and toe erosion. In locations/for timescales
where few such cycles occur, sediment stored at the toe of the slope acts
as a buffer that dampens further slope erosion. Accordingly, it is important to ensure that the calibration of any model based on the principles
of BEPC is conducted over a large enough temporal scale (i.e., multiple
cycles of hydraulically controlled undercutting, mass wasting, and removal of the slumped debris) to ensure that hydraulic activity at the
toe is the dominant factor controlling slope retreat.
In the speciﬁc cases of river banks, or slopes with rivers at their
toe, the sediment budget at the toe of the slope is primarily affected
by the intensity of sediment transport, which in turn is conditioned
by stream power (Thorne, 1982). By analogy, in coastal environments, the delivery of energy by wave action at the cliff toe is likely
to be the critical factor controlling undercutting and the removal of
basal sediments and thereby determining the cliff retreat rate
(Sunamura, 1992; Trenhaile, 2009; Quinn et al., 2010; Castedo et al.,
2012).
Support for the theoretical basis of BEPC in the context of sea cliff
erosion is found in those empirical studies that identify wave energy
as a key driver of coastal cliff recession. For example, over a forty year
period Amin and Davidson-Arnott (1997) calculated that wave energy is statistically signiﬁcant (to 95% conﬁdence levels) when
regressed against shoreline retreat rates along Lake Ontario, Canada;
accounting for 32% of the variability in observed rates of retreat. Similarly, Robinson (1977) concluded that wave energy was the primary
control on cliff toe erosion, accounting for between 23% and 67% of
the variability in coastal erosion observed along the Yorkshire (UK)
coast.
Recently, Trenhaile (2009, 2010) modelled cliff erosion using a
shear stress model of the form
p

Ess ¼ N0 K ss ðτ−τc Þ

ð1Þ

instead used erosion laws based on indices of peak wave energy (e.g.
Amin and Davidson-Arnott, 1997; Adams et al., 2002, 2005). Accordingly, we postulate that the accumulated energy above a threshold required to initiate erosion (Figs. 1, 2) is the key hydraulic control on
soft cliff erosion, resulting in an erosion law of the form:
t

E ¼ ∫ ½ f ððΩðt Þ−Ωc Þ þ cÞdt

ð2Þ

t¼0

where E = the amount of erosion (m) during the time interval t, Ω =
applied wave energy (J/m 3), Ωc = threshold wave energy (J/m 3) required to initiate erosion, and c is a calibration coefﬁcient. The average
energy of a wave per unit surface area, Ω, is;
Ω¼

1
2
ρgH s
8

ð3Þ

where Ω is energy (J/m 3), ρ is the density of sea-water (~1020 kg/m3),
g is the gravitational potential energy of the wave (9.81 m/s2) and Hs is
the signiﬁcant wave height (m), which is normally equated to the average height of the largest one third of waves (Sorensen, 1993; Masselink
and Hughes, 2003). However, as noted previously, wave energy is
more properly speciﬁed as a function of total water level. Accordingly
we rewrite Eq. (3) to account for the combined elevation of waves
super-imposed on a changing sea-level (Sl), such that wave energy
spectra used herein account for the inﬂuence of both short (e.g. tidal
ﬂuctuations) and long-term (progressive) changes in sea-level, as well
as short-term variations in wave heights associated with storms:
Ω¼

1
2
ρgðHs þ SlÞ :
8

ð4Þ

The model proposed here does not explicitly account for the properties of the lithology in which the cliff is formed, instead variations in
rock strength, geotechnical properties and other factor affecting rates
of erosion (e.g. presence of a beach or a shore platform) are accounted
for by specifying the correct value of the calibration coefﬁecnt c and
the threshold wave energy (Ωc) in Eq. (2). The approach taken herein
is, therefore, to deﬁne the functional form of Eq. (2) via empirical regression using wave and sea-level data, at two UK study sites where
data describing coastal retreat are also available.
3. Study sites
To test the applicability of the soft cliff retreat function, two study
sites (Fig. 3) are used to calibrate the AEE model proposed in Eq. (2).
The characteristics of these study sites are now described in terms of
their location, geology and historical rates of coastal retreat.
3.1. South-west Isle of Wight

where Ess (m.a −1) is the erosion rate per unit time and unit area by
a given wave type, No is the number of waves of that type each
year, Kss (m 2 s/kg) is an erodibility coefﬁcient, τ (Pa) is the boundary
shear stress generated from the incoming waves, τc (Pa) is the critical
shear stress required to initiate erosion, and a is an empirically derived, dimensionless, exponent often assumed to take the value of 1
(Rinaldi and Darby, 2007). This excess shear stress model has been
shown to replicate the morphology of coast proﬁles in the Great
Lakes, producing concave submarine proﬁles (Trenhaile, 2009), and
has been used to investigate the relationships between sea-level rise,
future changes in storminess and coastal retreat rates (Trenhaile,
2010). Furthermore, the model presented in Eq. (1) explicitly accounts
for variations in the properties of the lithology in which the cliff is
formed. However, most previous models of coastal erosion have not
implemented excess shear stress formulations of retreat, but have

The study area along the south-west coast of the Isle of Wight
comprises an 18 km stretch between Compton Down in the north
and Blackgang in the south (Figs. 3, 4). The cliffs found here are comprised of Wealden Clays and Marls, Upper and Lower Greensands and
Gault Clays (Fig. 4; Daley and Insole, 1984), materials that are weakly
resistant to erosion. The coastline is one of only six southwest facing
(predominant wave aspect is 200° to 220°, see Fig. 3) coastlines
along the English Channel coast (May and Hansom, 2003), meaning
that there is a large unimpeded fetch (~7000 km) from the North
Atlantic Ocean. Consequently, the full force of waves, storms and
swells generated in the North Atlantic Ocean is delivered to this soft
cliff environment. Unsurprisingly, the coastline therefore experiences
rates of retreat (up to ~ 0.75 m.a −1; see Table 1) that are faster than
the average for UK coasts (May and Hansom, 2003).
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Fig. 3. Location of the study sites and available sources of wave and sea-level data. Solid black dots represent wave buoys used in the analysis in Section 4. Hollow dots represent
other wave buoys within the proximity of the study sites, but which did not provide long enough data-sets for application to this study. Black squares represent available sea-level
data-sets described in Section 4. Location of major towns and cities mentioned in the text are represented by black triangles.

Table 1 shows that there are distinct differences in the measured
rates of cliff retreat along the Isle of Wight's south-west coast, these differences corresponding mainly to variations in lithology between the
ﬁve distinct geological cliff units that comprise the coastline (Fig. 4).
However, wave exposure and nearshore proﬁle steepness is greater in
the south-east, such that Chale Bay (Fig. 4) experiences the most energetic wave environment and hence highest retreat rates (0.75 m.a −1)
along the south-west coast (Royal Haskoning, 2010). At the northern
end of the study site (units I and II), a better developed shore platform
and a ‘Pine Raft’ (a collection of charcoaliﬁed plant debris from the
Mesozoic Era; Robinson and Hesselbo, 2004) refract incoming wave energy, providing protection to the cliff foot, explaining the lower rates of
retreat (0.35 m.a−1, see Table 1) observed in this area.

3.2. Suffolk coast
The Suffolk site is a 15 km stretch of soft-cliff coastline located between Southwold and Lowestoft (Fig. 3), with cliffs comprised of mechanically weak Pleistocene sands, gravels and clays overlain by Middle
Pleistocene ﬂuvial sands and gravels (Lee, 2008). From Kessingland to
Lowestoft the geology becomes more clay rich, with the cliffs developing
in Plateau gravels and clay rich Lowestoft Till (Lee, 2008). Cliff heights
vary from 5 m to 20 m. The wave environment of this area is dominated
by North Sea swells, with the predominant wave direction being from
the east (see Fig. 3) comprising principal components from the north
to north-east (345° to 045°) and south-east to south-west (165° to
225°; Guthrie and Cottle, 2002; Pye and Blott, 2006). This site is comprised of a similar geology to the Isle of Wight, however due to the
shorter (~450 km) fetch it experiences a less energetic wave regime.
Historic rates of cliff retreat for this site are sparse, however at Dunwich
(6.2 km south of Southwold) there are numerous historical records of
shoreline position (Robinson, 1980; Pye and Blott, 2006). Between
1587 and 1753 rates of shoreline retreat averaged 1.9 m.a−1, whereas
between 1753 and 1977 the rate has slowed to 0.8 m.a−1 (Pye and

Blott, 2006). More recently a trend towards accretion has occurred
(Pye and Blott, 2006).
4. Methods
To deﬁne the form of Eq. (2), it was necessary to obtain measures
of coastal retreat, as well as descriptors of wave regimes and
sea-level, for each study site. A description of the data available and
the methodologies used to obtain and process these data is provided
below.
4.1. South-west Isle of Wight
To accurately assess the importance of changes in wave energy
upon coastal erosion, intervals of coastal retreat at relatively high
temporal resolution are required. We therefore employed Light Detection and Ranging (LiDAR) surveys of the south-west Isle of Wight
coast, obtained for 2004, 2005 and annually between 2007 and
2009 (see Table 2 for spatial resolutions of these surveys). All LiDAR
data were found to be accurate to ±0.15 m horizontally when
checked against tie-lines, with vertical accuracy in the range 0.019
to 0.085 m when checked against ground truth surveys. These
LiDAR data were supplemented by digitised Ordnance Survey map
data from 2001, which represents the date of the last major revision
of the coastline in this region, and an on-foot Real-Time Kinematic
GPS (RTK-GPS) survey of cliff toe position undertaken in March
2011. The GPS survey was conducted using a Leica Viva SmartRover
RTK-GPS system following Baptista et al. (2008, 2011) and was accurate
to 0.005 m. Areas of signal shadow limited the survey area to a zone between Compton Down in the north to 200 m south of Atherﬁeld Point, a
distance of 12 km.
Cliff toe positions were extracted from the digitised map and LiDAR
data. Positional errors associated with the digitisation of shoreline positions from LiDAR and map data were calculated following Hapke and
Reid (2007). The cliff toe positional error for each shoreline digitisation,
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Fig. 4. Geological map of the Isle of Wight from the British Geological Survey 1:625000 bedrock geology map of the Isle of Wight. Cliff Units as described in Section 3.1 are identiﬁed.
Table 1
Historic rates of retreat (m.a−1) along the South West coast of the Isle of Wight. Unit I —
Compton Down to Hanover Point, Unit II — Hanover Point to Barnes High, Unit III — Barnes
High to Atherﬁeld Point, Unit IV — Atherﬁeld Point to Cliff Farm, Unit V — Cliff Farm to
Blackgang Chine (see Fig. 4).

Unit
Unit
Unit
Unit
Unit

I
II
III
IV
V

1866–1995
(Halcrow, 1997)

1946–2001
(Leyland, 2009)

1860–2010
(Royal Haskoning, 2010)

0.48
0.35
0.47
0.6
n/a

0.34 ± 0.01
0.58 ± 0.07
0.59 ± 0.08
0.68 ± 0.16
0.30 ± 0.08

0.3
0.50
n/a
0.75
n/a

Table 2
Estimated positional uncertainties for the Isle of Wight cliff toe positions for each shoreline digitisation. Image pixel size reﬂects the resolution of the LIDAR data. The
georeferencing error of the 2001 shoreline is taken from Leyland (2009). n/a=not
applicable.
2001 2004 2005 2007 2008 2009 2011
Image pixel size, EI (m)
Georeferencing error, Eg (m)
Digitising error, Ed (m)
GPS positional error (m)
Total positional uncertainty, Esp (m)

n/a
1.2
1.00
n/a
1.56

2.00
n/a
1.00
n/a
2.24

2.00
n/a
1.00
n/a
2.24

1.00
n/a
1.00
n/a
1.41

1.00
n/a
1.00
n/a
1.41

1.00
n/a
1.00
n/a
1.41

n/a
n/a
n/a
0.005
0.005
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Esp (m.a-1; Eq. (5)), was calculated from the LiDAR pixel error (when
LiDAR was used), El, the digitising error, Ed, and the georeferencing
error (when aerial photographs or map data were used), Eg using:
Esp ¼

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
E2g þ E2d þ E2l :

ð5Þ

A separate Esp was calculated for each time period (Table 2). These
values were combined and annualised to provide error estimations.
The annualised error, Ea, is expressed, following Hapke and Reid
(2007), as:

Ea ¼

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
E2sp1 þ E2sp2
t 2 −t 1

ð6Þ

where Esp1 is the epoch start year spatial error, Esp2 is the epoch end
year spatial error, t1 is the time at the start of the epoch and t2 is
the time at the ﬁnish of the epoch. The annualised error represents
the minimum level of change in cliff toe position that can reliably
be discriminated by image analysis within each measurement epoch.
The Digital Shoreline Analysis System (DSAS; Thieler et al., 2008)
was used to calculate Net Shoreline Movement (NSM); providing an
absolute measure of cliff retreat for each shoreline epoch. Shoreline
epochs of 2001–2005, 2004–2007, 2005–2008, 2007–2009 and
2009–2011 were chosen, as annual changes were found to be indiscernible above the associated Ea. By separating the shoreline data
into epochs of multiple years, it was possible to ensure that the cumulative shoreline retreat was greater that the positional errors for each
epoch. For each epoch, an associated AEE value is calculated and these
data points are subsequently used to develop the site-speciﬁc relationships following the form of Eq. (2), a process described further
in Section 5.
There are numerous wave buoys located throughout the English
Channel which may potentially be used to estimate wave energy spectra for the Isle of Wight (Fig. 3). However, the short length and/or partial
nature of the record, and location, of many of these wave buoys inhibits
their use. Of the wave buoys shown in Fig. 3, only two covered a time
period greater than ﬁve years; Channel Light Vessel (CLV; 1995–2011)
and Milford-on-Sea (1996–2011). These two buoys are both positioned
in unsheltered locations, exposed to the full North Atlantic fetch, therefore experiencing little refraction, and experiencing wave climates representative of the Isle of Wight. The Milford-on-Sea buoy (~10 km)
is located closer to the Isle of Wight coastline than the CLV buoy
(~150 km), but during the period of interest (1996 to 2011) the CLV
data record is 91.4% complete, compared to 87.5% for the Milfordon-Sea (MoS) buoy. As such the CLV (49°55′N 2°54′W) was preferred
for use in this study, a choice that is supported by the strong correlation
(r2 = 0.76, p b 0.05; applied to the moving average low-pass ﬁltered
data) that exists between the CLV and MoS data.
In addition to the wave climate data, tide gauge records are required to estimate changes in sea-level. Such records are available
for gauges located at Weymouth, Southampton and Portsmouth
(Fig. 3). All three gauges have long-term, records (at 15 min temporal
resolution, from which hourly time series can be extracted) that overlap with the wave records detailed above (1967–2011, 1935–2011
and 1961–2011, respectively). However, the Portsmouth gauge contains multiple years with less than an 80% complete record, whereas
the Southampton and Weymouth records are both reasonably complete (99%). Since the Southampton tide gauge is closer to the study
site (only 31 km, compared to 75 km) than the Weymouth tide
gauge it was selected for use in this study.
4.2. Suffolk coast
Coastal retreat data for the Suffolk coast between Southwold and
Lowestoft is available in Lee (2008), based on beach proﬁles (at
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~ 1 km intervals) that were surveyed bi-annually during 1992 to
2003 using GPS and land survey techniques (Lee, 2008). The vertical
accuracy of these surveys varied along each proﬁle. On hard surfaces
the vertical accuracy was ±0.03 m, decreasing to ±0.05 m on soft
surfaces. The surveys were accurate horizontally to ±0.2 m. As
these surveys were carried out manually, there are no image analysis
errors, facilitating reliable discrimination of changes in cliff position
over the time period to within a maximum error of ±0.4 m.
Short-term wave data records, of insufﬁcient length for this study,
are available from nearshore buoys located at Southwold Approach
(2010–2011), Southwold North (2003–2004) and West Gabbard
(2002–2011). The longest available record is the K13a wave buoy
(53°13′44″N 03°13′13″E), situated in the North Sea (located
~ 120 km north-east of Southwold; Fig. 3) for the period 1978–2011.
To test its applicability for use in a study of the Suffolk coast, wave
data from the K13a buoy were compared to Hs data (at three-hourly
temporal resolution) from the Southwold North wave buoy (located
only 5 km away from the study sites at 52°22′14 ″N 001°42.75′E)
for the period 21/08/2003 to 20/08/2004. It was initially found that
the Pearson's Correlation Coefﬁcient between the two data sets is
low, at 0.19 (p b 0.05) when applied to the moving average low-pass
ﬁltered data. However, wavelet analysis of the K13a and Southwold
North time series allows reﬁned analysis of signiﬁcant features
in both signals (Fig. 5a, b). Speciﬁcally, Cross Wavelet Transform
(XWT) and Wavelet Coherence (WTC) analyses were conducted
upon the contiguous K13a and Southwold North wave records
(Fig. 5a, b). Cross Wavelet Transforms were used to delineate occurrences of periods of high common power, whilst WTC was used to
identify regions of common coherence within the two time series
(Grinsted et al., 2004). The Cross Wavelet Transform analysis
(Fig. 5a) suggests statistically signiﬁcant common areas of high
wavelet power around the 16 to 64 h (0.6 to 2.6 days) and 130 h
(5.41 days) bands, whereas the WCT analysis (Fig. 5b) implies that
the K13a and Southwold North wave records are coherent (to 95%
signiﬁcance levels) around the 20 to 64 (0.83 to 2.6 days) bands
and again around the 128 to 256 (5.3 to 10.6 days) bands. Although
these results are slightly distorted by the lack of data in the
Southwold North record between 10/12/2003 and 20/01/2004
(visible as the dark blue area in Fig. 5a, b), they suggest that the larger
periodicity events, such as storm events, are represented within both
records. Therefore the use of the K13a wave record to represent the
wave climate of the Suffolk coast is considered justiﬁed for use in
this study.
The wave data from the K13a buoy were used in conjunction with
the UK Tide Gauge Network tide gauge for Lowestoft (located 1 km
from the study site; Fig. 3), the latter to provide hourly resolution
sea-level data during the 1992–2003 study period, during which
time the data record is ~ 97% complete.
5. Calibration of the accumulated excess energy model
Values of accumulated excess energy (AEE) were derived from the
combined hourly sea-level and signiﬁcant wave height time series
(henceforth termed HT) relating to the epochs deﬁned by the coastal retreat measurement intervals described in Section 4. The data were then
used to build empirical relationships linking AEE and rates of retreat at
each of the study sites. As described at the end of Section 2, careful calibration of the threshold accumulated excess energy (Ωc) is ﬁrst necessary. For each shoreline epoch, NSM and AEE are calculated following
the methods described in Sections 2 and 4.1. For each site, the
NSM-AEE data points from each sites series of shoreline epochs are plotted and a Theil–Sen non-parametric regression (Theil, 1950; Sen, 1968;
Wilcox, 1998) is calculated (e.g. Fig. 6a). A Theil–Sen regression is applied, rather than the normal Least-Squares Regression, as it has been
shown to be more robust for sample sizes less than 30 (Wilcox, 1998).
By cycling through the range of possible HT values, the associated AEE
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Wavelet Power

a)

Coherence

b)

Fig. 5. Wavelet analysis of the K13a and Southwold North wave buoy records between 21/
08/2003 and 20/08/2004. (a) Cross Wavelet Transform (XWT) of the K13a and Southwold
North Hs time-series. (b) Wavelet Coherence (WTC) analysis of the K13a and Southwold
North Hs time-series. In both graphs the 95% signiﬁcance level against red noise is denoted
by the thick black contour. The Cone of Inﬂuence (COI) delineating edge effects is denoted
by the translucent shading. The relative phase relationship is shown by the arrows in (a)
and (b), where right-pointing arrows denote in-phase, left-pointing arrows denote
anti-phase and the K13a time-series leading the Southwold North time-series is denoted
by a 90° arrow pointing straight down. Therefore an arrow of direction ↘ symbolises
in-phase K13a leading Southwold North, which is to be expected. The dark blue around
December and January in the lower period bands relates to a month of no data in the
Southwold North data.

values (Ω, Fig. 2) for each epoch of cliff retreat can be made to vary. The
value of Ω at which the Theil-Sen regression produces the optimal r2 is
assumed to equate to Ωc and the regression is assumed to be optimised.
In this section the optimised relationships developed for both the study
sites are described.
For the whole south-west coast of the Isle of Wight NSM is optimally correlated to AEE when HT equates to 10.7 m (p = 0.04;
Fig. 6a). The optimal HT values along the coast vary from 8.9 m to
10.9 m (Fig. 6b-f), dependent upon the underlying lithology. Cliff
unit II has the highest HT value of 10.9 m (p = 0.05; Fig. 6c), whereas
cliff unit III has the lowest HT value of 8.9 m (p = 0.053; Fig. 6d). The
relationships developed for cliff units I, III and V were found not to be
signiﬁcant. Nevertheless, the estimated HT values are consistent with
geological evidence (Fig. 4) in that the less resistant lithologies of cliff
units III and IV (cliffs composed of Atherﬁeld Clays and Lower Greensands, respectively, with critical shear stresses of 1.8 ± 0.3 Nm −2;
Leyland and Darby, 2009) exhibit relatively low values of HT whereas
the higher HT values for cliff units I and II are explained by the
presence of a protective Pine Raft around Hanover Point and a better
developed shore platform in this region (see Section 3.1) and the

more resistant nature of their lithology (cliff composed of Wealden
Shales and Marls, with a critical shear stress of 3.6 ± 1.3 Nm −2;
Leyland and Darby, 2009).
Fig. 6 shows that the assumed relationship between AEE and NSM
(Eq. (2)) appears valid (r 2 = 0.75; p = 0.04) when considering the
whole south west coast of the Isle of Wight (i.e. without consideration
of lithological variations along the coast, Fig. 6a), this also appears to
be the case for cliff units II (r 2 = 0.80; p = 0.05) and IV (r 2 = 0.89; p =
0.003). The failure of Eq. (2) to produce signiﬁcant relationships in
the more resistant units I, III and V may be indicative that the
~ 10-year timeframe employed here may be too short. Recall that
one of the key assumptions employed herein (see Section 2) is that
the concept of BEPC on which Eq. (2) ultimately is based, is valid
only over timescales during which cliffs experience multiple cycles
of slumping and erosion. Were data for these more resistant cliff
units available over a longer time period, it is possible that the quality
of the ﬁtted relationships would, therefore, have improved. Furthermore, in these locations there may be features present which inhibit
the delivery of wave energy to the cliff foot, halting the cycle of
BEPC and effecting rates of erosion. For example, unit V (Fig. 6f) is
characterised by the presence of a large undercliff which acts
as protection to the foot of the cliff, impeding energy delivery (May
and Hansom, 2003). Similarly, unit I (Fig. 6b) is fronted by a welldeveloped shore platform that dissipates energy delivery and slows
rates of erosion (May and Hansom, 2003). Therefore, in these locations the underlying premises of the AEE model may not be wholly,
or in part, met, resulting in the failure of the model to develop significant relationships.
For the Suffolk Coast, AEE is optimally regressed against NSM
when HT is 7.7 m (Fig. 7), giving a moderate (r 2 of 0.46) but signiﬁcant (p = 0.004) relationship. The relatively low HT value in comparison with the results from the Isle of Wight may be explained by the
weaker lithologies present along the Suffolk coast. The presence of a
better developed beach along the Suffolk coast (Lee, 2008) may
help to explain the moderate r 2value. The presence of a better developed beach may impede wave energy delivery, for example Lee
(2008) shows that the size of the beach along the Suffolk coast acts
to modulate rates of coastal erosion. However, despite the moderate
r 2 the AEE relationship developed in Fig. 7 has been shown to be signiﬁcant, suggesting wave energy is still a key, if not dominant, control
on rates of cliff erosion.
6. Projecting future rates of erosion with the accumulated excess
energy model
Projections of future (next ~ 100 year) climate change suggest that
sea-level and wave climate are likely to undergo changes at both
study sites (Lowe and Gregory, 2005; Solomon et al., 2007; Lowe et
al., 2009; Murphy et al., 2009). For example, the UK Climate Projections 2009 (UKCP09) suggest an increase in sea-level around the UK
of between 0.12 m and 0.72 m by 2100 (for the period 1990–2100
under a medium emission scenario), with the highest increases located around the south of the UK and the western English Channel
(Jenkins et al., 2009). Speciﬁcally, the south-west Isle of Wight is
projected to experience a sea-level rise of 0.53 m by 2100 (50% exceedance likelihood under medium emission scenarios). Historic
sea-level rise over the past century at this site is of the order of
0.001 m.a −1 (Haigh et al., 2009). Along the Suffolk coast, the
UKCP09 report projects a sea-level rise of 0.50 m by 2100 (50% exceedance likelihood under medium emission scenarios; Jenkins et
al., 2009), compared to historic rates of sea-level rise of the order of
0.0061 m.a −1 (Pye and Blott, 2006). Similarly, extreme wave heights
and storm surges are also projected to rise over the next 100 years
around the UK coast (Debernard et al., 2002; Donovan and Wilby,
2003; Lowe and Gregory, 2005; Jenkins et al., 2009). For example,
Lowe et al. (2009) project changes in mean winter wave height of
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Fig. 6. Relationships between accumulated excess energy and cliff retreat for the Isle of Wight. The units refer to differing lithologies. (a) All units, mixed geology, (b) Unit 1: Chalk
and Wealden Clay, (c) and (d) Units 2–3: Wealden Clays, (e) Unit 4: Lower Greensands and (f) Unit 5: Lower Greensands and Clay. The regression is a Theil–Sen non-parametric
regression, which is more robust for samples where n b 30 (Theil, 1950; Sen, 1968; Wilcox, 1998). Note the scale on (d) (e) and (f) changes.

between − 0.35 and + 0.5 m, with annual maxima projected to vary
by between − 1.5 m and 1 m by 2100 under medium emission
scenarios.
These changes in sea-level and wave height have the potential to
signiﬁcantly affect future rates of soft cliff erosion experienced at
the study sites. In this section, site speciﬁc projections of future
changes in sea-level and wave climate are developed at temporal
scales (daily) useful for impacts assessment. The AEE model is then
forced using these combined wave and sea-level time series to project
future rates of soft cliff erosion at each study site.

6.1. Generation of future climate projections

Fig. 7. Relationships between accumulated excess sea height energy and cliff retreat for
the Suffolk Coast. Error bars represent the maximum possible error associated with the
survey technique. The regression is a Theil–Sen non-parametric regression, which is
more robust for samples where n b 30 (Theil, 1950; Sen, 1968; Wilcox, 1998).

The Statistical DownScaling Model (SDSM; Wilby et al., 2002) was
used to generate projections of future wave heights and sea-level
from large scale Global Climate Model (GCM) outputs. SDSM is a hybrid of stochastic weather generators and simple regression-based
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statistical downscaling techniques (Wilby et al., 2002). Although
often used in the downscaling of precipitation (e.g. Wilby et al.,
2002; Whitehead et al., 2006; Fowler et al., 2007; Hashmi et al.,
2011; Huang et al., 2012), the SDSM has also been applied to the
downscaling of sea-level, wave heights and storm surges (Donovan
and Wilby, 2003; Wilby, 2008).
The SDSM was calibrated for each parameter (sea-level and wave
height) at each of the study sites. Large scale climatic variables for the
period corresponding to the available sea-level and wave height data,
described in Section 4, were obtained from the National Centres for
Environmental Prediction-National Centre for Atmospheric Research
(NCEP-NCAR) re-analysis (Kalnay et al., 1996) for this purpose. The
atmospheric variables which best describe the observed sea-level
and wave height data were selected by the user based on partial
correlation analysis (Table 3). As can be seen in Table 3, the calibrated
models account for 55% to 61% of the variation in the observed
records. This is consistent with previous studies that have used
SDSM to model sea-level (Donovan and Wilby, 2003), whilst the
percentage of variation explained in the wave height records is also
deemed suitable for this study.
The calibrated models were then applied to daily HadCM3 GCM
(Johns et al., 2003; Lucio, 2004) outputs for the period 2000 to 2100
under the SRES (Nakicenovic et al., 2000) emission scenarios A2 and
B2. The HadCM3 model has often been used to model climatic variables
such as precipitation and temperature across the UK (Ekstrom et al.,
2005; Fowler et al., 2005; Lowe and Gregory, 2005; Blenkinsop and
Fowler, 2007; Lane et al., 2007; Prudhomme and Davies, 2009; Arnell,
2011). A 100-member ensemble was generated for each study site to
account for the uncertainty inherent in the statistical downscaling of the
GCM outputs (Prudhomme et al., 2003; Christensen and Christensen,
2007; Ulbrich et al., 2008; Fowler and Ekström, 2009).
For the Isle of Wight, downscaled HadCM3 outputs project a mean
sea-level rise of 0.73 m by 2100 under the A2 emission scenario, and a
rise of 0.55 m for the B2 emission scenario. The number of days per
year that extreme sea-level (deﬁned here as the 95th percentile
(Frei and Schär, 2001) of the observed record, 3.08 m) is exceeded
is projected to rise by up to 1 day per year (from 0.1 days per year
for the baseline period) by 2100. This represents an increase in 95th
percentile value of 0.1 m (a relative increase of 3.2%) by 2100. With
regards to the wave climate, both emission scenarios project a decrease in mean wave height of 0.1 m by 2100, an estimate that is consistent with UKCP09 projections (Murphy et al., 2009). However, the
ensembles project that extreme wave heights become more common,
with the 95th percentile value increasing from 7 m to 7.3 m and
7.21 m (relative increases of 4.3% and 3%, respectively) under the
A2 and B2 emission scenarios, respectively. Further details in the
changes in extremes are provided in Section 6.2.
For the Suffolk coast, the A2 emission scenario projects a mean
sea-level rise of 0.47 m by 2100, which is very close to the 0.5 m estimate projected by the UKCP09. For the B2 scenario, the projected
rise in mean sea-level by 2100 is 0.26 m. Although this is somewhat

less than the mean UKCP09 projections (0.5 m), it is still well within
the range of sea-levels (0.2 m to 0.7 m) projected by the UKCP09 ensemble. In addition, extreme sea-levels are projected to increase in
frequency along the Suffolk coastline, with the 95th percentile value
(2.28 m) increasing to 2.34 m (a relative increase of 2.6%) by 2100.
Projections of wave climates for this site again suggest a decrease in
mean wave heights of 0.03 m and 0.01 m under A2 and B2 emission
scenarios, respectively. However, similar to the Isle of Wight, extreme
wave heights are projected to increase, with the 95th percentile value
increasing from 5.2 m to 5.35 m and 5.27 m (relative increases of
2.8% and 1.3%, respectively) under the A2 and B2 emission scenarios,
respectively.
To provide a baseline scenario against which to compare these scenarios of future change, the NCEP-NCAR data for the period 1961–1990 was
resampled at a daily resolution to provide a 100-year daily input ﬁle
representing the current climate. The relationships detailed in Table 3
were then used within the SDSM weather generator to downscale the
resampled NCEP-NCAR data, thereby producing a 100-member baseline
ensemble of sea-level and wave height representing current climatic
conditions.
6.2. Results
Daily time series of wave height and sea-level were generated for
each study site from the SDSM outputs discussed in Section 6.1 and
were combined to produce input for the calibrated AEE models developed in Section 5 (Figs. 6a, 7). These calibrated models were then applied to the combined wave height and sea-level time-series and the
resulting retreat values were cumulated over successive periods of
erosion to provide a time-series displaying amounts of retreat over
the 100 year period (Figs. 8, 9). It should be noted here that it is not
our intention to compare the response of the two coastlines to each
other as they are comprised of markedly different geologies and exposed to differing wave climates. We aim only to provide two examples of how two coastlines may respond to changes in climate.
Fig. 8 shows that mean rates of cliff retreat over the next 100 years
are likely to increase relative to current conditions, with the Isle
of Wight displaying a mean (2100) rate of erosion of 0.92 m.a -1
under the A2 emission scenarios. This represents a marked increase
(91.7%) in comparison to the simulated 1961–1990 baseline scenario.
Note that the coastal retreat predicted for the 1961–1990 baseline
period (0.48 m.a −1) is very close to the estimated contemporary
coastal erosion rate of 0.5 m.a −1 (see Leyland and Darby (2008)
and references therein). For the B2 emission scenario future coastal

Table 3
Coefﬁcients for predictor variables used in the SDSM calibration. Variables not included in
speciﬁc model are represented by n/a. All correlations were signiﬁcant at 95% conﬁdence
levels. The r2 (a measure of the percentage of variance explained) of the ﬁnal regression
model is also provided.

Mean sea-level pressure (mslp)
Surface meridional velocity (p_v)
500 hPa geopotential height (p500)
850 hPa zonal velocity (p8_u)
850 hPa geopotential height (p850)
Mean temperature at 2 m (temp)
r2 of ﬁnal calibrated model

Isle of Wight

Suffolk

Hs

Sl

Hs

Sl

−0.047
n/a
0.054
0.087
−0.055
−0.112
0.55

−0.552
0.06
n/a
n/a
n/a
0.151
0.61

−0.213
n/a
n/a
n/a
−0.185
0.137
0.55

−0.501
0.102
n/a
n/a
n/a
0.121
0.60

Fig. 8. Ensemble mean projections of accumulated cliff retreat (m) up to the year 2100
for the Isle of Wight (blue) and Suffolk (red) study sites. Input data for each model
were derived from downscaled HadCM3 GCM outputs forced with A2 (dashed line)
and B2 (dotted line) emission scenarios. The solid lines are baseline scenarios based
on NCEP-NCAR reanalysis data (see Section 6.1).
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Fig. 9. Results from the 100-member ensembles for each study site under the two emission scenarios (A2 and B2) used in this study. Individual ensemble runs coloured by their
probability (darker shades are more likely) for a) the Isle of Wight under A2 the emission scenario, b) Suffolk under the A2 emission scenario, c) the Isle of Wight under the B2
emission scenario and d) Suffolk under the B2 emission scenario. In a) to d), solid yellow lines depict the most likely projections of coastal erosion. Solid blue lines depict the
5th and 95th percentiles. Runs outside of these bounds are extreme scenarios. Dashed blue lines represent the upper and lower bounds of the likely (>66%) projections. Note
the y-axis scale changes on the A2 scenario for the Suffolk coast. e) and f) are Probability Density Functions for the 2100 retreat rates predicted by the ensembles for the Isle of
Wight and Suffolk, respectively, highlighting the change in distributions under future climate change. Vertical dashed lines on e) and f) represent the extreme values of erosion
for each site as derived from baseline scenarios.

erosion is also projected to be greater than currently; with mean
(2100) rates of 0.7 m.a −1 (Fig. 8), a 46% increase over the simulated
1961–1990 baseline. Fig. 8 suggests that rates of coastal erosion will
not remain constant across the next century, with small scale ﬂuctuations in rates likely to be experienced. It can be seen that, for the Isle
of Wight, there appears to be an increase in rates of erosion under the
A2 emission scenarios around 2030, which persists until ~ 2060, after
which rates of erosion slow (Fig. 8). For the B2 emission scenarios, it
appears that rates of erosion will keep pace with A2 scenarios until
approximately 2030, when the scenarios begin to diverge. Rates
projected by the B2 scenario do not increase mid-century, instead
remaining fairly constant across the 100-year period.

Along the Suffolk coastline, the 1961–1990 baseline scenario projects rates of retreat in the region of 1.11 m.a −1. Increases in mean
rates of coastal erosion (to 1.43 m.a −1 by 2100) are projected under
the A2 emission scenario, a 29% increase relative to the baseline
rates (Fig. 8). For the B2 emission scenario, future (2100) rates of erosion of 1.08 m.a −1 are projected, a 3% decrease compared to the
1961–1990 baseline scenario. Rates of erosion along the Suffolk coastline are not expected to remain constant across the 21st Century. For
the A2 emission scenarios a large rise in rates of erosion is evident
around 2050, with the second half of the century experiencing faster
rates of erosion than the period 2000–2050. This pattern is replicated
in the B2 emission scenario, with rates increasing around 2060. The
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last 40 years of the 21st Century, under this scenario, experience rates
approximately three times greater than the ﬁrst 60 years. The increase in erosion rates towards the end of the century is a function
of the form of the downscaled HadCM3 climate scenarios. As such,
the climate scenarios project greater increases in sea-level and wave
height towards the end of the 21st Century which force increases in
erosion rates. Given that the scenarios developed in Section 6.1 correspond to the latest UKCP09 ﬁndings and other studies conducted at
these locations (see Section 6.1), the patterns in erosion displayed
in Fig. 8 are valid.
In Fig. 9, the full 100-member ensemble results are displayed,
along with Probability Density Functions (PDFs) of the model outputs,
allowing for the quantiﬁcation of the probabilities of future (2100)
rates of coastal erosion. In doing so, the probabilistic terminology to
be used in the IPCC ﬁfth assessment report (AR5) will be used
(Mastrandrea et al., 2010). It can be seen that each AEE model predicts a wide range of possible rates of coastal erosion over the next
100 years, each with a differing probability of occurrence (Fig. 9).
For the Isle of Wight, the range of likely outcomes (deﬁned as outcomes whose likelihood is greater than 66%; Mastrandrea et al., 2010)
ranges from 0.20 m.a −1 to 1.06 m.a −1 under the A2 emission scenarios, and from 0.23 m.a −1 to 1.06 m.a −1 under the B2 emission scenarios (Fig. 9). For both the A2 and B2 emission scenarios, it is
unlikely that rates of coastal erosion will be lower than 0.2 m.a −1
or exceed 1.06 m.a −1. Along the Suffolk coastline, the AEE model predicts a much wider likely range of coastal retreat of between
0.52 m.a −1 and 2.5 m.a −1 for the A2 emission scenario, versus
0.7 m.a −1 to 2.48 m.a −1 for the B2 scenario. For both the A2 and B2
emission scenarios it is unlikely that the rate of coastal retreat along
the Suffolk coastline will be lower than 0.52 m.a −1 or exceed
2.5 m.a −1 under either of the A2 or B2 emission scenarios.
The PDFs for each site (Fig. 9e, f) show that under scenarios of future climate change the distribution of model outputs shifts towards
the higher end of retreat rates. It can be seen that maximum rates
of retreat for the Isle of Wight as predicted for the 1961–1990 baseline scenarios are ~ 2 m.a −1, whereas the A2 and B2 emission scenarios force projected future (2100) maxima of the order of 3 m.a −1 (an
increase of 50%) and 3.5 m.a −1 (75% increase) respectively. Maximum rates of retreat under the 1961–1990 baseline projections on
the Suffolk Coast are of the order of 3.5 m.a −1, but maximum erosion
rates are projected to increase to 7 m.a −1 (71% increase) and 6 m.a −1
(100% increase) by 2100 under the A2 and B2 emission scenarios,
respectively.
Extreme rates of coastal erosion (deﬁned as rates greats than the by
the 95th percentile) also increase for both sites (Fig. 9e, f). For the Isle of
Wight, extreme coastal erosion rates, as projected by the 1961–1990
baseline scenario, equate to 1.22 m.a−1. However, under the A2 and
B2 emission scenarios extreme erosion rates in the future (2100)
are projected to rise to 1.8 m.a−1 (41% increase) and 1.7 m.a−1 (50%
increase), respectively (Fig. 9e). Similarly, Fig. 9f projects that
extreme coastal erosion for the Suffolk coast is 2.4 m.a−1 in the baseline
(1961–1990) period, rising to 3.8 m.a−1 (58% increase) and 3.5 m.a−1
(46% increase) in the future (2100) under the A2 and B2 emission scenarios, respectively. This shift in distribution towards the higher end of
rates of coastal erosion is offset by a decrease in the probability of the
modal erosion classes, suggesting an overall shift towards higher rates
of coastal erosion by 2100.
7. Discussion
Along the whole south-west Isle of Wight and Suffolk coastlines,
AEE has been shown to be positively correlated to net amounts of
cliff erosion, explaining 75% and 46% of variance in coastal erosion, respectively (Section 5). These relationships are statistically signiﬁcant
(p = 0.04 and 0.004, respectively). This range is a moderate improvement upon the range found by previous studies (Robinson, 1977;

Amin and Davidson-Arnott, 1997) which demonstrated that 23% to
67% of the variation in coastal erosion could be explained by an empirical model based on an index of peak wave energy. Both of these
previous studies were conducted in cliffs comprised of shales and
clays, and in locations where beaches were narrow (b 10 m wide).
The Isle of Wight study area can be directly compared to these sites
as it is comprised of a similar geology and has little protection
afforded by beaches (May and Hansom, 2003). The results from the
Isle of Wight (Fig. 6) concur with, and to some extent improve
upon, these previous studies suggesting that by combining the duration of storm events and a threshold value, AEE is a simple, yet powerful parameter able to describe coastal erosion.
It is noted that the model was unable to represent retreat in cliffs in
some locations (Fig. 6b, d, f). The inability for signiﬁcant relationships to
be developed in locations where processes other than wave erosion are
evident limits the use of Eq. (2). For example, where seepage or protective features such as well-developed beaches exist (e.g. cliff units I
and V) on the Isle of Wight (Fig. 6). Furthermore, Eq. (2) is limited in
its ability to model the geotechnical and lithological properties of the
cliffs, a factor which other models (Walkden and Hall, 2005, 2011;
Castedo et al., 2012) incorporate and explicitly model. The incorporation of explicit rock strength parameters within Eq. (2) would possibly
improve the relationships developed for the Isle of Wight and Suffolk
coastlines. Furthermore, it may also facilitate the application of Eq. (2)
to other sites composed of different lithologies.
Future rates of erosion developed using Eq. (2) under projections
of future (2100) climates (Fig. 8) suggest that mean rates of erosion
are likely to increase compared to (1961–1990) baseline rates, although considerable uncertainty is present in the likely future range
of coastal erosion (Fig. 9). Projections suggest that the Isle of Wight
is likely to experience an increase in mean rates of coastal erosion
over the next 100 years, in the order of 0.2 m.a −1 (45%) to
0.5 m.a −1 (92%), dependent on emission scenario. Similarly, our
model projections indicate that the Suffolk coastline will see increases in mean rates of erosion in the order of 0.3 m.a −1 (33%)
under the A2 emission scenario. Conversely, for the B2 emission scenarios future rates of erosion are projected to remain similar to those
in the baseline scenarios.
Figs. 8 and 9 also highlight the differences in rates of coastal erosion projected under differing emission scenarios. As can be seen in
Figs. 8 and 9, the A2 and B2 emission scenarios produce markedly different projections of coastal erosion. For the Isle of Wight, the difference in mean A2 and B2 scenarios is 0.22 m.a −1, whilst for the Suffolk
coast the difference between mean projections is 0.35 m.a −1 (Fig. 8).
However, these differences are greater for the maximum rates in the
ensembles, and there is a reversal in the response of coastal erosion to
the A2 and B2 emission scenarios: Under the A2 emission scenarios
the maximum rate projected for the Isle of Wight was 2.45 m.a −1,
whilst under the B2 emission scenarios the maximum rate was
2.9 m.a −1. These differences highlight the importance of incorporating uncertainty and multiple plausible scenarios of future change,
as a failure to address these issues may result in an under- or
over-estimation of possible rates of cliff retreat.
As can be seen in Fig. 9e and f, there is also a marked shift in the
distributions of coastal erosion rates projected under scenarios of future climate change. Although shifts are visible in the modal, most
likely classes for both sites, larger shifts are seen at the upper tail of
the distributions. Under both emission scenarios, model results display a shift to more extreme (higher) values of coastal erosion. The
1961–1990 baseline scenarios indicate that extreme events (here deﬁned as events larger than the 95th percentile; Frei and Schär, 2001)
relate to rates exceeding 1.22 m.a −1 for the Isle of Wight and
2.4 m.a −1 for Suffolk. Our model results suggest that these high magnitude events will become much more likely by 2100 (Fig. 9e, f),
shifting to the 86th and 80th percentiles for the Isle of Wight and
Suffolk, respectively, under the A2 scenario. Similarly, under the B2
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emission scenario, the likelihood of extreme events also increases,
with such events representing the 85th and 79th percentiles for the
Isle of Wight and Suffolk, respectively. This suggests that the probability of extreme coastal erosion events along the Isle of Wight increases three-fold under A2 and B2 emission scenarios, whilst along
the Suffolk coast, the A2 and B2 emission scenarios result in an approximately four-fold increase in extreme event likelihood.
It should be noted that the emission scenarios used in this study
were developed for the IPCC third assessment report in 2000
(Nakicenovic et al., 2000). Since then, observations of emissions suggest that many of the scenarios developed by Nakicenovic et al.
(2000) may be underestimating current and future emissions
(Rahmstorf et al., 2007; Füssel, 2009; Held, 2012; Rowlands et al.,
2012). It therefore appears that the higher-end emission scenarios,
such as the A2 scenario used here, may be more realistic than
middle-to-low end scenarios (e.g. B2), meaning that the higher rises
in coastal erosion projected for the A2 scenario are more likely to
occur. Interestingly, however, it appears that the mid- to low-end
B2 scenario produces larger changes in extreme values than the
high-end A2 scenario. However, it is worth recognising that the
changes in extremes projected by A2 scenarios are still pronounced
when compared to baseline scenarios.
It is clear that the assumptions within the AEE model limit its use
to the spatial meso-scale (b10 km) and to locations where wave energy delivery to the cliff foot is unimpeded. Given these criteria are
met, the model of soft-cliff erosion developed here represents a useful, simple model of soft-cliff erosion which can be employed to
gain insight into the effects changes in wave climate and sea-level
will have upon rates of cliff erosion. Such a model sits in a niche within the current suite of cliff erosion models. Its temporal and spatial
scales of application (10–100 years and b10 km, respectively) place
it directly in the ‘meso-scale band’ of cliff erosion models alongside
Walkden and Hall (2005, 2011), Trenhaile (2009, 2010) and Castedo
et al. (2012). This suite of models is ideally suited to the study of
coastal erosion over the scales important for impact assessment, particularly with the increasing focus on the impacts changes in future
climate may have on coastal erosion (Dickson et al., 2007). Uniquely,
when compared to similar extant models, the AEE model represents
the ﬁrst ‘simple’ (i.e. not containing multiple coefﬁcients requiring
calibration) model of coastal erosion applicable over the meso-scale.
Furthermore, its ability to model transient changes in wave climate
and sea-level under scenarios of future climate change make it a powerful tool for understanding the impact such changes will have on soft
cliff environments.
8. Conclusion
A new model of soft cliff erosion has been developed herein
founded on the premise that the Accumulated Excess Energy (AEE)
parameter can be used to represent the process of hydraulic erosion
at the base of the cliff (Eq. (2)). Eq. (2) has been shown to account
for between 46% and 89% of variability in observed rates of coastal
erosion along the whole south west coast of the Isle of Wight
(Fig. 6a), several individual Cliff Units of the Isle of Wight coastline
(Fig. 6c, d), and the Suffolk coast between Lowestoft and Southwold
(Fig. 7). The use of the AEE parameter in this study therefore appears
to offer an improvement on predictive ability when compared to the r2
values (which range from 23% to 67%) attained by prior methods that
link measures of peak wave energy to coastal erosion (e.g. Robinson,
1977; Amin and Davidson-Arnott, 1997; Adams et al., 2002, 2005).
The new model is able to represent future changes in wave climate
and sea-level, without the need to constantly adjust static parameters.
By applying the model to daily outputs from downscaled HadCM3 Global Climate Model under A2 and B2 emission scenarios, it is possible to
assess how changes in wave climate and sea-level may affect the two
study sites. When compared to baseline projections, increased rates of
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future (2100) erosion in the order of 0.2 m.a−1 (45% increase) to
0.5 m.a −1 (92% increase) have been projected for the Isle of Wight,
whilst increases of 0.3 m.a−1 (33%) are projected for the Suffolk coastline. Furthermore, changes in extreme rates of coastal erosion are
projected, with extreme events becoming three- to four-times more
likely by 2100 at both locations.
This model, therefore, represents a new, simple model of soft cliff
erosion capable of accounting for future changes in wave height and
sea-level. The model is able to account for the non-stationary, episodic nature of coastal erosion, features which previous simple models
(e.g. Bruun, 1962; Walkden and Dickson, 2006) fail to account for,
whilst allowing for the probabilistic nature of changes in coastal erosion to be assessed.
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