
Chapter 3

A new process-based model of soft

cli� erosion

As discussed in chapter 2, Landscape Evolution Models (LEMs) do not currently include

the necessary process representation to assess the impacts changes in future climate may

have on the evolution of incised coastal gullies. Speci�cally, any representation of the

processes of coastal retreat are lacking in the suite of LEMs currently available. For

coastal erosion to be accurately represented in a LEM, an understanding of the

mechanism and processes involved is required. This chapter will seek to understand these

mechanisms and processes. It will then go on to develop physically based relationships

between the driving forces, and rates, of coastal erosion, which can be subsequently (see

chapter 4) incorporated into a LEM framework.

3.1 Introduction

Coastal cli� retreat is a serious problem threatening coastlines worldwide. Sites in

Denmark, Germany, New Zealand, the UK and the USA (amongst many others) are

experiencing rates of retreat in excess of 1 ma−1 (Sunamura, 1992). Understandably,

there is growing interest in using models able to predict rates and locations of retreat

(Bray and Hooke, 1997; Walkden and Hall, 2005; Hapke and Plant, 2010); in particular

in applications intended to identify where sea level rise and climate change may cause

enhanced erosion in the future.

As explained in chapter 2, models of coastal erosion have, of late, begun to focus on the

stochastic, episodic nature of coastal erosion (Lee et al., 2001; Hall et al., 2002; Walkden

and Hall, 2005; Dickson et al., 2006; Lee, 2008). Walkden and Hall (2011) recognise that

this recent change in direction represents a move towards the goal of developing

numerical tools capable of predicting erosion rates over meso-scale (10 - 100 year) time

periods. However, our understanding of the actual mechanisms of coastal cli� retreat
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remains poorly developed (Rosser et al., 2005). This has resulted in a plethora of

models, each representing di�erent processes over di�erent scales; for example, Walkden

and Hall's (2005) SCAPE model represents shore platform erosion as a function of wave

height, wave period and average slope across the surf zone, over the meso-scale.

Alternatively, Hall et al. (2002) use probabilistic distributions of landslide magnitude

and frequency to predict the timings and size of recession events at an individual event

level. The number of processes represented within these coastal erosion models makes

them complex, requiring careful calibration of each process module, highlighting the

variability in dominant processes of coastal erosion in di�erent locations. However, there

is a need for a simple model of coastal erosion, in which the key processes of coastal

erosion are identi�ed over the meso-scale. Existing simple models, such as the Bruun

Rule (Bruun, 1962), have been shown to be extremely useful for predicting coastal

retreat (Rosen, 1978; Leatherman, 1991; Nicholls et al., 1995). However, their general

applicability has been questioned (Pilkey et al., 1993; Cooper and Pilkey, 2004; Pilkey

and Cooper, 2004; Ranasinghe and Stive, 2009). Therefore a widely applicable simple

model of coastal erosion has the potential to be a very powerful tool.

As is often the case in natural systems, changes in equilibrium states are driven by

variations in external forcing factors. Accordingly, the energy delivered to the cli� toe

via waves has long been identi�ed as a driver of coastal erosion (Sunamura, 1992; Amin

and Davidson-Arnott, 1997; Quinn et al., 2010). The erosion of clay cli�s has been

shown to be linked to the amount of erosion from wave induced bottom shear stresses,

wave abrasion in the subtidal and intertidal zones, and by stresses generated by surf

impact (Trenhaile, 2009). Furthermore, the undercutting of the cli� toe and the

subsequent mass failure of the cli� caused by wave action has been suggested as the

mechanism through which most cli�s are eroded, regardless of their geology (Edil and

Haas, 1980; Young and Ashford, 2008; Lim et al., 2011). This body of evidence implies

that the action of waves is likely to be a key factor controlling the process and rate of

cli� retreat (Hutchinson, 1972; Sunamura, 1992; Shih and Komar, 1994; Hansom et al.,

2008; Trenhaile, 2009, 2010; Lim et al., 2011).

In an attempt to quantify the relationship between wave energy and episodes of coastal

erosion, the microseismic shaking of cli�s has been routinely recorded using

micro-seismometers (Adams et al., 2002, 2005; Lim et al., 2011), whilst more recent

studies have linked microseismic shaking to recorded cli� failure events (Lim et al.,

2011). It is assumed that microseismic shaking of the cli� acts as a proxy for wave

energy delivery (Adams et al., 2002, 2005) and although this research has highlighted the

intrinsic relationship between microseismic events and the timings and sizes of erosion

episodes (Lim et al., 2011), the link between observed wave energy and rates of cli�

retreat has not yet been fully explored.

Energy delivery to the cli� foot is modulated by variations in sea level. Often cited as

one of the key driver of coastal cli� recession (Nicholls et al., 1995; Bray and Hooke,

1997; Zhang et al., 2004; Walkden and Dickson, 2006), variations in sea level associated
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with tidal and nodal cycles, will impact upon the wave energy delivered to the cli� foot.

For example, a large signi�cant wave height occurring at neap tides may be less e�ective

at delivering energy to the cli� than low signi�cant wave heights occurring at spring

tides. Many simple models have attempted to model the response of sea cli�s to changes

in sea level (e.g. Bruun, 1962; Walkden and Dickson, 2006), however such models neglect

representation of the variability of wave heights layered on top of the overarching sea level

trend. As such, there is a need for a simple model of cli� recession which combined both

of these key drivers of erosion; sea level rise and wave height. Herein, the total height of

the sea (i.e. sea level height plus wave height) will be termed total sea height (HT ).

Undoubtedly, many local factors such as beach width, bathymetry, shore platforms and

wave refraction in�uence the impact of wave energy on cli�s. However, the hydraulic

action of waves is still perceived as a key driver of coastal erosion, forming the basis of

many existing coastal erosion models (Bruun, 1962; Sunamura, 1992; Walkden and Hall,

2005; Trenhaile, 2009, 2010). A simple model is herein developed based on a posited

relationship between net amounts of cli� erosion and the accumulated excess (over a

threshold) energy delivered to the cli� foot as a function of HT (AEE, �gure 3.1). This

approach di�ers from previous approaches to link coastal retreat to an index of energy,

speci�cally 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 delivered to the coast over a period of time, rather than looking at singular

energy delivery events. The proposed model is subsequently tested using historical data

from three contrasting soft-cli� locations around the UK coast.

3.2 Model development

The underlying theoretical basis for using the AEE approach to predict cli� erosion has

its foundation in the concept of Basal End Point Control (BEPC; Carson and Kirkby,

1972; Thorne, 1982) which has long been used in hillslope and �uvial geomorphology to

explain the relationship between slope migration rates and the interaction between �ow

and sediment transport or erosion at the base of the slope (Darby, 1998). BEPC states

that the rate of slope retreat is governed by the rate of sediment removal/deposition at

the foot of the slope conforming to three distinct states de�ned as follows:

1. Impeded Removal State: The rate of supply of material to the base of the slope 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 then tends to decrease as the slope becomes more stable, resulting in

decreased slope retreat rates and leading to;

2. Unimpeded Removal State: The processes delivering material to the base of the

slope, and those removing the sediment away, are in balance. There is no change in
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Figure 3.1: Combined signi�cant wave height and sea level data for a 25 day time
period. Di�ering values of the threshold wave height (HT ) are highlighted by the dashed
(HT1 = 5.0 m) and solid (HT2 = 6.0 m) lines. For HT1, the accumulated excess energy
(AEE) equates to the light and dark grey areas combined. For HT2, the AEE equates
to just the dark grey shaded area. Totals for the AEE are provided for each indicated

threshold. HT1 has a higher AEE as more events occur above this threshold.

basal elevation or slope angle. This is the state of dynamic equilibrium. The slope

recedes via parallel retreat at a rate governed by the degree of activity at

the base;

3. Excess Basal Capacity State: 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 stage two.

It is important to understand that the principle implication of BEPC, that the rate of

retreat is governed by activity at the toe, applies over long time scales, i.e. over multiple

cycles of slumping and toe erosion. In locations where few such cycles occur, the

sediment at the toe of the slope will act as a barrier to slope erosion. In the speci�c cases

of river banks, or slopes with rivers at their toe, the sediment budget at the toe of the

slope is primarily in�uenced by the intensity of sediment transport, which in turn is

conditioned by stream power (Thorne, 1982) If, as seems likely, BEPC applies also to

marine cli�s, it follows that wave action at the toe is the critical factor controlling the

removal of basal sediments and thereby determining the rate of coastal cli� retreat

(�gure 3.2).

This underlying premise, that wave energy is a key driver of shoreline erosion, is

supported by a number of empirical studies. Empirical, equilibrium shoreline change
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Figure 3.2: A simple theoretical model of cli� foot erosion (adapted from Ruggiero et
al., 2001; Lee, 2008).

models (e.g. Yates et al., 2009; Long and Plant, 2012) relate wave conditions to changes

in shoreline, suggesting this is a key control on shoreline recession. Furthermore, over a

forty year period, Amin and Davidson-Arnott (1997) calculated that wave energy is

statistically signi�cant to 95% con�dence levels when regressed against shoreline retreat

rates along Lake Ontario, Canada. However, on its own, wave energy was found to only

account for 32% of the variability in the observed rates of retreat. When combined with

other factors, including the average annual net alongshore component of wave energy

�ux, the sediment availability in the littoral zone and cli� height, the model performed

better; accounting for 72% of variability in recession rates. Further to this, they conclude

that the relationship between wave energy and recession rate is linear, with an analysis

of the standardized coe�cients showing that recession rate increases with increased wave

power. In another example, Robinson (1977) concluded that wave energy was the

primary control on cli� toe erosion, accounting for between 23% and 67% of the

variability in coastal erosion observed along the Yorkshire coast. Furthermore, physical

relationships between wave energy and rates of cli� erosion have been developed by

Sunamura (1977), Kamphuis (1987) and Benumof et al. (2000).

If the rate of erosion of coastal cli�s and other slopes is controlled by the sedimentary

status, and hence erosion rate, at the toe of the slope (Thorne, 1982; Darby, 1998; Darby

et al., 2010), then the energy or force applied to the toe zone is likely a key factor in

controlling net retreat. For example, in the �uvial literature, river bank erosion rates are

commonly described using an excess shear stress formula such as Partheniades (1965)

and Arulanandan et al. (1980) of the form

ε = k(τsf − τc)a (3.1)

where ε (m/s) is the bank erosion rate per unit time and unit bank area, τsf (Pa) is the

skin drag component of boundary shear stress, τc (Pa) is the critical shear stress
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required to initiate erosion, k (m2 s/kg) is an erodibility coe�cient and a is an

empirically derived, dimensionless, exponent often assumed to take the value of 1

(Rinaldi and Darby, 2007).

Models following the form of Eq.3.1 have been widely applied to geomorphological

situations; be it �uvial bank erosion (e.g. Partheniades, 1965; Arulanandan et al., 1980;

Darby et al., 2010), landscape incision (e.g. Wobus et al., 2010) or bed-load sediment

transport (e.g. Howard and Kerby, 1983; Tucker and Hancock, 2010). Recently such a

model has been applied to coastal cli� erosion (Trenhaile, 2009, 2010), replacing �uvially

induced shear stresses with bottom shear stresses generated from incoming waves. The

relationship between cohesive sediment erosion and wave induced bottom shear stresses

has been shown to be linear (Zeman, 1986; Amos et al., 1992; Amin and

Davidson-Arnott, 1997; Trenhaile, 2009), therefore the dimensionless exponent of Eq.3.1,

a, in Trenhaile's (2009) model is equal to one. In addition Yates et al. (2009) use a

simple linear equation, similar to Eq.3.1, to make skilful (∼5 m RMSE) predictions of

observed shoreline change over several years, without explicitly modelling the complex

physical process interactions (Long and Plant, 2012).

Darby et al. (2010) showed, by using Eq.3.1, that the accumulated volume of runo�

above a threshold discharge required to initiate bank erosion is the key hydrological

control on river bank erosion. Following this, it is postulated that the accumulated total

sea height (HT ) above a threshold required to initiate erosion (�gure 3.1) is the key

hydraulic control on cli� erosion. This is de�ned as

E =

∫ t

t=0
[f ((Ω(t)− Ωc) + a)] dt (3.2)

where E is erosion (m), Ω is the energy of a given total sea height (J/m3), Ωc is the

threshold sea surface height energy (J/m3) required to initiate erosion, a is a calibration

coe�cient and t is time. The average energy of a wave per unit surface area, Ω, is;

Ω =
1

8
ρgH2

s (3.3)

Where 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 signi�cant wave height (m), which is

normally equated to the average height of the largest one third of waves (Aranuvachapun

and Johnson, 1977; Sorensen, 1993; Masselink and Hughes, 2003). Accordingly the

energy of a given sea height is calculated by replacing Hs in Eq.3.3 with HT such that

Ω =
1

8
ρgH2

T (3.4)
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The approach taken herein is to de�ne the function in Eq.3.2 via regression. For this

approach to work, careful calibration of the Ωc component in Eq.3.2 is �rst conducted.

This, in turn, requires accurate de�nition of the threshold HT value required to initiate

erosion (see �gure 3.1). To do this, corresponding epochs of wave and sea level data

along with data regarding amounts of coastal retreat are needed. By conducting manual

trial-and-error adjustments of the threshold HT , di�erent accumulated excess energy

values (�gure 3.1) are produced for corresponding periods of coastal erosion. These

values are subsequently correlated to measured values of cli� retreat and the optimum

threshold HT is determined through linear regression techniques (see section 3.5 for a

more detailed explanation).

3.3 Study sites

In this section the three locations at which the applicability of Eq.3.2 will be tested are

outlined. Historic rates of retreat for each location are described as well as the

descriptions of the geology and de�ning characteristics of the coasts.

3.3.1 South west Isle of Wight

The study area along the south west coast of the Isle of Wight is an 18 km stretch of

coast between Compton Down and Blackgang (�gure 3.3). This stretch is comprised of

unprotected soft cli�s; de�ned as cli�s formed of unconsolidated materials such as sands

and shales (Damgaard and Dong, 2004). Those found on the south west coast of the Isle

of Wight are comprised of Wealden Clays (WC) and Marls (WM), Upper and Lower

Greensands (UG and LG) and, towards the southern end of the coast, Gault Clays (GC;

�gure 3.3; Daley and Insole, 1984). These materials are weakly resistant to erosion and

as such experience faster rates of retreat than the average for UK coasts (May and

Hansom, 2003). North of Compton Down towards the Needles the coastline is composed

of Cretaceous Chalks (�gure 3.3). This area has markedly slower rates of retreat due to

the more resistant nature of the geology. The cli� heights in the Chalk cli�s are also

higher (∼150 m) than their soft cli� counterparts (∼50 m).

This coastline is one of only six south west facing coastlines along the English Channel

coast (May and Hansom, 2003). Its aspect and location means that the full force of

waves, storms and swells generated in the North Atlantic Ocean is delivered to the soft

cli� environment (�gure 3.4a). Analysis of data from the Milford-on-Sea wave buoy data

(�gure 3.5) shows that the predominant direction of wave experienced along this

coastline is around 200◦ to 220◦ (�gures 3.4b and 3.4c). Figure 3.4a shows that this

direction corresponds to the large fetch (∼7000 km) from the North Atlantic Ocean up

the English Channel.
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Figure 3.3: Geological map of the Isle of Wight from the British Geological Survey
1:625000 bedrock geology map of the Isle of Wight. Cli� Units as described in section

3.1 are identi�ed.

Due to the complex geology of the region, local cli� erosion rates along the coastline vary

considerably (�gure 3.3). As such it is unsurprising that site speci�c investigations of

coastal erosion rates along the south west coast of the Isle of Wight are common, even if

they do not agree on the average rate of erosion. For example, May (1964) provides rates

of erosion along the whole coast for the past 100 years ranging from 0 to 2 ma−1. The

same study calculated that the rate of erosion between Blackgang Chine and Ather�eld

Point is in the region of 1 ma−1 (May, 1964). Conversely, Hutchinson (1987) noted that

coastal retreat between 1861 - 1980, along almost the same stretch of coast between

Blackgang Chine and Cli� Farm, was in the region of 0.43 ma−1, under half that

proposed by May (1964).

Halcrow (1997), Leyland and Darby (2008) and Royal Haskoning (2010) provide the

most recent attempts to monitor and predict rates of coastal erosion along the south

west coast of the Isle of Wight (table 3.1). Despite the holistic approach of these studies,

they still make use of �ve distinct Cli� Units based on the geological setting of the region
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Figure 3.4: a) Location of the South West coast of the Isle of Wight highlighting
the exposure to storms generated in the North Atlantic Ocean. b) Wave direction rose
for 2009 showing a predominant SSW (210◦) approach. c) Signi�cant wave height (m)
against wave direction (◦) from Milford-on-Sea Wave Buoy for 2009 (Courtesy of the

Channel Coastal Observatory).

(see �gure 3.3), described as:

• Unit I: Compton Down (SZ36854) to Hanover Point (SZ379837). Strata dip to the

north, gradually changing from Chalk at Compton Down through Lower Greensand

at Compton Chine to the Wealden Shales and Marls at Shippards Chine.

• Unit II: Hanover Point (SZ379837) to Barnes High (SZ437808). This unit is

underlain by Wealden Marls, however there is an increase in shale and clay content.

• Unit III: Barnes High (SZ437808) to Ather�eld Point (SZ452792). This unit

consists of Wealden beds and Ather�eld Clay. The more resistant headland of

Ather�eld Point is comprised mainly of clay and is protected at the base of the cli�

by outcrops.
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Figure 3.5: 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.

• Unit IV: Ather�eld Point (SZ452792) to Cli� Farm (SZ481775). This unit is

characterised by steep cli�s of Ferruginous Sands of the Lower Greensands Group

lying upon a bed of Walpen Clay. At the Walpen Undercli� the more resistant

Upper Gryphaea bed becomes exposed, above which seepages and springs emerge

from the Foliates Clay and Sands.

• Unit V: Cli� Farm (SZ481775) to Blackgang (SZ485765). Upper Greensands

overlaying Gault Clay and Lower Greensands comprise this unit.

Table 3.1 shows that there are distinct di�erences in the measured rates of cli� erosion

between the �ve geological Cli� Units and between the studies themselves. All three

studies concur that the highest levels of erosion are found in the south east portion of

the studied stretch of coast. This is somewhat expected, as Units IV and V are

comprised of weaker geologies (�gure 3.3). Royal Haskoning (2010) also note that the

wave exposure and nearshore pro�le steepness is greater in the south east, insomuch that

Chale Bay (�gure 3.3) experiences the most energetic wave environment along the south

west coast, explaining the increased rates of erosion in this area. The lowest rates are

found in Units I and II. May and Hansom (2003) note that the existence of a better

developed shore platform in this area, and the `Pine Raft' (a collection of charcoali�ed

plant debris from the Mesozoic Era; Robinson and Hesselbo, 2004) at Hanover Point

(Unit II, �gure 3.3), refracts incoming wave energy providing protection to the cli� foot;

explaining the lower rates of retreat in this Unit and Unit I.

It is often the case that rates of cli� retreat are controlled by rates of longshore sediment
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1866 - 1995 1946 - 2001 1860 - 2010
Halcrow (1997) Leyland (2009) Royal Haskoning (2010)

Unit I 0.48 0.34 ± 0.01 0.30
Unit II 0.35 0.58 ± 0.07 0.50
Unit III 0.47 0.59 ± 0.08 n/a
Unit IV 0.6 0.68 ± 0.16 0.75
Unit V n/a 0.30 ± 0.08 n/a

Table 3.1: Historic rates of erosion (ma−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 Ather�eld Point, Unit IV - Ather�eld Point to Cli� Farm,

Unit V - Cli� Farm to Blackgang Chine (see �gure 3.3)

transport (Dickson et al., 2007; Walkden and Dickson, 2008). However, it has been shown

that sediment transport along the south west Isle of Wight coastline is wave driven, as

tidal currents are low (in the order of 0.3 to 0.5 ma−1; SCOPAC, 2004), moving sediment

away from the nearshore in a direction perpendicular to the coastline, rather than

transporting it along the shoreline. Furthermore, the same report suggests there is no

direct evidence for along shore sediment transport along the coastline (SCOPAC, 2004).

It therefore appears that shore platform development and rates of cli� retreat along the

south west Isle of Wight coastline are not a�ected by longshore sediment transport.

3.3.2 Su�olk coast

The Su�olk site is a 15 km stretch of soft-cli� coastline between Southwold and

Lowestoft (�gure 3.5). Between Southwold and Benacre the cli�s are comprised of weak

Pleistocene sands, gravels and clays overlain by Middle Pleistocene �uvial sands and

gravels (Lee, 2008). From Kessingland to Lowestoft the geology becomes more clay rich,

with the cli�s developing in Plateau gravels and clay rich Lowestoft Till (Lee, 2008).

Cli� 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, comprising

principal components from the northeast and southeast to southwest (Guthrie and

Cottle, 2002; Pye and Blott, 2006).

Historic rates of cli� erosion for this site are sparse (Brooks and Spencer, 2010, 2012;

Brooks and Boreham, 2012). Brooks and Spencer (2010) found that between Southwold

and Benacre long term (1883 - 2008) rates of retreat are of the order 2.3 - 3.5 ma−1,

whilst a more recent trend (1993 - 2010) suggests rates of erosion have risen substatially

to 4.7 ma−1 (Brooks and Spencer, 2012; Brooks and Boreham, 2012). At Dunwich (6.2

km south of Southwold) there are numerous historical records of shoreline position

(Robinson, 1980; Pye and Blott, 2006). Historical maps have been analysed to produce a

long record of historical cli� retreat. Between 1587 and 1753 rates of shoreline retreat at

Dunwich measured 1.9 ma−1, whereas between 1753 and 1977 the rate slowed to 0.8
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ma−1 (Pye and Blott, 2006). More recently, and contrary to trends observed at

Southwold (Brooks and Spencer, 2012; Brooks and Boreham, 2012), a trend towards

accretion has occurred, with rates of retreat over the past 50 years declining (Pye and

Blott, 2006).

3.3.3 Birling Gap

Birling Gap is situated on the East Sussex coastline in southern England (�gure 3.5).

The cli�s are comprised of Upper Chalk and Coombe Rock (May, 1971) and are

therefore of a more resistant geology than the soft cli� environments of the Su�olk and

Isle of Wight coasts. The cli�s are unbroken by major joints (May, 1971). A narrow

beach of �int shingle is present a�ording limited protection to the cli� toe. Cli� heights

along this coast vary from 14 m along the Seven Sisters to 156 m at Beachy Head.

Historical rates of retreat identify this coastline as one of the fastest retreating coastlines

in the UK. May (1971) calculates historic annual rates of retreat of 0.91 ma−1 between

1875 and 1961. The wave climate, aspect and degree of exposure of the Sussex coast is

similar to that of the south west Isle of Wight; with this stretch of coast comprising

another of the six south west facing coastlines along the English Channel coast identi�ed

by May and Hansom (2003).

3.4 Methodology

In order to de�ne the form of Eq.3.2, it was necessary to obtain descriptors of the wave

regimes, sea level heights and corresponding measures of coastal retreat for each study

site. A description of the data available and the methodologies used to obtain and

process the data for each site is described below.

3.4.1 Wave energy regimes

The three study sites described above fall into two di�ering wave regimes. The south

west coast of the Isle of Wight and Birling Gap both predominantly receive waves from

the south west. In contrast the Su�olk coastline is exposed to a North Sea wave regime

with a bimodal predominant wave direction. Swells from the north east and south east

to south west directions a�ect this coastline (Pye and Blott, 2006; Lee, 2008). Therefore

di�erent wave records are required to characterise the wave energy delivered to each site.

There are numerous wave buoys located throughout the English Channel which may

potentially be used to represent the wave climates of the Isle of Wight and Birling Gap

(�gure 3.5). However, the length of the record and location of many of the wave buoys

inhibits their use. Of the wave buoys shown in �gure 3.5, only two cover a time period

greater than �ve years; Channel Light Vessel (CLV; 1995 - 2011) and Milford-on-Sea
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(1996 - 2011). Importantly, both of these buoys are positioned in unsheltered locations,

exposed to the full North Atlantic fetch. They experience little refraction of the waves

due to their location and thus experience and record wave climates representative of the

Isle of Wight and Sussex coastlines. Conversely, the other wave buoys in the vicinity of

the Isle of Wight and Birling Gap are in locations which experience wave refraction, are

protected by headlands (e.g. Lymington Wave Buoy) or have a limited data record (e.g.

Rustington Wave Buoy); limiting the feasibility of using these records in this study.

A comparison of the data sets from the CLV and Milford-on-Sea wave buoys over a 13

year time period (1996 to 2009) reveals that the Channel Light Vessel data set is 99.7%

complete whereas the Milford-on-Sea data set is only 84% complete. This is unfortunate

given the closer proximity of the latter to the Channel coast study sites. However,

despite the ∼200 km distance between the CLV and the south west coast of the Isle of

Wight, the unimpeded approach of the south westerly wave events up the English

Channel between the two points (see �gure 3.4a) means the wave climate a�ecting the

south west Isle of Wight is well represented by the wave climate recorded at the CLV. It

was therefore decided that the CLV (49◦55`N 2◦54`W) provided the more robust and

complete data set and was subsequently used to represent the wave regime of the south

west Isle of Wight.

With respect to the Birling Gap study site, the length of the data set of the Rustington

Wave Buoy (situated near-shore ∼20 km south west of Birling Gap) is only four years

(2005-2009) which limits the use of this record for the current study. As this coastline

has the same aspect and degree of exposure as the south west Isle of Wight and is

dominated by the same predominant wave direction, it is tentatively assumed that the

CLV data provide a reasonable representation of the wave climate at Birling Gap. In

order to test the validity of this assumption (given that the CLV and Birling Gap are

separated by ∼300 km), the wave heights recorded at the CLV in 2009 were compared to

those recorded for the same period at the Rustington Wave Buoy (�gure 3.6). It appears

that the observed patterns in wave records from both locations are visually very similar,

with a Pearson Correlation coe�cient of 0.65 (p < 0.05). In order to reduce the noise

(e.g. hourly variations in Hs magnitudes) in the two signals, a moving average low-pass

�lter with a lag of 100 hours was applied to both data sets. By doing so the correlation

coe�cient increased to 0.89 (p < 0.05), suggesting that the two data sets respond

similarly to larger �uctuations in Hs, but not identically.

It is recognised that the di�erent locations of the buoys with respect to the coastline will

have a signi�cant e�ect on the height of the waves measured. For the CLV dataset to be

considered representative of the wave climate at Birling Gap, it is important that the

arrival times of the peaks in Hs are replicated in both time series, as it is these events

which represent periods of high energy delivery to the coast. Visually it appears that the

peaks are replicated in both time series (�gure 3.6). By carrying out analysis of the

arrival time of peak Hs in both time series it was possible to quantify the di�erence in

timings of peak events. On average, peak Hs at the Rustington wave buoy occurred 8.3
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Figure 3.6: Signi�cant wave height data recorded at a) Channel Light Vessel (49◦54`0�N
2◦54`0�W) and b) Rustington Wave Buoy (50◦44`03�N 00◦29`67�W) for 2009. Grey lines
are the hourly Hs measurements. The thick black line represents the data passed through
a low-pass �lter. Note the y-axis scale for the two records changes. Areas of similar

behaviour are identi�ed by the grey shaded areas.

hours after peak Hs at the CLV. This value represents the travel time of a wave

propagating up the ∼300 km stretch of the English Channel between the two sites (an

approximate wave speed of 10 m/s), and is therefore acceptable.

Continuous Wavelet Transforms (CWT) allows the analysis of signi�cant features in one

or more signals. CWT is commonly used to analyse intermittent oscillations in time

series, particularly where two time series are expected to be linked in some way (Grinsted

et al., 2004). Furthermore, CWT analysis is resistant to noise within a signal and so can

identify whether two time series respond to larger period (days/months) oscillations. For

detailed information concerning CWT see Grinsted et al. (2004). This analysis showed

that signi�cant peaks in wavelet power are seen at apparently consistent times of the

year (�gures 3.7 a and b) in both the CLV and Rustington time series within the 32 to
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Figure 3.7: Wavelet analysis of the CLV and Rustington (RST) wave buoy records
between 01/01/2009 and 31/12/2009 a) Continuous Wavelet Transform (CWT) of the
CLV Hs time series. b) CWT of the RST Hs time series. c) Cross Wavelet Transform
(XWT) of both the CLV and RST Hs time series. d) Wavelet Coherence (WTC) analysis
of the CLV and RST Hs time series. In all graphs the 95% signi�cance level against red
noise is shown as the thick black contour. The Cone of In�uence (COI) delineating the
edge e�ects is denoted by the lighter shading. The relative phase relationship is shown
by the arrows in c) and d), where right-pointing arrows denote in-phase, left-pointing
arrows denote anti-phase and the CLV time series leading the RST time series denoted
by a 90 ◦ arrow pointing straight down. Therefore an arrow of direction ↙ symbolises

in-phase CLV leading RST, which is to be expected.

128 hour (1.5 to 5.3 days) bands. Signi�cant seasonality is also seen in the analysis, with

statistically signi�cant peaks occurring predominantly in the winter months (Nov - Feb).

In order to test the signi�cance of these simultaneous occurrences in peak wavelet power

in the CLV and Rustington records shown in �gure 3.7(a and b), Cross Wavelet

Transform (XWT) and Wavelet Coherence (WTC) analyses were conducted (�gures 3.7

c and d). XWT delineates occurrences of periods of high common power, whilst WTC

identi�es regions of common coherence within the two time series (Grinsted et al., 2004).

XWT suggests that statistically signi�cant common high wavelet power occurs within

the 64 to 128 hour (2.6 to 5.3 day) bands (�gure 3.7c), again with a high degree of

seasonality. It is also noticeable that the coherence increases with periodicity, despite the

coherence in the bands of higher periodicity not being statistically signi�cant. The WTC

analysis (�gure 3.7d) con�rms that in bands greater than 512 hours (21.3 days) there is
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statistically signi�cant coherence between the CLV and Rustington wave buoy data.

Seasonality in coherence is suggested with statistically signi�cant coherence around the

100 hour (4.16 days) band in winter months (Nov - Feb). There also exists a region of

statistically signi�cant coherence around the 12 hour (0.5 days) band which persists

throughout the whole year, and intermittent regions of statistically signi�cant coherence

around the 30 hour (1.25 days) band. This analysis suggests that both the CLV and

Rustington wave buoy records behave coherently (to 95% signi�cance levels) in response

to events of large periodicity (64 - 100 hours). It is also important to recognise that both

records respond coherently to events with a periodicity of 12 hours, however this value is

likely to merely re�ect the response of the records to tidal variations. It appears from the

wavelet analyses that the CLV and Rustington Hs time series show little coherence over

small time scales, suggesting the hourly measurements may not match up. This is

re�ected in the di�erences in magnitude of Hs from both buoys (�gure 3.6), caused by

the transformation of the wave as it moves from deep water to near-shore conditions.

However, larger period �uctuations (days and seasons) are coherently represented in

both records (to within 95% signi�cant levels). As storm events are likely to reoccur over

larger time periods (days to months) rather than on hourly or daily scales, the XWC and

WTC analysis suggests that both data sets will be recording storm events coherently.

It has been shown that the CLV wave record and the record from Rustington display the

same characteristics and timings of peak events over the same one year period (�gure

3.6). The visual coherence of the two records is supported by wavelet analysis,

suggesting that events of medium to larger periodicity (≥24 hours) are represented (to

95% signi�cance levels) within both records (�gures 3.7). Therefore the use of the longer

wave record from the CLV to represent the wave climate at Birling Gap is valid.

With respect to the Su�olk coastline, limited long term wave records exist. Short term

records, of insu�cient length for this study, were available from nearshore buoys located

at Southwold Approach (2010-2011), Southwold North (2003-2004) and West Gabbard

(2002-2011). The longest available record for this area is the K13a1 wave buoy

(53◦13`44�N 03◦13`13�E), situated in the North Sea o� the British and Dutch coasts

(�gure 3.5); Hs from this buoy is available for the period 1978-2011. To test the

applicability of this data source to the Su�olk coast, three-hourly Hs data from the

Southwold North2 wave buoy (52◦18`88�N 001◦47`02�E) situated at the south end of the

Su�olk study site was available for the shorter period 21/08/2003 to 20/08/2004. This

was compared to Hs data from the K13a wave buoy for the same period (�gure 3.8).

Despite the correlation not being as visually strong as that between the CLV and

Rustington wave records, there appears to be regions which behave similarly within both

records (�gure 3.8). Supporting the lack of visual correlation, the Pearson's Correlation

Coe�cient between the two data sets is low, at 0.19 (p < 0.05) when applied to the

moving average low-pass �ltered data.

1Courtesy of Rijkswaterstaat, Netherlands
2Courtesy of the Centre for Environment, Fisheries and Aquculture Science (CEFAS)
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Figure 3.8: Three-hourly Hs recordings from the a) K13a and b) Southwold North wave
buoys for the period 21/08/2003 to 20/08/2004 (grey lines). The black lines represent
the data passed through a moving average low-pass �lter with a lag of 100 hours. The
grey bars delineate periods where the two series appear to behave similarly. Note the

scale of the two graphs is di�erent

Wavelet analysis was carried out on the Southwold North and K13a data sets to test the

strength of the covariance (�gure 3.9). The CWT suggests that in both the K13a and

Southwold North records peaks are identi�ed around the 16 to 64 hour (0.6 to 2.6 days)

band (�gures 3.9 a and b). Another peak in the 130 hour (5.41 days) band is found in

both records between February and March. This is supported by the XWT analysis

(�gure 3.9c) which suggests that both the patterns picked out from the CWT analysis

are statistically signi�cant common areas of high wavelet power. Finally, WCT analysis

(�gure 3.9d) implies that the K13a and Southwold North wave records are coherent (to

95% signi�cance 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 �gures 3.9b, c and d) they suggest that the events with

larger periodicity are picked up within both records, whereas events on an hourly scale
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Figure 3.9: Wavelet analysis of the K13a and Southwold North wave buoy records
between 01/01/2009 and 31/12/2009 a) Continuous Wavelet Transform (CWT) of the
K13a Hs time series. b) CWT of the Southwold North Hs time series. c) Cross Wavelet
Transform (XWT) of both the K13a and Southwold North Hs time series. d) Wavelet
Coherence (WTC) analysis of the K13a and Southwold North Hs time series. In all
graphs the 95% signi�cance level against red noise is shown as the thick black contour.
The Cone of In�uence (COI) delineating the edge e�ects is denoted by the lighter shading.
The relative phase relationship is shown by the arrows in c) and d), where right-pointing
arrows denote in-phase, left-pointing arrows denote anti-phase and the K13a time series
leading the Southwold North time series 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.

are not.

Despite the visual coherence between the Southwold North and K13a wave buoy record

not appearing signi�cant, wavelet analysis of the time series suggests that larger

periodicity �uctuations in the Hs time series are replicated in both data sets. This

indicates that events with larger return levels (e.g. storms) are coherently recorded in

both data sets, yet there will be large variations within the hourly values of Hs between

the two records. As it is the larger periodicity events that are of particular interest in

this study, the use of the K13a wave record to represent the wave climate of the Su�olk

coast is considered justi�ed.
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3.4.2 Sea level data

Sea level has been shown to vary considerably from location to location, especially within

the English Channel where two of the study sites are located (�gure 3.5; Haigh et al.,

2009b). Accordingly it is important that sea level data sets unique to each three study

sites are obtained.

With regards to the Isle of Wight study site, tide gauges are available at Weymouth,

Bournemouth, Southampton and Portsmouth. At all these sites sea level is recorded

every 15 minutes, referenced against Admiralty Chart Datum. Of these sites Weymouth,

Southampton and Portsmouth have long term records, part of which correspond to the

wave records detailed above (1967 - 2011, 1935 - 2011 and 1961 - 2011, respectively).

The Bournemouth record begins in 1996 and continues up to 2011. Both the

Bournemouth and Portsmouth sea level records contain multiple years which are less

than 80% complete, and as such may provide an incomplete record of sea level.

Accordingly, these two sites were discarded. The Southampton and Weymouth records

provide reasonably complete (99%) sea level records and as such could be used as a

suitable record of sea level along the south west coast of the Isle of Wight. To distinguish

between the two, their proximity to the study site was assessed. The Weymouth tide

gauge is 75 km from the south west Isle of Wight, whereas the Southampton tide gauge

is only 31 km from the study site. Therefore the long-term Southampton tide gauge

record was selected as the representative record for the south west Isle of Wight.

Birling Gap is located further east along the English Channel (�gure 3.5). The UK Tide

Gauge Network contains one tide gauge located at Newhaven, 10 km south west of

Birling Gap. The Newhaven tide record is continuous over the period 1982 - 1987 and

1991 - 2011, with periodic records dating back to 1942, and therefore corresponds to the

temporal scale of the wave regime of this location described above in section 3.4.1. The

local sea level at Newhaven is recorded every 15 minutes and is referenced to Admiralty

Chart Datum. The record is approximately 95% complete over the period (1991 - 2011)

and as such can be said provides a useful and accurate record of sea level at Birling Gap.

Similarly, the Su�olk coast study site is located close to only one tide gauge situated in

Lowestoft, at the northern reach of the study site. The Lowestoft tide gauge record is

continuous over the period 1964 - 2011, as such it covers the same time frame as the wave

record for this coast line detailed above in section 3.4.1. Sea level is recorded hourly up

until 1992 and every 15 minutes thereafter, referenced to Admiralty Chart Datum. Over

the period 1991 to 2010 the Lowestoft tide gauge is approximately 97% complete and as

such can be said to provide an accurate record of sea level along the Su�olk coast.
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3.4.3 Quantifying rates of coastal erosion

3.4.3.1 Isle of Wight

As stated in section 3.3.1 many historical studies of coastal erosion along the south west

Isle of Wight exist. However these studies focus on shoreline erosion over large timescales

(≥ 60 years, see table 3.1). To assess the importance of wave energy as a driver of coastal

erosion it is necessary to obtain shoreline erosion measurements that are matched to the

temporal scale of available wave records, i.e. annual data. Recalling that for the south

west Isle of Wight, hourly recordings of wave data are available for the period 1995 to

2011, annual shoreline positions that matched this time period were therefore obtained.

As the south west Isle of Wight is a rural landscape, it falls under the Ordnance Survey

Cyclical revision policy (Ordnance Survey, 2009). This means that changes to the

printed maps are made every 5 to 10 years, unless major changes occur to the coastline

(de�ned as change greater than 50 hectares). During the period in question, revisions

have occurred in 2001 and 2010. To supplement the map data, annual LIDAR (Light

Detection and Ranging) surveys of the coast, carried out as part of the Strategic

Regional Coastal Monitoting (SRCM) Programmes of England , were obtained for 2004 -

2005 and 2007 - 2009. LIDAR surveys provide high resolution data which has been

widely used to study coastal erosion

Shoreline positions were extracted from digitised maps and LIDAR data. Hillshades of

the LIDAR data were created to help the delineation of the cli� toe (Hapke and Reid,

2007). Hillshading creates a shaded surface based on the re�ectance values and shading

e�ects of surrounding surface features. As it is the impact of waves on the foot of the

cli� which has been identi�ed as a key driver of cli� erosion (section 3.2), the position of

the cli� toe was chosen to represent the shoreline position. The position of the cli� toe

was interpreted as the change in shade, on the hillshade image, where there is an abrupt

change in slope at the foot of the cli�.

To supplement the above data sets, an on-foot Real-Time Kinematic GPS (RTK-GPS)

survey of the cli� toe position was undertaken in March 2011. The survey was carried

out using a Leica Viva SmartRover RTK-GPS system following Baptista et al. (2008,

2011, �gure 3.10). The position of the cli� foot was recorded using the RTK-GPS to

within an accuracy of 0.005 m, consistent with other studies using RTK-GPS. The

methodology employed requires that the pole and antenna of the RTK-GPS are held in a

vertical position at a constant height to minimise errors due to the tilting of the pole. In

areas of simple geometries, points were taken every 5 m, whereas where complex

geometries existed (e.g. around a slump or talus deposit, e.g. �gure 3.10) points were

recorded at every major change in direction. These features were recorded if larger than

1 m2 in area as they would be identi�ed on the LIDAR images. Areas of signal shadow

limited the survey area to between Compton Down in the North to 200 m south of

Ather�eld Point, a distance of 12 km.
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Figure 3.10: On-foot RTK-GPS survey carried out on the Isle of Wight in March 2011.
Cli� foot locations were taken using a Leica Viva RTK-GPS accurate to within 0.005 m.

Once shoreline data were collected and digitised, an ArcGIS add-on, the Digital

Shoreline Analysis System (DSAS; Thieler et al., 2008), was used to cast transects from

a user created baseline every 100 meters along the shoreline. The baseline tracked the

indentations of the coastline, rather than being a straight line parallel to the coastline in

order to reduce the errors produced in areas where the coastline deviates from the

parallel baseline the most (e.g. headlands). The DSAS was used to calculate the Net

Shoreline Movement (NSM) and Least Median of Squares (LMS) statistics of shoreline

recession. NSM measures the distance between the point where the oldest and youngest

shorelines intersect along a given transect, giving the total distance of retreat between

the two points (Thieler et al., 2008). The LMS calculates an annual rate of retreat using

the median value of the squared residuals to minimise the in�uence of anomalous outliers

on the overall regression equation, thus making the estimate more robust (Thieler et al.,

2008).

It is important to note that all measures of cli� erosion are only as reliable as the

measurement errors used to determine the cli� foot. Following Hapke and Reid (2007)

the cli� edge position error for each shoreline digitisation, Esp (ma−1; equation 3.5), was

calculated from the LIDAR pixel error (when LIDAR was used), El (m), the digitising

error, Ed (m), and the georeferencing error (m; when aerial photographs or map data

were used), Eg using:

Esp =
√
E2
g + E2

d + E2
l (3.5)

Ed represents the error in the manual digitisation of the shoreline and is therefore only
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2001 2004 2005 2007 2008 2009 2011

Image Pixel Size, Ei (m) n/a 2.00 2.00 1.00 1.00 1.00 n/a
Georeferencing Error,
Ea (m)

1.2 n/a n/a n/a n/a n/a n/a

Digitising Error, Ed (m) 1.00 1.00 1.00 1.00 1.00 1.00 n/a
GPS Positional Error,
Ei (m)

n/a n/a n/a n/a n/a n/a 0.005

Total Positional Uncer-
tainty, Esp (m)

1.56 2.24 2.24 1.41 1.41 1.41 0.005

Table 3.2: Estimated positional uncertainties for the Isle of Wight cli� toe positions for
each shoreline digitisation. Image pixel size re�ects the resolution of the LIDAR data.
The georeferencing error of the 2001 shoreline is taken from Leyland (2009). n/a = not

applicable.

applied to LIDAR and aerial photograph derived shorelines. Similarly, Eg represents the

average root mean squared error when undertaking geo-recti�cation of aerial imagery

and map sources, and was thus only applied to aerial photo derived shorelines.

A separate Esp was calculated for each time period (table 3.2). These values were

combined and annualised to provide error estimations for each epoch. The annualised

error, Ea, is expressed, following Hapke and Reid (2007), as:

Ea =

√
E2
sp1 + E2

sp2

t2 − t1
(3.6)

where Esp1 is the epochs start year spatial error, Esp2 is the epochs end year spatial

error, t1 is the time at the start of the epoch and t2 is the time at the �nish of the epoch.

Ea represents the minimum level of change in cli� toe position that can reliably be

discriminated by image analysis within each measurement epoch.

Shoreline epochs of 2001 - 2005, 2004 - 2007, 2005 - 2008, 2007 - 2009 and 2009 - 2011

were chosen, as annual change was not discernable above the positional errors. By

separating the shoreline data into epochs of multiple years, it was possible to ensure the

cumulative shoreline retreat was greater in magnitude that the positional errors.

3.4.3.2 The Su�olk coast

Coastal erosion data for the Su�olk coast between Southwold and Lowestoft is published

in Lee (2008). As part of the National Rivers Authority Anglian Region (the predecessor

of the Environment Agency) beach pro�les have been surveyed bi-annually from 1992 to

2003. This data forms part of the Sea Defence Management Study (SDMS). SDMS

pro�les were measured at approximately 1 km spacing along the coast from a metal

marker �xed to a permanent station (e.g. a seawall or promenade) to as far out to sea as

could be surveyed, ideally to low water (Lee, 2008). The surveys were carried out using
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Figure 3.11: Example of survey methodology undertaken at Birling Gap on 12-07-2004.
The distance from cli� is measured using sta� and tape at right angles to the baseline

tape. Photo courtesy of Uwe Dornbusch.

Global Positioning Sytems (GPS) and land survey techniques. The vertical accuracy of

the surveys varied along the pro�le. On hard surfaces the vertical accuracy was ±0.03 m,
this increased 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 errors resulting from

image analysis. This enables reliable discrimination of the changes in cli� position over

the time period to within a maximum error of ±0.4 m.

3.4.3.3 Birling Gap

Since 1950, a length of cli� ∼560 m around Birling Gap (�gure 3.5) has been surveyed

initially twice a year but later on an annual basis by Halisham Council. Between 1951

and 1973 spring (May) and autumn (no month can be ascertained but possibly October)

surveys were undertaken. This schedule changed to predominantly spring surveys (May

shifting to June) that then were called `summer surveys' from 1990 onwards taking place

in July. No surveys were carried out in 1978, 1980, 1984, 1985, 1988 and 1993. These

gaps, along with the availability of corresponding wave height data (limited to the period

1995 - 2011), restricts the use of this large data set to the period 1996 - 2004.

A base map was surveyed in September to November 1950, showing the cli� top line and

a number of buildings in their existing state. The subsequent survey method employed

consisted of spanning a tape (earlier a surveyors chain) between �xed points 45 m apart.

The distance from the cli� was measured at right angles (determined by eye) to the base

line tape at 3 m intervals. A tape, attached to a pole, was pushed towards the cli� edge
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and the distance measured at the base line tape3 (�gure 3.11).

To georeference the measured data to the British National Grid, reference data was

collected using di�erential GPS with the base being Environmental Agency GPS point

P13005 at Birling Gap. The survey accuracy was better than ±0.01 m. The lack of

digitised LIDAR or map data in this survey considerably reduces the error associated

with the data. This facilitates the reliable discrimination of rates of cli� retreat for this

site over annual epochs to a value of ±0.02 m.

3.5 Results

3.5.1 South west Isle of Wight

DSAS analysis of the digitised shorelines for the south west Isle of Wight produced LMS

(�gure 3.12) and NSM (�gure 3.13) for the epochs speci�ed in section 3.4.3.1. Both LMS

and NSM suggest that the south west Isle of Wight undergoes large variations in erosion

over short (sub-decadal) timescales. Results suggest that the period 2001-2005 was more

active than the period in the middle of the decade (2004 to 2008), with increasing trends

in erosion rate towards the end of the study period (2007 to 2009). The average rate of

erosion for the whole coast over the period 2001 - 2011 was found to be 0.66 ma−1 ± 0.5

m which is consistent with previous studies of the long-term (∼50 yr) rate of erosion
(Halcrow, 1997; Leyland, 2009; Royal Haskoning, 2010).

Variations due to geology are also visible in the DSAS analysis, with markedly di�erent

rates of erosion experienced across the coast. Between 2007 and 2009, rates of erosion

varied from 0.56 ma−1 ± 0.79 m in Unit II (WM4) to 2.17 ma−1 ± 0.79 m in Unit V

(UG on LG; �gure 3.12). Unit II (WM) regularly displays the lowest rates of erosion

across the study period (�gures 3.12 and 3.13).

The average rates calculated for each Cli� Unit conform to patterns described in

previous work (table 3.1), displaying higher rates of erosion towards the south east of the

coastline (Unit V). Interestingly, results suggest Units I (C and WC) and III (WC) are

eroding at much higher rates (0.72 ma−1 ± 0.3 m and 0.86 ma−1 ± 0.3 m respectively)

over the 10 year period than previous studies suggest (table 3.1). This may be a result of

increased variability highlighted by the 10 year study, or it may suggest that rates of

erosion have accelerated in these Units, identifying them as areas highly sensitive to

changes in driving forces.

The large variation in erosion between the epochs studied (�gures 3.12 and 3.13) can be

explained by variations in the incoming energy to the system. Assuming that wave
3Details of the survey technique and data available were provided courtesy of Uwe Dornbusch of the

Environment Agency
4The acronyms following the Cli� Units relate to the geology of the respective Cli� Unit. C = Chalk,

WC = Wealden Clays, WM = Wealden Marls, UG = Upper Greensands, LG = Lower Greensands.
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Figure 3.12: Least Median of Squares (LMS) retreat rates (ma−1) for the south west
Isle of Wight broken down by geological cli� unit. Geologies are provided in the legend;
C = Chalk, WC = Wealden Clays, WM = Wealden Marls, LG = Lower Greensands, UG

= Upper Greensands. See section 3.3.1 for more detailed geological descriptions.

energy is the driving force of cli� retreat (see section 3.2), variations in the wave energy

delivered to this coast should help explain the variability in retreat rates. By comparing

the accumulated excess sea height energy (AEE; �gure 3.1) above a threshold required to

initiate erosion with the NSM measurements of each cli� unit, it is possible to formulate

relationships between AEE and rates of retreat for the south west Isle of Wight (�gure

3.14).

As described at the end of section 3.2, careful calibration of the threshold HT is

necessary. By iterating through the range of recorded HT values and calculating the

associated AEE, it is possible to optimise the regression between AEE and NSM. For the

whole south west coast of the Isle of Wight NSM is optimally correlated to AEE when

the threshold total sea height (HT ) is 10.7 m (p = 0.04; �gure 3.14a). The optimal

threshold HT values along the coast vary from 8.9 m to 10.9 m (�gure 3.14 b-f)

depending on the underlying geology. Units I (C and WC) and II (WM) display

generally higher threshold HT values of 10.6 m (p = 0.16) and 10.9 m (p = 0.05),

respectively (�gure 3.14 b and c). Units III (WC) and IV (LG on WC) display the lowest

threshold HT values of 8.9 m (p = 0.53) and 9.4 m (p = 0.003) respectively (�gure 3.14 d

and e), whilst Unit V (UG and LG) exhibits a slightly higher threshold HT value of 9.8

m (p = 0.30). These patterns in threshold HT values are consistent with historical (table

3.1) and geological evidence. Unit V (UG and LG) historically displays a high rate of
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Figure 3.13: Net Shoreline Movement (NSM) for the south west Isle of Wight bro-
ken down by geological cli� unit. Geologies are provided in the legend; C = Chalk,
WC = Wealden Clays, WM = Wealden Marls, LG = Lower Greensands, UG = Upper

Greensands. See section 3.3.1 for more detailed geological descriptions.

erosion (table 3.1) which is supported by recent analysis (�gures 3.12 and 3.13).

Therefore the relatively low HT threshold facilitates this. Likewise, the less resistant

geologies of Units III (WC) and IV (LG on WC) require less energy to initiate erosion

and so exhibit lower HT thresholds still.

Conversely, the higher threshold values displayed by Units I (C and WC) and II (WM)

in the northern reaches of the coastal stretch can be explained by the presence of a

protective Pine Raft around Hanover Point and better developed shore platform in this

region. These features necessitate higher wave heights as they act to protect the cli� toe

from erosion, thus a higher threshold HT value is needed to initially clear the protective

shore platforms and subsequently initiate erosion at the cli� foot (�gure 3.2).

In Section 3.2 a linear relationship between AEE and NSM was proposed (Eq.3.2). It

follows therefore that the null hypothesis (H0) states that there is no linear relationship

between AEE and NSM. Figure 3.14 and related statistical analysis lets us reject H0

when considering the south west coast of the Isle of Wight as a whole (�gure 3.14a). The

linear relationship expressed in Eq. 3.2 accounts for 75% of the variability in rates of

coastal retreat along the coast as a whole, and is signi�cant at the 95% con�dence levels

(p=0.04). H0 can again be rejected for Cli� Units II and IV, within which 80% and 89%

of variation in cli� retreat is explained by the linear relationship expressed in Eq.3.2,

respectively. Both of these relationships are signi�cant at 95% con�dence levels (p= 0.05
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Figure 3.14: Relationships between accumulated excess sea height energy and amount
of retreat for the Isle of Wight. The units refer to di�ering geological makeup. 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 nonparametric regression which is more robust for samples where

n < 30 (Theil (1950), Sen (1968), Wilcox (1998)). Note the scale on f) changes.
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and 0.003, respectively).

However, for Units I, III and V H0 cannot be rejected. Across these three units, only 2%

to 33% (�gures 3.14b, d and f) of variation in cli� erosion can be explained by AEE,

with none of the relationships signi�cant at 95% con�dence levels (p= 0.16, 0.53 and

0.31, respectively). This suggests that other driving factors may be important within

these cli� units, particularly over the short time periods in question when larger

temporal scale process domination may not be visible (Lazarus et al., 2011). May and

Hansom (2003) propose that seepage erosion is the dominant cause of coastal erosion in

Unit I, whilst landslides and basal failures dominate in Unit V.

These results suggest initially, that we can neither reject nor accept H0 as it has been

shown to be both valid and invalid depending upon the location and setting of the study.

In these locations there may be features present which inhibit the delivery of wave

energy to the cli� foot, halting the cycle of BEPC and e�ecting rates of erosion. For

example, Unit V (�gure 3.14 f) is characterised by the presence of a large undercli�

which acts as protection to the foot of the cli�, impeding energy delivery (May and

Hansom, 2003). Similarly, Unit I (�gure 3.14 b) is a�ronted by a well developed shore

platform which 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 wholy, or in part, met, resulting in the failure of the model to develop signi�cant

relationships. Similarly, Lazarus et al. (2011) propose that the peak shoreline change

signal is only identi�ed at large-scales (≥100 m), arguing that the dominant process
signal is not identi�ed over smaller scales. For the whole coast (�gure 3.14a) of the Isle

of Wight (∼18 km), Eq.3.2 has been shown to be valid and statistically signi�cant (see

above) therefore, despite local variations at small scales, we can assume that the linear

relationship between AEE and retreat rate expressed in Eq.3.2 is valid for the south west

Isle of Wight.

3.5.2 Su�olk coast

Data for the Su�olk coast is available from Lee (2008), see section 3.4.3.2 for details.

Figure 3.15 shows that this coast is highly erosive, eroding at a rate about ten times

faster than the south west Isle of Wight (�gure 3.12). Over the ten year period a general

decreasing trend in erosion rates is visible (�gure 3.15), this is consistent with Pye and

Blott (2006) who recorded a decrease in erosion rates along the Su�olk coast over larger

(∼50 year) timescales. Figure 3.15 demonstrates high inter-annual variability in rates of

erosion, with an increase in erosion rate to a maximum of 7.5 ma−1 ± 0.2 m between

1996 and 1997, and a fall to 1.8 ma−1 ± 0.2 m in retreat between 1997 and 1998.

Towards the end of the study period these �uctuations become less pronounced, with a

relatively small increase in rate of 3.3 ma−1 ± 0.2 m between 2000 and 2001. These

inter-annual �uctuations have been attributed to variations in annual storm intensity

and duration (Lee, 2008).
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Figure 3.15: Retreat Rates (ma−1) for the Su�olk coast between Southwold and Low-
estoft over the period 1993 to 2003 (winter to winter surveys). Error bars represent
maximum possible error associated with survey technique (see section 3.4.2.2. for de-

tails). Data from Lee (2008).

Assessing the relationship between AEE and rates of retreat (following Eq.3.2) for the

Su�olk coast, we �nd that the optimal regression occurs when the threshold HT is 7.7 m

(�gure 3.16). With an r2 of 0.46 it can be said that AEE is not quite the dominant

control of cli� retreat along the Su�olk coast, but it is a large and important factor.

Statistical analysis shows that this relationship is signi�cant (p =0.004) at the 95%

con�dence level, suggesting that H0, as proposed in section 3.5.1, can be rejected for the

Su�olk coast.

The relatively low threshold HT value in comparison with the results from the Isle of

Wight re�ects the weaker geologies of the Su�olk coast and the relatively higher rates of

retreat experienced along this coast. Lee (2008) showed that the area of beach in front of

the cli� directly a�ects the rates of retreat in this area, and this is re�ected in the

reduced r2 value (0.46) calculated for Su�olk relative to the Isle of Wight; where beaches

are less developed and a�ord less protection (May and Hansom, 2003). Furthermore, ?

show that high rates of retreat along this coastline are linked to high levels of rainfall, a

parameter which the model developed here does not account for. It may be therefore,

that the inclusion of a rainfall parameter would improve the relationship developed in

�gure 3.16. Despite this, Brooks and Boreham (2012)] conclude that the highest rates of
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Figure 3.16: Relationships between accumulated excess sea height energy and amount
of retreat for the Su�olk Coast. Error bars represent the maximum possible error as-
sociated with the survey technique (see section 3.4.2.2). The regression is a Theil-Sen
nonparametric regression which is more robust for samples where n < 30 (Theil (1950),

Sen (1968), Wilcox (1998)).

retreat are associated with deep low pressure systems, high waves and high sea-levels.

Therefore, the validity of the relationship in �gure 3.16 is valid for the extreme rates of

retreat observed. Thus, it must be noted that this r2 is still reasonably strong and

suggests that despite the protection o�ered by beaches in this location, AEE is still a

major control of coastal erosion along the Su�olk coast.

3.5.3 Birling Gap

Analysis of the data collected for Birling Gap under the survey programme initiated by

Halisham Council (see section 3.4.3.3) for the 7 year period between 1997 and 2003

shows less variation in inter-annual cli� retreat rates than both the Isle of Wight and

Su�olk coasts. Similarly to Su�olk, a decreasing trend is visible in the data with the

exception of 2001 which saw a large jump in retreat rates from 0.26 ma−1 ± 0.1 m to

1.17 ma−1 ± 0.1 m. The average rate over the seven year period (0.46 ma−1 ± 0.1 m) is

considerably lower than those described in the literature for this coast (0.91 ma−1; May,

1971) suggesting that this coast may have seen a decline in retreat rates over the past
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Figure 3.17: Retreat Rates (ma−1) for Birling Gap over the period 1997 to 2003. Error
bars are present, representing maximum possible error associated with survey technique

(see section 3.4.2.3. for details). Data courtesy of Uwe Dornbusch.

decades. However, it is recognised that retreat rates along this coastline are dominated

by large failure events (Robinson and Jerwood, 1987a,b), as such the record of retreat

rates presented here may not be over a period long enough to capture these large events.

Using this data to test the validity of Eq.3.2 and the premise of a linear relationship

between AEE and rate of retreat, we �nd that the relationship is optimally regressed

when the threshold HT value is set to 11.6 m (�gure 3.18). This value is higher than

both the Isle of Wight and Su�olk coasts and re�ects the comparatively harder geology

of the Sussex Chalk cli�s. As the Upper Chalk is more resistant to erosive forces than

the sands and clays of the soft cli�s, it requires larger wave energies to initiate erosion.

The relationship produced (�gure 3.18) suggests AEE explains 63% of the variability in

retreat rates at Birling Gap (r2 = 0.633). However, we are unable to reject the null

hypothesis as the relationship is not statistically signi�cant at 95% con�dence levels (p =

0.149).

3.6 Discussion

The success of Eq.3.2 to explain 75% of coastal erosion at 95% con�dence levels for the

whole Isle of Wight coast (�gure 3.14a), suggests that over large spatial scales at this
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Figure 3.18: Relationships between accumulated excess wave energy and amount of
retreat for Birling Gap. Error bars are present, however the nature of the survey (see
section 3.4.2.3) means that the errors are minimal and may not be visible at the scale
presented. The regression is a Theil-Sen nonparametric regression which is more robust

for samples where n < 30 (Theil (1950), Sen (1968), Wilcox (1998)).

location wave erosion is the dominant control of coastal retreat. Such process dominance

may not be identi�ed over smaller-scale (Unit-scale) studies (Lazarus et al., 2011). In

these smaller-scale studies, local process may be identi�ed which are very site speci�c

(e.g. seepage and geotechnical failures). This may help explain the failure of the model

to signi�cantly represent retreat rates in three of the �ve Cli� Units along the Isle of

Wight coast. In addition, the prinicple of BEPC, upon which the AEE model is based, is

applicable only over multiple cycles of erosion. Therefore, it may be that the limited

temporal scale of this study does not cover enough cycles of erosion in these Units to

allow the dominance of wave action at the cli� foot to emerge.

The failure of Eq.3.2 to produce signi�cant relationships for the Birling Gap data is,

perhaps, not surprising. This location is comprised of a markedly more resistant geology

than both the Isle of Wight and Su�olk coasts and is exposed to multiple erosive

processes; Robinson and Jerwood (1987a,b) showed that weathering and sub-aerial

processes are important in determining the rates of retreat along the Sussex coast. The

failure of Eq.3.2 to include such processes may limit its applicability in this area and

explain the lack of signi�cance in the results. These cli�s are also comprised of Upper

Chalk and are therefore more resistant than the soft cli�s at other sites. Where more

resistant geology exists, fewer erosion events occur. As the theory of BEPC states (see
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section 3.2), multiple cycles of toe erosion and slumping are necessary for BEPC to be

e�ective, therefore this concept is best applied to locations experiencing rapid erosion.

Similarly, these cli�s do not respond immediately to individual storm events and have

been shown to be more active over the winter months when more intense weathering

occurs (Robinson and Jerwood, 1987a,b). This highlights the fact that other processes

are important in determining the erosion of these cli�s, at least over the time scales

considered.

In regions where Eq.3.2 has been shown to hold, AEE can explain between 46% and 89%

of variability in rates of coastal erosion. These levels are an improvement upon previous

studies (Robinson, 1977; Amin and Davidson-Arnott, 1997) which demonstrated that

only 23% to 67% of the variation in coastal retreat could be explained by wave energy

alone (signi�cant at 95% con�dence levels). Both of these previous studies were

conducted in cli�s comprised of shales and clays, and in location where beaches were

small (≤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 a�orded by beaches

(May and Hansom, 2003). The results from the Isle of Wight (�gure 3.14) concur with,

and to some extent improve upon, these previous studies, concluding that similar levels

of variation in retreat can be explained by AEE.

Although the results from Su�olk again �t with previous studies, suggesting 46% of

variation in retreat rate can be explained by wave energy, it is important to note that

this area is fronted by beaches of ∼25 m width (Lee, 2008). These beaches have been

shown to be important in determining rates of erosion over the decadal scale (Lee, 2008).

However, on an annual scale much variation exists in the data (�gure 3.15). It is

possible, therefore that by combining beach wedge area and AEE, erosion rates may be

better explained. Furthermore, the importance of rainfall on the stability of these cli�s is

noted (Brooks and Spencer, 2010, 2012; Brooks and Boreham, 2012). Therefore, the

inclusion of a rainfall intensity parameter may go some way to improving the

applicability of Eq. 3.2 to the Su�olk coastline.

The di�erence in threshold HT values is linked to both the geology and the presence of

beaches. In areas where a better developed beach exists, threshold HT values are higher;

as higher waves are needed to reach the foot of the cli� (�gure 3.2). For example, along

the south west coast of the Isle of Wight Units I and II display the highest threshold HT

value due to the existence of a wave platform around Hanover Point. Likewise, in areas

of more resistant geology (e.g. Birling Gap) the threshold HT rose to 11.6 m, re�ecting

the more resistant nature of the Upper Chalk geology.

Figure 3.19 helps highlight the sensitivity of the relationships developed above to the

di�erent forcing of each respective coastline. The lower threshold HT value experienced

along the Su�olk coast (7.7 m) re�ects the weaker geology of the area. This is also visible

in the relatively steeper curve of the relationship (�gure 3.19). The presence of protective

beaches along this coast (Lee, 2008) may initially suggest that the threshold HT value
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Figure 3.19: Summary of the relationships between AEE and net shoreline movement
developed in section 3.5 for the three study sites. The Isle of Wight graph represents the

relationship for the whole of the coastline.

should be relatively high. However, the weak shale and clay geology acts to negate the

e�ect of the beach protection, subsequently resulting in the relatively low HT threshold.

Figure 3.19 also acts to highlight the di�erence in energy regimes found at the di�erent

sites. Due to the di�ering wave climates between the two sites along the English Channel

and the Su�olk coast, direct comparison of threshold HT values is not viable. Figure

3.19 shows that the Su�olk coastline experiences a much more energetic wave climate

than the English Channel study sites. By comparing the probability of the threshold HT

values being exceeded at both the English Channel and Su�olk coastlines, it is possible

to compare all three sites quantitatively. For the English Channel, over the period

2001-2009 a HT of 10.9 m is exceeded only 0.001% of the time. Comparatively, within

the Su�olk sea height record a HT of 7.7 m is exceeded 0.003% of the time. The slightly

more frequent occurrences of events crossing the HT threshold along the Su�olk coast

may help to explain the higher rates of erosion (see �gure 3.19) along this coast when

compared to their Isle of Wight counterparts.

The recurrence times of the threshold HT values implies that it is only extreme sea

heights that cause coastal erosion. Under projections of future climate change the return

period of extreme storms is likely to reduce (Lowe and Gregory, 2005), exposing cli�s to
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more events which will pass the threshold HT values identi�ed above. This may result in

enhanced erosion along all three coasts studied above. Combined with the more likely

occurrence of extreme storm events in the next 100 years (Lowe et al., 2009) those coasts

with lower HT thresholds (e.g. Su�olk) may experience larger increases in rates of

erosion than those with higher HT thresholds (e.g. Isle of Wight and Birling Gap).

As mentioned in section 3.2, Amin and Davidson-Arnott (1997) improved the

performance of their wave energy based model by incorporating a function of cli� height.

It has been shown in section 3.2 that the rate of erosion of a slope is controlled by the

rate of sediment transport, and subsequently the amount of sediment, at the toe of the

slope. It follows that higher cli�s will provide more protection and slowing rates of

retreat. Therefore Eq.3.2 was subsequently modi�ed to include a cli� height parameter

Hc (m) such that

E =

∫ t

t=0
[f ((Ω(t)− Ωc) + c+Hc)] dt (3.7)

Forward stepwise regression of net cli� movement against AEE and cli� height was

undertaken for all study sites. It was found that cli� height failed to add to the

predictive power of Eq.3.2 in all but three study sites (Cli� Unit III and IV on the Isle of

Wight and for the whole Isle of Wight coast data set). For the other Isle of Wight cli�

units, the Su�olk coastline and Birling Gap, Hc failed to improve the regressions

presented in section 3.5. This suggests that on the whole, AEE plays a more important

role in controlling rates of cli� retreat that resisting forces such as cli� height.

In the Units where Hc was signi�cant, Unit IV's predictive ability (r2) increased from

0.89 (�gure 3.14e) to 0.99. Unit III displayed the largest increase in predictive power

following the inclusion of Hc with r2 values increasing from 0.28 (�gure 3.14d) to 0.911.

Unit III is characterised by highly variable cli� heights (53 m at Barnes High to 30 m

around Shepherd's Chine) compared to other Cli� Units along the Isle of Wight coast,

therefore it is likely that Hc plays an important factor in determining rates of retreat in

this region.

The data for the whole coast also shows a marked increase in r2 from 0.75 (�gure 3.14a)

to 0.935. However, when the analysis for the whole coast was conducted excluding data

from Unit III, Hc was not found to be an important parameter, suggesting that the

result obtained for Unit III may not truly re�ect the e�ect of cli� height on retreat rates.

Considering this potential outlier, the fact that cli� height was found to add no predictive

power to all but three of the study sites and considering issues of model parsimony and

equi�nality (Schumm, 1991; Beven, 2009) it was decided that Eq.3.7 failed to improve

signi�cantly upon Eq.3.2, therefore Hc was removed as a parameter from the model.
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3.7 Limitations

It is important to note that several caveats exist when taking an approach such as that

outlined in section 3.2. Beaches and sediment supply play important roles in modulating

the relationship between wave energy and coastal erosion. Where a beach or

shore-platform exists, extra protection is provided to the cli�. Sunamura (1992),

Ruggiero et al. (2001) and Brunsden and Lee (2004) have all demonstrated that beaches

provide protection for the cli� foot, dissipating wave energy. Lee (2008) highlighted the

relationship between beach wedge area (the triangle de�ned by the width and maximum

height of the beach above mean high water spring-tide elevation) and cli� erosion,

illustrating that as beach wedge area increased, annual erosion rates decreased. For cli�s

in southern California, Everts (1991) demonstrated that a beach of width in the order of

20 - 30 m a�ords signi�cant protection to the cli�s from the impacts of waves, whereas a

beach with a width of 60 m provides complete protection (Everts, 1991). These

relationships are, however, likely to be location speci�c.

Furthermore, Ruggiero et al. (2001) demonstrated that wave run-up (�gure 3.2) was an

important controlling variable on cli� foot erosion. They showed that when run-up was

exceeded by 2% erosion occurs. Therefore the speci�c wave regime of a location can be

seen as a determining factor on the e�ciency of beaches and shore platforms to provide

protection from wave action. Thus the values for e�ective, protective beach widths

determined by Everts (1991) will apply only to areas with similar wave climates to

southern California.

Many controls exist when exploring the relationship between wave energy and recession

rates. However, where beaches are narrow and limited protection from beach and

nearshore sediments exists, wave energy is likely to play an increasingly dominant role in

controlling rates of coastal erosion. Additionally, its ability as a predictor of erosion rate

is also likely to increase (Amin and Davidson-Arnott, 1997).

3.8 Conclusion

It has been suggested above that a linear relationship between accumulated excess

energy and net rates of cli� erosion exists. Empirical analysis carried out along the south

west Isle of Wight, the Su�olk coast and the Sussex coast around Birling Gap suggests

that this relationship (Eq.3.2) holds in soft cli� environments. In such environments, the

ability of the model to account for between 46% and 89% of variability in coastal erosion

demonstrates that AEE is the dominant process causing coastal recession. However it is

not globally applicable as it fails to produce signi�cant results in Chalk geologies and in

areas of multiple process interaction.

Threshold sea heights needed to initiate erosion have been identi�ed. These have been
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shown to vary (in space, not time) with changing wave climates, geology and protective

features such as the presence of beaches or shore platforms. Future changes in storm

climates around the UK may lead to a more events exceeding these threshold values.

This has the potential to enhance rates of coastal erosion around the whole UK coast,

something which needs to be addressed by policy makers and management strategies.

The relationship presented above provides a simple, processes based model of soft cli�

erosion. It should therefore be possible to incorporate Eq.3.2 into a landscape evolution

model, which can then be forced with changing wave and sea level data to assess the

impacts these variations may have upon soft cli� erosion. This would represent the �rst

coupled marine-landscape evolution model of its type. The development of such a

coupled marine-landscape evolution model is outlined in more detail in chapter 4.
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