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ABSTRACT _
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Research, 13(2), 453--467. Fort Lauderdale (Florida), ISSN 0749-0208.

Reliable estimates of future cliff recession are needed to assess coastal vulnerability and evaluate management policies
with regard to the widespread sea-level rise thought likely to result from global warming. A researc~ gap is identified
in providing appropriate predictive methods. This paper reviews the possible effects of ~ea-Ie.vel ~lse upon s?ft-rock
cliffs over a 50-100 year planning timescale. It evaluates different methods of analysing ~lstorlcal r~c~sslon and
highlights the main assumptions and rules governing future extra~olationo~ retreat. rates. ~~~ple predictive ~od~ls

including a modification of the Bruun Rule are developed and apphed to estimate chff sensitivity to sea-level rise In
southern England. ... .

The complexity of factors interacting over variable spatial and temporal scales IS identified as a major problem.
Irrespective of sea-level rise, recession assessments need to accommodate episodic cliff failures occurring within reg
ular erosion cycles and differentiate instances of runaway systems change. Predictions must rely upon methods of
extrapolating historical retreat. Different methods are applicable according to the presence or absence of shoreface
sediments. The modified Bruun Rule appears the most appropriate for situations where cliff sediments accumulate
on the shore profile. Results obtained using this model indicated that recession could increase by between 22% and
133% by 2050 according to site. Cliffs on exposed coasts and those containing high proportions of clay app~ar the
most sensitive to change. Attention is drawn to some of the inherent uncertainties including those caused by different
landslide types, lags in response and the effect of protective beaches.

ADDITIONAL INDEX WORDS: Coastal, bluff, landslide, erosion, model, recession, Bruun Rule, sea-level rise.

INTRODUCTION

An estimated 80% of the Earth's ocean coast is backed by
sea-cliffs (EMERY and KUHN, 1982). Wherever these forms
are cut in strata containing weakly resistant sedimentary
units and are exposed to wave action, these "soft-rock cliffs"
have a tendency towards instability and rapid change. Es
pecially important is the possibility that retreat might in
crease in the future due to a widespread accelerating sea
level rise that is thought likely to result from global warming
produced by an enhanced greenhouse effect (NATIONAL RE
SEARCH COUNCIL, 1987; BIRD, 1992). Recent best estimates
obtained by modeling of global climates, the oceans and ice
masses suggest a rise of 0.48m by 2100, equivalent to
4mma- 1 (WIGLEY and RAPER, 1992). Although uncertain,
these rates are significantly in excess of those recorded re
cently around many of the world's coasts (EMERY and Au
BREY, 1991) and have potentially serious implications in all
regions barring those few undergoing active uplift. This pa
per evaluates the possible impacts of sea-level rise alongside
the other factors that influence cliff retreat over a 50-100
year planning timescale. It highlights deficiencies in current
methods of analysing recession and assesses the capabilities
of available predictive models. Simple but effective methods
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are identified and employed to estimate cliff sensitivity to
sea-level within a specific region.

Demands for this type of information are great. Residential
developments and infrastructure occupy potentially hazard
ous locations adjacent to many eroding cliffs. Continued hu
man occupation and land use are frequently dependent upon
erosion control measures, or the more environmentally sus
tainable option of adjusting activities to facilitate set-back or
gradual withdrawal from hazardous zones (NATIONAL RE
SEARCH COUNCIL, 1990). Recent, serious coastal landslides
at Scarborough, Yorkshire (CLEMENTS, 1994; CLARK and
GUEST, 1994) and Blackgang, Isle of Wight (BRAY, 1994)
have served to focus attention on these issues in the UK.
Increasingly, it is becoming necessary to decide which types
of action are appropriate at different locations. Effective eval
uations of options clearly demand reliable predictions of fu
ture rates of change upon which to found realistic assess
ments of their relative costs and benefits.

Numerous studies have investigated the historical devel
opment (BRUNSDEN and JONES, 1976; PITTS and BRUNSDEN,
1987), process mechanisms (HUTCHINSON, 1973; BRUNSDEN,
1974; ALLISON and BRUNSDEN, 1990; forms (EMERY and
KUHN, 1982; VALLEJO and DEGROOT, 1988), geotechnical
properties (BARTON, 1973; JONES et al., 1993) and rates of
change (VALENTIN, 1954; MAy, 1966; CAMBERS, 1976; BAR
TON and COLES, 1984; MAy and HEEPS, 1985; and many oth-



454 Bray and Hooke

the toe of the coastal slope erodes bedrock, removes fallen
debris, steepens the coastal slope and produces instability
that results in persistent recession. This process is regulated
by the balance achieved between hydrodynamic forcing
agents (waves and tides) and the protection afforded to the
toe by the beach and shore profile. Cliff factors (geology, hy
drology and profile geometry) govern the sensitivity of the
cliff to the perturbations at its toe. Self-regulation by nega
tive feedback is possible because recession may yield sedi
ments that support, protect or load the toe.

precipitation,
temper.h...

Climate ChangeISea-Ievel Rise I
I......, level. I ·tonn/~'" .n.,."It·nd dept" t...... ellm.... sctMt/e.

Hydrodynamic .. Beach _ Management _ Cliff
Waves = Vol~me. width :=r Protection. stabilisalion G~

51""" ""'llt..e
Sea) men'l!ype Beach nour;shmenl ~~~

basal bBsBI sedJrnem wuthllrlng,
.rotI1on protection Input IancWldlng

a. ",",00 and ......lon 4 I

Figure L Summary of factors influencing clifTerosion . Cliff Factors

ers) associated with eroding soft-rock cliffs. However, sur
prisingly little progress has been achieved in developing and
applying methods of predicting future recession for planning
purposes. These problems have been highlighted by some re
cent studies of cliff erosion hazards (KOMAR and SHIH, 1993;
MOON and HEALY, 1994). Even less attention has been di
rected towards developing estimates of future change that
include adjustments for sea-level rise.

Greater progress has been achieved in developing methods
of measurement and analysis within the wider field of shore
line change (STAFFORD and LANGFELDER, 1971; LEATHER
MAN, 1983; MORTON, 1991; FENSTER et al., 1993; THIELER
and DANFORTH, 1994) . Several models are available to assess
quantitatively shore responses to sea-level rise (LEATHER
MAN, 1990, KOMAR et al., 1991; HEALEY, 1991), but these are
almost exclusively developed for and applied to barrier is
lands and low sandy coasts (e.g., LEATHERMAN, 1984; 1985;
WILCOXEN, 1986; GERMIAT and SHARP, 1990; LONDON and
VOLONTE, 1991). Few studies have yet treated the cliff, beach
and shoreface as an integrated process system. This paper
investigates the possibilities of adapting such methods to the
more specialised tasks of predicting cliff retreat. The main
assumptions and rules for use of alternative options are high
lighted. Suitable models are applied at key sites in central
southern England, a coast characterised by a wide variety of
eroding soft-rock cliffs (MAY, 1966; 1977) that are important
beach sediment sources (BRAY et al ., 1995). The sensitivity of
this coast to change is demonstrated by a survey of damage
inflicted by the severe winter storms of 1989-1990 which re
vealed that cliffs were more greatly affected than an y other
coastal type (MARITIME ENGINEERING BOARD, 1990).

FACTORS AFFECTING CUFF EROSION

Changes on cliffed coasts are not easily predicted because
recession is the cumulative result of numerous interacting
variables. Regional, overriding "first order" factors such as
relative sea-level change and climate (KOMAR and SHIH,
1993) interact at more local scales with "second order" or site
specific factors to produce the spatial and temporal variabil
ity in processes and forms that characterise eroding cliffs.
Thus, it is necessary to identify the critical second order fac
tors and to assess how they might be affected by changes in
first order factors as outlined in Figure 1. Marine erosion at

Major variation in cliff response occurs according to mate
rial strength. Hard rock coasts erode very slowly due to the
constraining factors of material strength and rock mechanics
(ALLISON, 1989). They should remain essentially stable as
sea-level rises (NATIONAL RESEARCH COUNCIL, 1987;
FORBES et al., 1989). By contrast, soft -rock cliffs are subject
to additional weakening by weathering and degradation by
mass movements; these processes are likely to operate more
rapidly in the wetter, warmer climate predicted for regions
such as southern England due to global warming (DEPART
MENT OFTHEENVIRONMENT, 1991). The types of mass move
ment are especially important because they affect the nature
and rates of recession. Comprehensive study of landsliding in
Great Britain revealed four broad coastal types identifiable
on the basis of ground-forming materials (including geological
structure and stratigraphy) and style of landslide activity
(J ONES and LEE, 1994). The classification distinguishes be
tween landslides in: weak superficial deposits, stiff clay , stiff
clay with a hard cap-rock and hard rock. The presence of cap
rocks facilitates multiple rotational failures (BROMHEAD,
1979) that characteristically produce high magnitude, but
low frequency recession events (BRUNSDEN and JONES,
1980). Groundwater reservoirs confined within permeable
strata that overlie or are interbedded with impermeable units
produce seepage erosion at the cliff face (HUTCHINSON et al.,
1981) and also facilitate major mass movements <DENNESS,
1971). Climate change that affects groundwater recharge
thus has the capacity to affect significantly cliff instability
and retreat. The presence of clayey strata outcropping at
beach level make the whole slope susceptible to rapid retreat
(HUTCHINSON, 1983). Where cliffs are composed of a high
proportion of clay , mudslides are a major slope degradation
process and recession is related to their seasonal and episodic
surging activity (PRIOR and RENWICK, 1980; BRUNSDEN,
1984). Monitoring of a site in east Devon, England has shown
that some mudslide surges are related to tidal state (GRAIN
GER and KALAUGHER, 1987). Thus, it is hypothesised that
higher sea-levels may increase inundation of mudslide toes
on the beach, raising local groundwater elevations and facil
itating surging movements. Dormant mudslides could there
fore become reactivated causing instability of previously sta
ble cliff-tops. On more resistant lithologies, rockfalls and top
ples are predominant (DAVIES et al., 1991). In complex sys
tems, several mechanisms operate simultaneously so that
recession is the combined result of the different event mag
nitudes and frequencies. Different landslide types have dif-
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ferent activity modes and therefore differing sensitivities to
changes in first order factors.

Recent geological history should influence future cliff re
sponses at locations where recession could intersect ancient
landslides associated with earlier episodes of Pleistocene riv
er incision (BRUNSDEN and JONES, 1976), solifluction (CON
WAY, 1979), or marine erosion (HUTCHINSON et al., 1980;
HUTCHINSON, 1991). Reactivation of these forms results in
greater instability and retreat than would otherwise be an
ticipated. Among soft-rock cliffs, less resistant materials
should be universally more susceptible to erosion, but rela
tionships are confounded by other interacting factors. Studies
in low energy lake (JIBSON and STRAUDE, 1992; JIBSON et
al., 1994) and harbour (JONES et al., 1993) environments
demonstrate the expected inverse relation between material
strength and recession. However, results from higher energy
oceanic environments suggest that the degree of basal pro
tection is of overriding importance (EVERTS, 1991; JONES and
WILLIAMS, 1991). Ground forming materials therefore govern
the possible range, modes and rates of recession, but the in
cidence of basal erosion determines the resulting cliff behav
tour.

Higher cliffs should retreat more rapidly because they gen
erate higher shear stresses and suffer larger landslides
(RICHARDS and LORRIMAN, 1987). However, they also yield
more sediment per unit of recession, so they should also be
better able to maintain protective basal debris stores (DAL
RYMPLE et al., 1986). The particle size distribution of the cliff
erosion products and their durability in the littoral environ
ment are important. These qualities determine the propor
tion of cliff input retained on the beach and active shore pro
file compared with that rapidly lost offshore (CARTER et al.,
1987; BRAY, 1992). Evaluation of this relation is facilitated
by an overfill ratio which estimates the quantity of cliff ma
terial required to yield 1m3 of stable beach material (DAL
RYMPLE et al., 1986). Cliffs with high proportions of clay and
silt will need to retreat further to yield a given quantity of
shore-stable sediment and should therefore be more sensitive
to sea-level rise.

Shoreface and Beach Factors

Basal erosion by wave action is the critical factor in main
taining cliff instability so that bedrock shore platforms and
their sediment cover ultimately control retreat by dissipating
wave energy (MCGREAL, 1979; l\AMPHUIS, 1987; RICHARDS
and LORRIMAN, 1987). Two contrasting situations are iden
tified. First are bare bedrock platforms of various types that
regulate cliff toe erosion according to their solid geometry
(TRENHAILE, 1987; SUNAMURA, 1992). Typically, they erode
and widen as sea-level rises (TRENHAILE and BRYNE, 1986).
Second are bedrock profiles covered by protective sediments
that can accumulate to form beaches at the cliff toe. The crit
ical difference is that these types can also build up to pre
serve profile morphology with rising sea-level. Often, the nec
essary sediments are supplied from erosion of adjoining cliffs,
thereby permitting self-regulation of retreat.

Several platform types are recognised globally, but gently
sloping forms are normally produced by recession of soft-rock,

especially under macro-tidal conditions (TRENHAILE, 1987;
SUNAMURA, 1992). As retreat proceeds, the platform widens
so that wave dissipation increases unless the platform is
eroded down at a corresponding rate, or water depths in
crease due to a rising sea-level. Several studies have sug
gested that equilibrium forms are maintained as erosion pro
ceeds (TRENHAILE, 1974; 1980; l\AMPHUIS, 1987). Relations
between platform geometry and water depth have therefore
been applied as a basis for modeling of long term adjustments
to rising or oscillating sea-levels (TRENHAILE and BRYNE,
1986; TRENHAILE, 1989). Results indicated that rising sea
level should offset the dissipative effect of a widening shore
platform so that rapid retreat rates can be maintained in the
absence of protective sediments.

The presence of beach and shoreface sediments controls
wave dissipation, sometimes completely protecting cliffs and
shore platforms from marine erosion. Research from Califor
nia suggests that a beach width (above mean sea-level) of20
30m affords significant protection and one of 60m provides
complete protection to the toe (EVERTS, 1991). However, the
relation is site-specific and dependent upon local oceano
graphic factors and shore profile configuration. Conversely,
thin sediment layers may enhance the erosion of lithified
cliffs and their platforms by acting as "tools" for mechanical
abrasion (SUNAMlJRA, 1976; ROBINSON, 1977). All variables
that influence beach width and volume affect toe erosion or
debris excavation and thus recession of the cliff. Especially
important are longshore and cross-shore variations in sedi
ment transport. A notable example of littoral drift reversal,
beach erosion and exposure of the cliff toe is provided by Ko
MAR and SHIH, (1993) for the Oregon coast. Similar beach
depletion and cliff stability problems can be produced down
drift of shore protection structures that intercept littoral drift
(HUTCHINSON et al., 1980). Cross-shore transport driven by
elevated sea-levels and heavy wave action may also cause
significant beach erosion, periodically during seasonal storms
(KRIEBEL and DEAN, 1985) and permanently in the case of
sea-level rise (BRUUN, 1988). Other, more localised zones of
toe erosion may develop in association with rip current em
bayments (PRINGLE, 1985; KOMAR and SHIH, 1993). These
examples of sediment depletion temporarily expose shore
platforms to lowering, thus permanently reducing the protec
tion afforded to the cliff when sediments are returned to the
inshore profile.

Beach material character, especially its particle size influ
ences the degree of protection that a given beach width will
provide. Coarse durable materials are more likely be retained
on the upper shoreface and provide natural armouring with
a relatively narrow width (CARTER and ORFORD, 1984; CAR
TER et al., 1990). Sands are more susceptible to cross-shore
transport induced by seasonal storms or sea-level rise, so that
a wider beach is necessary for comparable cliff toe protection.
Silts and clays are liable to winnowing and removal in sus
pension so they are unable to contribute to the active shore
profile in open coast environments. Cliffs yielding a high pro
portion of coarse durable products are therefore likely to be
less sensitive to sea-level rise.
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Hydrodynamic Factors

In the presence of a beach and dissipative shore profile,
wave attack at the cliff toe is generally infrequent and related
to combined incidences of high tidal levels and strong wave
action. Monitoring in south east Ireland indicated a site-spe
cific frequency of approximately 20 erosive events per year
(MCGREAL, 1979). Especially important are storm surges
that can produce sea-levels significantly in excess of predict
ed tidal levels (PUGH, 1987). These phenomena exhibit sig
nificant regional variability and are most severe in shallow,
partly enclosed seas and embayments (FLATHER, 1987). Cat
astrophic landsliding following a major storm surge in the
Baltic Sea in c1900 is reported to be the major component of
cliff retreat along the coast of Poland (SUBTOWICZ, 1994).
Wave exposure (beach orientation relative to fetch and pre
vailing wind direction) also produces spatial variations in ero
sive potential. A good index of the overall erosive potential is
provided by the joint probabilities of waves and storm surges
calculated from long term wave and tidal data (HAGUE,
1992).

Unless countered by enhanced sedimentation, sea-level rise
should produce increasing nearshore water depths that allow
waves to break further inshore (MANSARD, 1990; TOWNEND,
1990; 1994). This is especially important over "bare" plat
forms and significant increases in the retreat of soft volcanic
ash cliffs have been predicted for an island site in the Pacific
Ocean (SUNAMURA, 1988). Higher sea-levels will reduce the
return periods of extreme sea-levels produced by storm surg
es (GRAFF, 1981; DEPARTMENT OF THE ENVIRONMENT,
1991). Erosive events at the cliff toe should become more fre
quent unless the protective beach can accrete accordingly.
Climate change may alter storm tracks, their frequency and
severity so that the energy of wave climates and their direc
tional distribution might vary. Although such regional
changes cannot yet be modeled reliably (HOUGHTON et al.,
1992), some observational evidence supports the possibility
of phases of increased storminess (HAYDEN, 1975; LAMB,
1991) and more energetic wave climates in the north east
Atlantic (NEU, 1984; CARTER and DRAPER, 1988; BACON and
CARTER, 1991). Changes in the directional distribution of
wave energy can cause littoral drift reversals that result in
changing patterns of beach accretion and erosion (PETHICK,
1993), thus altering the protection afforded to cliffs.

MEASUREMENT OF HISTORICAL RECESSION

Calculation of reliable historical recession rates is funda
mental to the prediction of future trends even without sea
level rise. Measurements must be appropriate to the magni
tude and frequency of the processes being studied and should
be accompanied by analysis of the possible errors and uncer
tainties. Recession is measured from a series of easily iden
tified, common, or analogous cliff features sequentially plot
ted over the longest possible time periods to control for vari
ations in process rates. Data sources have been reviewed ex
tensively elsewhere and include various historical sources,
large scale topographic maps, aerial photographs and repeat
ed field measurements (e.g., HOOKE and RAIN, 1982; TREN
HAILE, 1987; SUNAMURA, 1992; LANE et al., 1993). The back-

scar or main cliff-top is the most appropriate feature, because
on eroding cliffs, it forms a sharp discontinuity in terms of
slope, vegetation and colour contrast on photos. Even on
slopes that are thought to have been relatively stable for over
5000 years, the main backscars remain easily discernible
(BRUNSDEN and JONES, 1972; 1976). This is especially im
portant where historic topographic maps are being used be
cause features are plotted according to the perceptions of the
surveyor. Sequential cliff comparisons are therefore suscep
tible to interpretative error (operator variance) unless a dis
tinct feature such as the top of the backscar is traced. The
backscar is also the most relevant datum for management
purposes as it delineates the hazardous and potentially un
stable cliff zone (seaward) from the contemporary intact cliff
top (landward). For these reasons, it is probably the one re
liable reference feature for historical studies of eroding cliffs.

The backscar should not be used as the sole datum without
checking that its recession is typical of the cliff as a whole.
Different failure modes having different magnitudes and fre
quencies operate at the cliff top and toe. Retreat of the two
cliff lines is often coupled in erosion cycles of variable period
governed by the intensity of basal erosion and consequent
mass transfers through the system. Typically, phases of rel
atively continuous toe erosion gradually steepen the slope
eventually leading to relatively major, but episodic failures
of the backscar that reduce the mean slope angle and provide
new protective debris at the toe (BRUNSDEN and JONES,
1976; VALLEJO and DEGROOT, 1988). Although the overall
effect is of parallel cliff profile retreat, the width of the cliff
zone is variable. Short term assessments of backscar reces
sion may therefore be biased by an atypical interval in the
cycle. Ideally, erosion assessment should cover at least one
complete cycle; this assumes a knowledge of its period. The
few studies that have investigated this problem suggest that
the cycle period might be related to the height, width and
complexity of the cliff zone, although the intensity of basal
erosion is also important. Low simple cliffs cut in soft glacial
sediments may complete a cycle in 5-10 years (VALLEJO and
DEGROOT, 1988). A period of 30-40 years is estimated for 40
m high London Clay cliffs along the Isle of Sheppey, UK
(HUTCHINSON, 1973). Along the 10-100 m high raised coastal
terraces of the Oceanside littoral cell in southern California,
a typical cycle is completed in between 30 and 50 years
(EVERTS, 1991). High compound cliffs (100-200 m) of inter
bedded clays, sands and limestones require at least 100-150
years to complete their erosion cycles along the west Dorset
(BRUNSDEN, 1974; BRUNSDEN and JONES, 1980) and south
western Isle of Wight (HUTCHINSON et al., 1981) coasts of
central southern England.

Cyclic behaviour can be detected by comparison of backscar
recession with the retreat of features from within the cliff
zone such as the crests of benches, the crests and toes of the
most seaward cliffline and the toes of basal debris stores.
Major dissimilarities that are not attributable to human in
terference could indicate that the retreat calculated is biased
towards part of an erosion cycle. Use of data from as long a
period as possible is clearly the best means of controlling for
cyclic erosion of uncertain period. On high, complex cliffs a
100 year period is reasonable. However, this is only generally
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E indicates the minimum retreat rate that can be resolved.
When E is equal to or greater than the epoch retreat rate, no
significant recession is discernible. Greater precision is pos
sible for longer epochs because plotting errors become pro
portionately less as the retreat distance increases. The im
plication is that accurate data are needed to resolve retreat
over short epochs, especially when rates are slow.

practical for the backscar because other features in the cliff
zone are subject to interpretative error on maps so limiting
reliable data to that covering the past 50 years obtainable
from air photographs and field survey.

It is necessary to eval uate the accuracy of the comparisons
undertaken between epochs. Assuming that interpretative
errors have been minimised, overall estimates of plotting or
measurement errors (CROWELL et al., 1991) can be produced
for each epoch as follows:

(2)

MODELS OF SHORELINE CHANGE
INCORPORATING SEA-LEVEL RISE

Simple extrapolation of historical trends assumes that all
influencing factors will remain constant. It yields inaccurate
results where there are major changes in cliff, beach, or hy
draulic factors, as might be caused by sea-level rise. Shore
line change studies have tackled many of these issues and
some methods can be adapted for use in studying eroding
cliffs.

Sea-level rise causes direct submergence coupled with ero
sion and transport of mobile sediments, on average away
from the upper, landward part of the shore profile (ORFORD,
1987, NATIONAL RESEARCH COlJNCIL, 1987). A diminishing
degree of protection is afforded to the cliff toe and increased
rates of recession are likely. Available predictive methods in
clude empirical historical projections, geometric models, mass
conservation (sediment budget) models, and numerical dy
namic equilibrium models (LEATHERMAN, 1990, KOMAR et
al., 1991; HEALEY, 1991). Each is constrained by assumptions
and limitations which critically affect their application to
cliffs as follows.

Where: Sl historical sea-level rise
S2 = future sea-level rise
R1 = historical retreat rate

It is assumed that sea-level rise is the dominant influence on
recession and all other parameters remain constant. This
may be valid where rates of relative sea-level rise are rapid,
but where other factors are important, it is a major limita-

Historical Trend Analysis

This technique is based upon extrapolating historical re
cession with respect to sea-level rise over a given historical
period (NATIONAL RESEARCH COUNCIL, 1987; LEATHERMAN,
1990). It is most effective if the shoreline is divided into rel
atively homogenous segments according to rate of retreat and
each is analysed separately. Rates of sea-level rise are ob
tained from analyses of the records of nearby tide gauge sta
tions. Future retreat (R2) is extrapolated as follows:

cliffs), or where change is very clear is the method feasible.
Extrapolations of cliff recession should therefore be based on
all reliable data covering the longest possible period. Excep
tions must be founded on process knowledge that demon
strates that new system equilibria have been established. An
example is provided by the Black Ven landslide on the west
coast of Dorset, England. Here, following at least 100 years
of relative quiescence, a major new phase of instability was
established in the late 1950s (BRUNSDEN and GOUDIE, 1981).
Using digital terrain modeling based on analytical photo
grammetry covering four epochs between 1946 and 1988, a
post-1958 process balance, or dynamic equilibrium is indicat
ed by relatively constant overall form and system budget in
spite of rapid retreat (LANE et al., 1993; CHANDLER and
BRUNSDEN, 1995). At this location, post-1958 data should
form the basis for future extrapolation.

(1)

is the error estimate associated with the given
epoch (ma~l).

is the plotting error of the backscar at the be
ginning of the epoch (rn).
is the plotting error of the backscar at the end
of the epoch (m),

is the duration of the epoch (years).T

where: E

Extrapolation of Trends

Historical trends may be extrapolated to produce estimates
of future retreat by assuming that typical behaviour is con
tained within the record of backscar position. However, re
cession rates frequently vary from epoch to epoch making it
difficult to separate long term trends from short term vari
ability (NATIONAL RESEARCH COUNCIL, 1990). The critical
analytic process is to determine which part of the historical
record is most relevant for estimation of future trends. FENS
TER et al., (1993) found that linear extrapolations that as
sume a constant trend were generally preferable due to their
simplicity. Despite being more realistic, non-linear models
tend to produce serious errors when based on small, or short
period data sets typical of those presently available for cliffs.
End-point rates based on the earliest and latest positions are
the most commonly applied, but they fail to indicate the vari
ability of retreat and are subject to error when the end points
are not typical. Alternatives include linear regression, or av
eraging of the retreat rates calculated for each epoch that
records a significant trend (see Equation 1). Although these
methods take into account data that are intermediate be
tween the end points, they require relatively large numbers
of recorded cliff-top positions.

In shoreline analysis, it is important to identify critical
points, marked by major changes in rate of change that could
indicate system change (FENSTER et al., 1993). Extrapola
tions should then be exclusively based on, or strongly weight
ed towards post-change data. This method is not easily trans
ferable to cliffs because data limitations forestall attempts to
differentiate long period repetitive cycles from system
change. Only where the historical data are known to cover
several erosion cycles (fast-evolving, relatively low, simple
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Equilibrium Profile

A constant equilibrium profile is assumed as sea-level ris
es. In reality, the shore profile may vary in the short term

tion. Furthermore, if local conditions change with respect to
the historical monitoring period, the predicted retreat will be
inaccurate. Its advantage is that it is site-specific and utilises
relatively easily acquired data.

Where: R = predicted shoreline recession.
S = sea-level rise.

h* = closure depth.
L* = length of active profile.
B = height of eroding beach berm, dune or cliff.
P = proportion of sediment eroded that is sufficiently

coarse to remain within the equilibrium shore
profile.

Testing has partly confirmed the overall validity of this gen
eral model in a variety of laboratory (SCHWARTZ 1965,1967)
and field environments (D"UBOIS, 1975; 1976; 1977; 1992; Ro
SEN, 1978; HANDS, 1979; 1980; 1983; and WEISHAR and
WOOD, 1983). It is especially significant that some of the
strongest supporting evidence is from the eroding cliff shores
of the Great Lakes (HANDS, 1983). Rising lake levels pro
duced a transfer of material from the cliff to the nearshore
bed resulting in recession rates that were very close to those
predicted by the model. Indeed, it has been argued that the
accuracy of the model depends upon the availability of a
readily erodible sediment store such as provided by soft rock
cliffs (DUBOIS, 1992). The Bruun model therefore appears ap
plicable to such coasts, but with several important assump
tions.

The Bruun Model

It is proposed that the Bruun Model is applicable in situ
ations where shore platforms are sediment covered. In its
initial form, the Bruun Model provided a two-dimensional
geometric description of the changes to shore profile geome
try resulting from rising sea-level (BRUUN, 1962). It postu
lated that sea-level rise should result in a shift in the position
and elevation of an equilibrium profile which otherwise re
mains constant. The initial profile is translated upward by
future sea-level rise, but must also extend further onshore
due to erosion and inundation. Erosion of the upper profile
continues until the nearshore bed level is elevated by offshore
moving sediment by an amount equivalent to the sea-level
rise so as to maintain a constant profile and water depth.

The geometric relationships of the Bruun Model have been
utilised to create a predictive rule (The Bruun Rule) for de
riving the shoreline response to sea-level rise (BRUUN, 1962).
The original prediction equation was improved by adding cliff
or dune height (B) and sediment (P) parameters (WEGGEL,
1979; HANDS, 1983). These are especially important modifi
cations that make the model sensitive to negative feedback
effects caused by the products of cliff erosion which contribute
to the shore profile.

Closure Depth

A seaward extremity is assumed for the equilibrium profile
beyond which there is little "leakage" (export) of sediment or
change in bed level. This boundary is difficult to define or
measure precisely, yet it has significant effect on the amount
of shore erosion needed to maintain the equilibrium profile
(BRUUN, 1988; HEALY, 1991). It is widely reported that clo
sure depth varies from site to site and values of 4-8m (HAL
LERMEIER, 1981a; 1981b) 6m (HEALY, 1991) and 13-18m
(BRUUN, 1988) have been quoted. Theoretically, it should lim
it the zone of wave induced sediment transport so it might
be estimated empirically from a local knowledge of sea bed
sediments and extreme wave values. It has been suggested
that 90% of profile change occurs within a limiting depth of
twice the maximum breaking wave height for a five year re
turn period (HALLERMEIER, 1981a; 1981b; 1981c; BRUUN and
SCHWARTZ, 1985; BRUUN, 1988). Further testing of this as
sumption is required to remove these uncertainties. The
landward boundary is easier to define and in the case of cliffs
is the backscar top.

Response Time

The Bruun Model assumes an instantaneous profile re
sponse to any sea-level rise. In fact, field tests show that
shore profile responses lag several years behind net changes
in water level (HANDS, 1983; SCHOFIELD, 1985; WOOD et al.,
1994). Additional lags should be anticipated as the cliff re
sponds to debris removal and toe erosion following shore pro
file changes. Profile adaptation to sea-level rise appears
strongly related to the magnitude and frequency of extreme
events, so response times are likely to vary according to
storm surges and extreme wave climate at the shore (OR
FORD, 1987; HEALY, 1991) and landslide activity on the cliff.
Thus, the occurrence of episodic or cyclic recession over short
and medium timescales (BRUNSDEN and JONES, 1980; VAL
LEJO and DEGROOT, 1988) does not invalidate the model but
means that full predicted cliff responses could be delayed.
Profile adjustment and hence beach and cliff recession should
occur intermittently while sea-level rises continuously. Re
cent trends for increased storminess and wetter, warmer win
ters over the UK could trigger latent beach and cliff profile
adjustments due to associated extreme rainfall, storm-surges

due to storms (HEALY, 1991) and over longer periods accord
ing to sediment supply or deficit (DEAN, 1990). These incon
sistencies have led some authors to question the whole con
cept of an equilibrium profile (PILKEY et al., 1993). However,
variability can be accommodated provided there is a geomet
ric equilibrium over the modeling period itself. An equilibri
um profile should also be valid for the cliff if the model is to
be applicable here. Landscapes formed by landsliding typi
cally adopt characteristic, regular and repetitive geometry as
they evolve (BRUNSDEN and THORNES, 1979). Indeed, many
cliff profiles show persistent forms as they retreat (EMERY
and KUHN, 1982) and strong evidence for a condition of dy
namic equilibrium has been presented for an especially com
plex coastal mass movement site (CHANDLER and BRUNS
DEN, 1995).

(3)R = S L*
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where:

and wave run-up. Such changes should be most significant
for locations where relative sea-level rise is presently most
rapid.

(6)

APPliCATION OF MODELS TO THE CENTRAL
SOUTHERN COAST OF ENGLAND

An important simplification is the substitution of R 1 to rep
resent the relationship between wave energy and material
strength. It produces very slight overestimation of recession
(8UNAMURA, 1988), as it ignores the dissipative effect of a
widening shore platform as erosion proceeds. This is justified
for projections over 50-100 years where platforms are al
ready quite wide and obviates the need for geotechnical and
wave climate data. The model assumes constant material
strength and wave climate, that debris is evacuated rapidly
from the cliff toe and that the platform retreats as a linear
equilibrium profile. As with the other models, an instanta
neous cliff response to increased toe erosion is assumed.

Numerical Modeling

Reliable models based on functional relationships between
the dominant physical processes covering the shoreface,
beach and cliff are not yet available. The approach should
involve numerical modeling of cross-shore and longshore sed
iment transport to provide time dependent estimates of beach
response based on oceanographic data. Additional models are
needed to simulate basal erosion and the resultant effects
transmitted by landsliding up the cliff to the backscar. This
latter part is presently the major research gap, although
progress might be possible by adapting geotechnical stability
analyses. Potential advantages are that responses can be es
timated to changes in key factors such as sea-level, wave cli
mate, beach sediment supply, rainfall etc. Results are not
constrained by having to assume constant conditions, or neg
ligible management interference as with other methods. The
stochastic nature of key variables can be accommodated
through repetitive Monte Carlo simulations to obtain a time
dependent probability distribution of cliff top positions (NA
TIONAL RESEARCH COUNCIL, 1990). When available, these
methods will require high quality information and are thus
unsuitable for furnishing predictions over long and variable
coastal segments. They should therefore be best suited to
evaluation of specific problems in high risk locations and are
not further considered here.

(5)

(4)

Where: GB is the net sediment budget

The left side of the equation evaluates littoral sediment yield
for a given shoreline recession (R), whilst the right side is the
quantity required to maintain the equilibrium profile relative
to a sea-level rise (8). This is more realistic, because when
sea-level rise is slow, the prevailing sediment budget is the
dominant factor controlling recession. However, inclusion of
the GB term requires high quality coastal information that is
often not available. Hence, an alternative approach is to as
sume that the historical erosion rate represents the net con
tribution of GB and then to estimate the additional erosion
resulting from acceleration of sea-level rise. If it is further
assumed that any changes in GB are small with time, the
following equation can be utilised (DEAN, 1991):

L*

R1 historical recession

R 2 future recession

8 1 historic sea-level rise

8 2 future sea-level rise

Sediment Budget Methods

The Bruun Rule is essentially two-dimensional (onshore
offshore) and assumes that longshore sediment inputs and
outputs are equal and equivalent, a condition rarely achieved
in reality (ORFORD, 1987; DEAN, 1990; HEALY, 1991; KOMAR
et aZ., 1991). To model reliably the three-dimensional situa
tion, a full sediment budget needs to be calculated for the
coastal segment being considered. This involves estimation of
all inputs/outputs by littoral drift, onshore-offshore transport,
losses to inlets etc. (EVERTS, 1985; KOMAR et aZ., 1991). These
additions are expressed by the following relationship (DEAN,
1991):

This is the most easily applied and realistic adaptation of the
Bruun rule for eroding cliffs. It is sensitive to variations in
historical recession, coastal slope, closure depth, and the
height and sediment composition of cliffs. Reliable local es
timates of these parameters are therefore essential for suc
cessful application.

Shore Platform Geometrical Model

With no dissipative beach or shoreface sediment layer, di
rect relationships may be formulated to predict recession ac
cording to material strength and wave power (e.g., 8UNA
MURA 1992). Additional erosion is estimated from the amount
of sea-level rise and the gradient of the shore platform after
8UNAMURA (1988):

Historical trend analysis (Equation 2), the modified Bruun
Rule (Equation 5) and the shore platform model (Equation 6)
are applied to examine the possible impacts of sea-level rise
on eroding cliffs at 8 locations along the south coast of En
gland (Figure 2). Sites were selected to encompass a wide
variety of cliff types with respect to geological materials, stra
tigraphy, landslide type, height, wave exposure, and histori
cal recession rate (Table 1). All profiles are sediment covered,
although partial bedrock exposures occur at Sites 1 (Black
Ven) and 6 (Bouldnor), thus permitting application of the
shore platform model. All cliffs were completely free to erode,
but experienced different levels of interference due to the pro
tection of adjacent coastal segments. Situated within a rela
tively small area, the sites include some of the most diverse,
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Figure 2. The study area and locations of the eroding clifT sites .

active, well-studied and intensively managed soft-rock cliff
environments to be found anywhere.

Successful application of the models is dependent upon the
availability of reliable local information covering the impor
tant cliff and oceanographic factors. Relevant parameters
(Table 2) were obtained by reference to pre vious work ac
cessed through a regional database (CARTER et al., 1989) and
literature review (BRAY et al., 1991), produced by local coast
protection authorities (BRAY et al., 1995). Historical recession
rates (R1) were calculated from long records covering at least
50 years (Table 1), except where significant variations were
recorded, as at Black Ven (major system change without ob
vious cause), Hengistbury and Becton (both affected by im
proved coast protection structures immediately updrift).
Here, recession was calculated exclusively from post-change
data. Contemporary relative sea-level (RSL) rise (S1)was es
timated from mean sea-level analyses of tide gauge records
from Newlyn , Cornwall (1916-82), Portsmouth (1962-82) and
Sheerness, Kent (1916-82) (WOODWORTH, 1987; PUGH,
1990), together with an examination of late Holocene geolog
ical and archaeological evidence (BRAY et al., in press). Slow
RSL rise was indicated for southern England (2mma- 1)but
more rapid rates were recorded at Portsmouth (5mma-1). Ap
propriate allowances were made for sites located close to
Portsmouth and the Solent, but elsewhere the lower regional
value was used. Future sea-l evel rise (S2) is the sum of the
contemporary RSL trend and best gues s estimate of green
house-induced rise, modeled to 2050 (0.22m) for medium pop
ulation and economic growth scenarios (WIGLEY and RAPER,
1992). Uncertainties in extrapolating historical recession
data meant that 2050 rather than 2100 was a more appro
priate point for prediction of cliff responses.

The overfill factor (P) was estimated from the geological
literature (e.g., WILSON et al., 1958; BRISTOW et al., 1991;
MELVILLE and FRESHNEY, 1982), together with cliff sediment
sampling programmes at some sites (WHEELER, 1979; LAc
EY, 1985; BRAY, 1986; BRAY, 1993a ). Offshore sediment sam
pling in the vicinity of most sites sugge sted that materials
finer than fine sand could not generally contribute to the ac
tive profile (DYER, 1970; 1971; LANGHORNE et al., 1982; VE-

LEGRAKIS, 1991). The closure depth (hs ) was estimated as
being twice the maximum wave height for a fifty year return
period (BRUUN, 1988). Extreme wave statistics were readily
available for most sites from consultants' studies for nearby
coast protection schemes. The length of the active profiles
(L*) were measured from hydrographic charts by using the
closure depths to indicate their seaward extremities.

Comparison of model results against the baseline condi
tions extrapolated without additional sea-level rise suggests
that retreat is likely to accelerate significantly at all sites
(Table 2 and Figure 3). Estimated rates of change differed
between models. Historical trend analysis consistently pre
dicted more rapid recession because of its sensitivity to con
temporary RSL rise . Its presumption that sea-level is the
dominant force causing recession is questionable at rapidly
eroding sites where rates of rise are low, thus confining its
use to areas known to suffer rapid RSL rise , e.g., Hill Head .
Even so, its validity is governed by the accuracy of available
contemporary sea -level data, causing problems in regions of
variable crustal deformation. The shore platform model and
the Bruun Rule both calculate a recession increment (Figure
3) for a given sea-level rise that is unaffected by either the
contemporary sea-level rise or rate of recession. Greater re
treat was predicted by the shore platform model as it as
sumes that all erosion products are rapidly removed . Where
such materials have the capacity to contribute to the profile,
the Bruun Rule models the negative feedback effect and pre
dicts less rapid retreat. It therefore appears a more reliable
technique on the sediment covered profiles of the study area,
and the following discussion is based on results obtained us
ing th is method.

A sea-level rise of 0.22m was estimated to produce in
creased retreat of between 12m and 52m above baseline val
ues according to site. These are significant changes amount
ing to accelerations of between 22% and 133% (Figure 3). At
sites where system change has been identified, the incre
ments resulting from accelerating sea-level rise are propor
tionately the smallest, as at Black Ven (22%) and Becton
(43%). Similar results are calculated (Figure 4) using low
(0.17m) and high (0.30m) sea -level values that represent the
uncertainties in future estimates of this parameter (WIGLEY
and RAPER, 1992). The clear implication is that reliable ex
trapolations of historic recession are the most important el
ements in predicting cliff retreat at such sites irrespective of
rising sea-level. A disturbing possibility is that sea-level rise
itself might produce system change. The models applied here
assume that other factors remain constant and they therefore
cannot predict such behaviour.

The greatest sea-level impacts are likely to be at Hengist
bury and Becton where large quantities of sediment need to
be eroded to facilitate adjustment of the long, active shore
profiles. Cliff height is modest so limiting sediment yields .
On high relief coasts, the proportion of cliff sediment that
remains stable on the shore profile is the critical factor be
cause total material supply is large. Hence , the sandy Sea
town-Eype and Blackgang cliff segments are likely to adjust
to sea-level rise more effectively than Black Ven and Stone
barrow where clay is the major ground forming type. Pre
vailing erosion at the latter sites is likely to be exacerbated

HAMPSHIRE

English Channel

5 Becton
6 Bouldnor Cliff
7 Blackgang
B Hill Head

DORSET

Lyme
Bay

CliffSites
1 Black Ven
2 Stonebarrow Hill
3 Seatown-Eype
4 Hengistbury Head
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Figu re 3. Extrapolations of cliff recess ion indicating the potential effects
of sea-level rise superimposed upon baseline conditions . Note the lower
predictions of the modified Bruun Rule which models the capacity of cliff
sediments to build up the shore profile.
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by sea-level rise, becau se few of the products of any acceler
ated cliff erosion can contribute to th e shore profile. In spite
of limited sediment yield due to low cliff height (Hill Head )
or a predominantly clay geology (Bouldnor), only modest in
creases in recession are likely in the low wave energy envi
ronments of the Solent (Figure 2), because th e active profiles
are short. Sea-level rise therefore ha s the most serious im
plications for low clay cliffs situated on open exposed coasts
where fine grained erosion products are likely to be trans
ported offshore or become distributed across a wide active
shore profile. The Holderness coast of north eas t England is
an obvious exam ple (MASON and HANSOM , 1988).
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Figure 4. Cliff recession modelled for the differing sea level scenari os of
WIGLEY and RAPE R (1992). Note that variations resulting from system
change at sites la, Ib, 5a and 5b are more significant than those resulting
from imprecision of future sea-level rise estimates.

The models discussed in this paper are adapted specifically
for gently sloping shore platform coasts composed of or con
taining soft-rock uni ts. Alternative models are appl icable ac
cording to the presence or absence of shoreface sediments.
Cliff recession estimates produced using these methods are
intended for planning purposes and not for detailed site-s pe
cific assessments. Hence, they are suit able for use in regional
and nat ional studies of vulnerability to sea-leve l r ise
(IPCC,1992; 1994; N ICH OLLS and L EATHERM AN , 1995). They
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should also be especially valuable for defining cliff top hazard
zones and in assessing the viability of setback policies (KAy,

1990). Care should be taken to incorporate additional infor
mation relating to the nature of landsliding and the magni
tude and frequency of recession events if predictions are to
be applied to individual high risk sites. Further testing is
necessary to establish the reliability of the models in different
situations. The major uncertainties are identified as follows

Response Timescales

Cliffs will not adjust instantaneously to changes in first
order factors such as sea-level. There will almost certainly be
lags in their responses. Projections of recession therefore
should be treated as maxima and should not occur in full
until after 2050 when lags have worked through the system.
Estimation of delays is difficult because both the beach and
cliff systems need to be considered together. Where there is
no beach, responses depend upon the shore platform and cliff
factors (debris removal, slope angle, material strength etc.),
Elsewhere, a time lag is required for adjustment of the shore
profile to higher sea-levels according to the Bruun Model. The
full effects of rising sea-level cannot be experienced at the
cliff-base until such adjustments are completed.

Cliff response to sea-level rise is therefore likely to lag be
hind that of the shore profile causing steepening (Bruun Ef
fect), before sufficient sediment can be supplied from cliffs to
restore the coastal slope. This response has been recorded in
the analogous situation produced by cyclic water level fluc
tuation of the Great Lakes, USA (VELLEJO and DEGROOT,
1988). Here, enhanced cliff recession has been recorded as
soon as 5 years following increases in lake level. It depends
upon transmission of enhanced basal erosion up through the
cliff system to the coastal backscar and should vary elsewhere
according to cliff height, morphology, landslide history and
contemporary activity. In simple low cliffs as studied on the
Great Lakes, the profile should steepen rapidly and failures
of the whole slope may ensue soon after basal undercutting.
However, in high compound cliffs typical of the south west
Isle of Wight and West Dorset coasts, wide degradation zones
have partly decoupled the backscar from perturbations at the
cliff toe. Changes are regulated by cyclic activity so that back
scar response times might be estimated from a knowledge of
erosion cycle periods. Here, 40-140 years may be required for
the backscar to be affected (BRUNSDEN and JONES, 1980;
BRAY, 1986).

Unfortunately, erosion cycles will not necessarily remain
stable under conditions of enhanced basal erosion and debris
removal. HUTCHINSON (1973) has shown that differing activ
ity modes are possible within a single material type according
to rates of toe erosion. The implication is that accurate re
cession prediction for individual sites will entail an appraisal
of possible activity modes coupled with an understanding of
their relative thresholds. Different materials or geological se
quences could react differently so the research frontier is to
identify common factors. For example, simple low cliffs may
maintain their present form, but retreat more rapidly. Alter
natively, higher, more complex cliffs have been shown to
switch their forms to new steeper slope profiles characterised

by higher magnitude erosion events (HUTCHINSON, 1973;
CHANDLER and BRUNSDEN, 1995). Improved understanding
of the governing threshold conditions is possible through the
study of analogues. Diminishing levels of beach protection
can be substituted for sea-level rise because they have an
equivalent effect in terms of enhanced toe erosion. Such sit
uations exist where littoral transport is intercepted by pro
tection structures that have been located updrift of eroding
cliffs. Research into the patterns of adjustment is currently
in progress at those few locations in central southern En
gland that have appropriate historical monitoring records
covering the cliff, beach and shore profile.

Application of Methods and Models

In applying the models to central southern England, the
availability of a wide range of cliff, beach and oceanographic
information compiled in a regional database and review
(BRAY et al., 1995) was valuable in providing site-specific es
timates of key parameters. Nevertheless, important uncer
tainties remain in calculating historical recession rates that
might be used for extrapolation irrespective of sea-level rise.
It is important to recognise instances of intermittent retreat
produced by erosion cycles within cliff landslide complexes.
Recession data should cover at least one cycle, to ensure that
results are representative. Extrapolations assume constant
conditions into the future, so where cliff systems have been
disturbed or significantly altered, only post-change data are
valid. Differentiation of such behaviour requires process un
derstanding founded on appropriate monitoring records. Val
id data must satisfy minimum criteria for significant change
(see Equation 1). However, high accuracy is needed to resolve
slow retreat rates and more rapid rates are not easily dis
cernible over short epochs. Quantitative information is only
generally available from historic maps (revised at 20-40 year
intervals) and conventional air photo analyses, limiting the
number of recorded cliff top positions for any site. Statistical
analyses of the types proposed for shorelines by FENSTER et
al., (1993) are not possible on cliffs until more data are col
lected. Two responses are appropriate. First, available his
torical sources need to be utilised more fully. This should in
volve compilation of documentary information, e.g., local
newspaper and other eyewitness accounts of cliff movements,
together with geomorphological mapping and assessments of
form (PITTS, 1981; LEE et al., 1991). The objective must be to
identify the full range of possible cliff behaviour types in
cluding details of their magnitudes, frequencies, recurrent
patterns and cycles of activity. Accurate quantitative data are
now obtainable from historical oblique ground photographs
as well as from air photos by using analytical photogram
metry (LANE et al., 1993). Second, regular monitoring pro
grammes should be established. Improved measurement
speeds and accuracies using analytical photogrammetry and
digital data processing mean that it should be feasible to re
solve retreat by annual or biannual surveys on many cliffs
using aerial photography.

Attention is drawn to some of the factors that were not
included in the models applied. These include landslide type,
wave conditions, shore platform variations and the influence

Journal of Coastal Research, Vol. 13, No.2, 1997



464 Bray and Hooke

of protective beaches, especially those composed of gravel or
aprons of boulders. In spite of these omissions, the models
should remain valid so long as their projections are regarded
as potential long-term maxima that will not necessarily be
achieved until after 2050 according to lags in response. Al
teration in management practice, e.g., abandonment or rein
forcement of defences and possible future climate changes are
additional uncertainties that could have major impacts upon
future cliff recession. Improved process-based models are
needed to incorporate such factors into cliff prediction esti
mates and to evaluate response times.

CONCLUSIONS

Many uncertainties are highlighted in this review as seri
ous obstacles to reliable prediction of future cliff recession.
Not least, are the complexity of cliff, beach and hydraulic
processes that interact over variable timescales to produce
recession. These complexities have so far forestalled the de
velopment of process-based models. This paper identifies a
clear need for inter-disciplinary research to address these is
sues. In the meantime, predictions must rely upon various
methods of historical extrapolation that cannot easily accom
modate changing environmental conditions as produced by
climate change and sea-level rise. The challenge is to develop
ways of using process knowledge to improve the results ob
tained from such models. Examples outlined in this paper
demonstrate that progress is possible by adapting available
models in combination with appropriate site-specific infor
mation. In particular, an adaptation of the Bruun Rule ap
pears to be especially suitable for cliffs, although further test
ing of its reliability is advocated. Its application permits sen
sitivity analyses of different sites to future changes.

Results obtained from the sea-level models strongly sug
gest that correct estimation of historical recession and selec
tion of appropriate data subsets for extrapolation are the
most important factors in predicting future trends at sites
subject to cyclic erosion or system change. Therefore, it
should become a priority to improve the current poor knowl
edge of threshold conditions governing coastal cliff system
change. Uncertainties caused by imprecision of future sea
level estimates to 2050 are less important by comparison.
Natural system variability or that resulting from manage
ment interference is potentially so great as to exceed the like
ly effects of sea-level rise over the period studied. Neverthe
less, the models indicate that cliff recession could increase by
between 22% and 133% along the south coast of England in
response to rising sea-levels up to 2050. Results are highly
site-specific due to local factors that govern cliff sensitivity.
Slightly less erosion is predicted for cliffs that contribute sed
iments that can build up their shoreface profiles. Cliffs in
energetic open coast environments with longer active profiles
are shown to be more sensitive than those in more sheltered
locations. Higher cliffs are more resilient against sea-level
rise providing that their sediments are sufficiently coarse to
remain stable on the active profile. Future research should
assess the influences of different beach, shoreface and plat-

form configurations operating in combination with different
types of landslide activity to produce more definitive models.

These results are extremely valuable to managers inter
ested in assessing the future vulnerability of coastal assets
and the viability of different policy options. Reliable esti
mates of cliff recession are needed to indicate the likely risks
to cliff-top development and permit set-back zones to be de
fined with greater confidence. These estimates can also be
used to provide a quantitative indication of the potential ben
efits to neighbouring beaches in terms of increased sediment
yields (BRAY, 1992). In central southern England, littoral sed
iment is a scarce commodity that must be managed as a valu
able resource (BRAY et al., 1995). Appraisal of the relative
importance of cliff inputs and their likely future status within
the appropriate littoral cell is therefore a necessity for effec
tive shoreline management.
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