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Understanding future retreat ratef soft rock cliffs is impoent for a range of coastal management activities,
particularly when considerinthe impacts of climate chang@ne key method is processised numerical modeling.
However, this technique is still in iarly stagesnd consequently the process of cliftession isypically over
simplified. This paper reviews the application of the SCAPE (Soft Cliff and Platform Ertiatel) to avaried
geologicalfrontage on the soutivest coast of the Isle dight. Evaluation of the2D model has been undertaken
through validationof the output model profiles compared with measured and field data observations. The results have
identified the importance ofertical variations inrock strength within the cliff system, which has a strong influence
on recession rates, flimorphology and the development of emergent featutsaluation of themodel has also
highlighted the importance of translating cliff base retreat into an appropriate cliff top posttich defines the
extent of the erosion hazards, and hence isnofe practical usde.g., landuse planniny This requiresmore
consideratiorof the role of terrestrial processes within the cliff recession process.
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1.0 INTRODUCTION

1.1 Global Perspective and Context

Soft rock cliffs cover approximately 12% of the European coas{iheosion, 2004 and are
widespread globallyThey aredefined by Pye and Frenqi993 as i ncl uding @Al ithol og
geological age which are poorly consolidated or cemented, including; glacial till, outwash deposits,
friable sands and weakly consolidated clays and st
lithology, for example limestones or sandstones overlylagscare also included where failure of soft
lithology at the basef the cliff leads to failure.

Soft cliffs arean importantesourcedue totheir physical, biological and earth science conservation
value, which is related to their highly erosive natdrbey create geomorphically diverse coastlines
owing to the complex interactions betwdghology, geological structure and inland relief, combined
with the applied forces of marine and terrestrial procedsss and Clark, 2002 As they erode, they
release sediment to the ctasand marine system whiotontributes to downdrift beach volumes.
However, their rapid rates of erosi¢in excess of 1m3 createworldwide problems associated with
the sustainability of coastal settlements including in the USA, Canada, Japan, Russia, Denmark,
Germany and the UKSunamura, 1992

An understanding of future recession rates is required to inform a range dl cnasigement
activities including economic appraisadf coastaldefensesdeterminingmanagedealignments and
calculating sediment budgefidall et al., 2002 This is heightened by the nefmdt moreadaptive and
sustainable strategiemnsidemg thesubstantiafinancial commitments associated with the provision
of coastaldefencesnd slope stabilisation worke&/hich will face increasing pressure as we respond to
the impacts of climate changeinham and Nicholls, 200)0Therefore,one of the greatest challenges
facing coastieengineers is t@nhance our understanding of the soft cliff reaesgirocessparticularly
considering potentialariationsto the system as a s@lt of changing environmental and climatic
conditions(Brown et al., 2006

1.2 Problem Statement
There are five key techniquasailable to predict future rates of retreat; 1) historical extrapolation

2) expertudgement3) empirical method#}) probabilistic methodsnd, 5) procesbased geomorphic

modeling Despite this rangea UK Government review stressed the needutther developprediction

methods (lee, 2002), whiclis highlighted bytwo key limitations:

1 Techniques are frequently related to historical projectidiben considering the impacts of
climate change or potential chawyin the cliff system (e.g. variations in cliff height or
composition over time), past conditions are no longer representative of the future and subsequently
do not provide a accurate basis for prediction
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1 Coastal processemre commonly considered to biee main driver of recession asdbsequently
the in-situ terrestrial processes also influencing the systeencommonly omitted or over
simplified.

The latter is particularly limihg for higheror more complexliff systemsas interactions with the
terrestrial system become stronger in these instances. For example, Quin2@tGaihotedfor the
Holderness coagtJK) that cliffs in excess of 7m amaore influencedy structural failures and mass
movements as opposed to marine processes. Furthermore, more coliffigleomprise of a series of
interacting suksystems resulting in dynamic feedback mechanisms betweerliff top and toe
Overall, thisemphasizes the importance of assessitegcombined response of both erosional and
depositional environments if future rates of retreat are to be accurately undditeniaile, 2004
Dickson et al., 2007

Considering these issues we can recognize the neednfioresintegrated understanding of cliff
recession and how the system may respond to changing climatic and environmental cqBdtiimis
and Spencer, 20)2In responsethe keymethod is processasedgeomorphicnumericalmodeling as
it enableprocessnteradionsbetween a range of parameters in tlifé €ystem to be represented and i
can also simulate changing conditiqiiall et al., 2002

A range ofmodels are available includjrKamphuis(1987, Meadowcroft et a(1999, Walkden
& Hall (2005) and Tremaile (2009. However,the dynamic nature of the cliff recession process has,
until recently, inhibited thie development(Walkden and Dickson, 2008 Existing models are
criticized for the generalized manner in which they treat cliff behgVigenhaile, 2009 This relates
back to the limitatioa highlighted for more traditionamethods in that many modelscurrently
approach the systefrom acoastalperspectivefailing to consider the episodic and stochastic nature of
cliff top processesvhich are more difficult to describe in numerical tefdall et al., 2002 However,
considering the merits of procelsased modelingin terms ofunderstading the cliff systemits range
of feedback mechanisms and responses to changing cosfitivere isan opportunityto develop a
more integratednodel d complex soft cliff recesion.

2.0 PREDICTION OF CLIFF RECESSION

2.1 The SCAPE Model

Following a critical appraisal of the range of existing, protessed modelsthe SCAPE (Soft
Cliff and Platform Erosion) modealeveloped by Walkden and H4R005 has been selectets a basis
for development The model is a coastal engineering tooliglesd to determine the emergeraed
retreat ofsoft rockshore profiles in the mesoscale (a period ofL00 years). Predictions ogr this
timescale are enabled by representation of the cliff system witrédueced complexity model, where
only the dominant parameters and proceasesnodeleds outlined in Figure 1.
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Figure 1. Outline of interactions considered within SCAPE (Walkden & Hall, 2005).

To outline some of the governing principlesthe2D SCAPEmodel:

1. Wave transformation from nearshore points (including refraction, diffraction and shoaling) are
described using linear wave thegamphuis, 200

2. The beachis represented aa finite surfcial layer restingon top of the shore platform. It is
assumed to have an unvarying profile consisting of a flat berm to the limit of wawgp fiaonted
by a beach following the Bruun profi{@ruun, 1954. It is assumed that losses to the system occur
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through sedimertransporttherefore there are ndfshore lossesf beach building material whilst
fines are considered to be lost from the system.
3. Shore platform and cliff toe erosionare computed using an erosion shape function, within which
the erosion rate is based upon an expression derived by Ki@pd87). The shape function is a
dimensionless distribution of soft rock erosion under a breaking wavenfietth has beederived
from the results of Skafgll995. The latter work published the distrilbats of the erosion rée
that resulted from physical modekperiments in a wave tank with pseudo random wakiealing
and breaking over a glacial till shore
4. CIiff failure and delivery of talus material to the beaclis described by aimple module which
treats the cliff as a block of materi al whi ch sh
vertical cliff face. All of the eroded materiatlds to the volume of the tala@da proportion of
this contributes towards beach volunas determined by he esti mated percent age
buildingd materi al present .

In summarythe model simulates a comprehensive coastal system (for further detail the reader is
directed to Walkden and Ha{R005, Walkden and Dickso2008 and Walkden and Hall2011).
This is based on the mesoscale assumption thatr ghiffeprocesses are only of relevance for the
debris material provided to the cliff toe and bea€hrthermore, it should be notethe roles of
terrestrial and suberial processes within the model are limited to a single calibration parameter for
rock strength, which is considet¢o be homogenous in the credsore.

These assumptions habeen sufficient to validatand verifythe SCAPEat a number of siteis
the UK including the Naze, EssgdValkden and Hall, 2005and northeastNorfolk (Walkden and
Dickson, 2008 However such sites are relatively simple to aed (with respect to the cliffystem).
For example, théNorfolk study frontagecomprises of a gently curvingOkm coastline. The cliffs
predominantly consistof glacial till and & relatively continuous simple cliffavhich are
characteristically steep and therefdrighly responsive to basal marine erosiblowever, it canbe
noted thathis studysite is more complex in terms of historic and future coastal intervention works.

2.2 Model Application to Study Frontage
In contrast to the previouSCAPE model applicationst is currently being applied to a more
complexbut natiral cliff systemon the south west coast of the Isle of WjdhiK (Figure 2) The area
has been selected considering the:
1 Varied soft rockithology of the sitewhich includesvarying strength and compositiprand its
distinctstructural geology
9 Diversegeomorphology of the frontage which includes a series of headlandsrandeaof cliff
failure mechanisms
High long-termrates ofcliff retreat combined with coastal management is@lescribed below)
Naturalcharactenf the frontagewhich has nobeen ifiluencedby coastal engineering structures
thus providing alear picture of natural fluctuatioms cliff retreat over time; and
1 Data availabilityfor the frontage

f
f

Location and History The study frontage extends approximately 17km across tibk s@st coast
of the Island from Compton Bagp Chale, as outlined in Figug& The boundaries have been selected
considering the geological constraimtsthe chalk tothe westand the Blackgng Chine Landslide to
the east(which would be inappropriate to model with SCABR&the landslide is strongly controlled by
geotechnical pcesses)The cliffs within the frontagere typically 30m high with some local variation
from approximatelylOm in the north easto in exess of50m at Chale Their morphology varies
spatially, reflecting the differing combinations of controlling fastwhich highlights the complexity of
the frontage.

The shore is unprotected andcisvered by a long term policy dNo Active Interventiod (NAI)
within the | sl andbds Sh olsledf Wight ColvhailrmaddHaskomingt 1B¥ | an ( SMP,
This is predominantly owing to the areas environmental and lapelsoaportance (as reflected by
conservation designatioregt the site including; Compton Chine to Steephill Cove Site of Special
Scientific Interest, World Heritage Coast and Area afstanding Natural Beauty). The eroding cliffs
are alsma source of sediment to downdrift beachdse policy of NAlis further supported by the lack
of feasibility and economic justification for localized intervention works (Isle of Wight Council and
Royd Haskoning, 2010).



COASTAL ENGINEERING 2012

The cliffs are retreating at a steady rate of 0.2.5m/yr as supported by a variety of studies
(SCOPAC, 2008 which poses a range of coastal management issuese Tare a number of
communities and isolated propertibich have beetost along the frontage and t€3055 Military

Road (which is key infrstructure) hado be realigned n t h e

1 9 3 0 i@quiring subs@uotigip t o n ,

investment Two significant stretches of the road are currently recognized as under threat within the
study frontage with one lane closurgn progress for a short sectiowing torecent landslide activity
(Isle of Wight Council, 2010 This highlights the need for loftgrm landuse and castal planning,

which isreinforced by theunknownfuture impacts of climate change.
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Figure 2. Map outlining the study frontage, 2D model transects and sites of key data sources (adapted from

Leyland (2009)).
Physical Characteristics The study frontage consists of the

Wealden and LoweerGend

series of the Lower Cretaceous (approximately- 120 million years old), the latter of which is
overlain by Pleistocene deposifhe rising sealevels of the early Holocene reoccupied the former

degraded cliffs, renewing erasi of the soft geolgy to form therapidly

retreating coastlingeen today

(Leyland and Darby, 2008As the coast has retreated it has produced a shore platform which extends

approximately 4km seawa(@COPAC, 2005t The frontagecomprises

ofour bays Compton, Brook,

Brighstone andChak) separatedby three discrete headlandblahover, Sudmoor anditherfield
respectively) Thesehave developed due to local occurrences of harder lithologic autitsopping in

the intertidal zone

The cliffs along the study frontage are variggpically exhibiing simple landslide morphology.
However, local transitions to complex landslides and rockfathinatedforms do exist, particularly
towards the south easthese moreomplex landslide behaviomre characterized by periodic high
magnitude cliff top event@sle of Wight Council and Royal Haskoning, 2010

Hydrodynamic Climate The study frontagéas oceanidetches in excess of 4,000kaeross the
Atlantic, along with shortefetches across the English Chantiels exposed to significant swell wave
activity, as well as to energetic localfjenerated wind wavegigure 3 shows ave data from the
Milford Wave Buoy located to thenorth west of the study frontagé-igure 3. The predormant
direction is from thesouthwest with a five year sigficant wave height of 3.93r(Channel Coastal

Observatory, 2010
The tidal characteristics vary alongshore as the site is close
The tide has been interpolated to represent the study frontage, as

to a degenerate amphiiramic p
outlined in Table 1. The tidal range is

small so that wave energy is concentrated over a limited vertical range. However, the shallow

nearshore and shore platform causes some dissipahd breaking
offshore.

of large waves some distance
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Table 1. Typical Tidal Characteristics of the Study Frontage
Tide Abbreviation | Level (mOD)
Mean High Water Spring MHWS 1.12
Mean High Water Neap MHWN 0.62
Mean Sea Level MSL 0.04
Mean Low Water Neap MLWN -0.54
Mean Low Water Spring MLWS -1.24

Beaches along the study frontage typically rest as a veneer of sediment on top of the underlying
shoreplatform. The beaches are of low volume and consequently provide limited protection to the cliff
toe and shore platformThey can be divided into three units based on abrupt changes in median grain
size. 1) Fromthe northern boundary of the study frontage to the south of SudmoortPeibkach
displays a dissipative form and is composed of medium todiamed sand. 2Ffrom the south of
Sudmoor Pointhere is an increase in the backshore grain size creating a pebble beach which takes on a
reflective form until Atherfield Point3) At Atherfield Point the grain sizeetrease$o coarse sand,
gradually inceasing to the south becoming pebbles agairthiey southern boundary of the study
frontage

The cliffs deliver large quantities of sand and clay sediment. However, most material is believed to
be removed offshorie suspensionNet wave driven sediment moh in the area is from north west to
south eastThe offshore to onshore supply of sediment by wadeiced or tidal current may account
for a proportion of the beach. However, knowledge of nearshore sediments and possible pathways of
transkr to littoral transport islimited (Brampton et al., 1998and the field characteristics of the
clifffbeach system is being further investigatédst outsidehe boundaries of the study frontage, the
Needl es and St Cat h-snmept hedréck suffaceis mvhich anple limited suppiyn
potential.

2.3 Model Set-Up

A series of seven 2D SCAPE model profiles wereugeto assess the models ability to replicate
the key processes occurring at the main headlands and bays alorantageias outlined in Figure.2
The model profilesvere constructed to represent the state of the study frontage in 2008, considering its
development over the preceding 142 year pelffrdm 1866 when the first accurate map was
producedl. Table 2summarizeshe preliminaryinput parameters whicthave been grouped lpurpose

Table 2. Input Parameters for the Study Frontage (sources explained in the text)
Purpose Preliminary Inputs Units Value Range
Profile evolution Baseline angle Degrees | 298 - 328
Offshore contour depth m 8.7
Offshore contour angle Degrees | 303 - 330
Wave height m Variable with time
Wave period S Variable with time
Initial beach volume m%m 1571 35
Run-up limit m 2.07
Beach slope Bruun constant - 0.1-0.2
Cross-shore distributions of Tidal amplitude m Variable with time
sediment transport and Rate of sea-level rise mm/yr 1.4 (historic)
erosion
For the calculation of beach Cliff top elevation m 14571 34.6
sediment volumes released Cliff sand contents % 7-38
from the cliff
Calibration variable Material resistance M7 S¥ | 32x10° - 14X10°

Hourly wave data including significant wave height, period and direction were taken from the
Milford Wave Buoy records for the period of 19962011. These waves represent conditiimshe

north west of the study frontage. (@t i t ude: 50A 42. 7506 Nwheré thenwgtert ud e :

depth is approximately 10m CD. Tide level data recorded at 15 minute intervals from 2004

were available for Sandown Pier Tide Gaudgkm to the north east ahe study frontage (Latitude:

50A 39.066606 N, L onThisdata was interpolatdd t@repleseht 6h6 fiuds) frontage
and then filtered to obtain the high tide values to be used as the model input. The wave and tide files
were recycled as tlgewere shorter than the modelingripd No attempthas currently beemade to

include extremes not representedhe recordsHistoric sedevel rise was based on Haigh e(2011])

for SouthamptonThe data sources are highlighted on Figure 2.

00:
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The slope and curve of the beach for each 2D profile was defined by setting the Beach Bruun
Constant 4). Thisvalue was determined consideritige median grain size of sedinteat theprofile
derived from field data.

Cliff heights and shore positions were extracted from LIiDAR data available for the study frontage
from the Clannel Coastal Observatory (CCO) for the year 200% beach grade materiaithin the
cliff was deternmed considering field estimati®r eachmaingeologicalgroup and formatiopresent
along the frontagéas outlined in Tabl8&). Thishas been combined with knowledge of denlogical
characteristics of each profile considering geologitcalpping of te frontage which is further
discussed in Figure 4 below

Table 3. Geological Characteristics along the Study Frontage (adapted from Insole et al (1998))
Group Formation Member Lithology Estimated
Beach
Grade
Material
(%)
River Brickearth Windblown silt 0
Terrace Valley Gravel Coarse angular flint gravel in a sandy 90
Deposits matrix
Lower Ferruginous A range of 11 members | Red Sandstone 60
Cretaceous | Sands Grey Sandstone 50
Atherfield Upper Lobster Beds Alternating muds and sandy silts 0
Clay Crackers Fine sand with concretions 10
Lower Lobster Beds Clay 0
Chale Clay Clay 0
Perna Bed Calcareous sandstone and sandy clay 20
Wealden VectisShale | Shepher doés ( Inter-bedded Shale and Silt 50
Beds Barnes High Channel Sandstone 0
Cowleaze Chine Inter-bedded Shale and Silt 50
Wessex Variegated marl inter-bedded with 0-10
Marls channel sandstones

2.4 Model Development
There are several stages of development ofrtbeel. A prdfile is initially allowed to emerge from
a vertical profile and to develop to dynamic equilibriwmsing the 2D model Upon profile
development,ite material resistance calibration parameten bealteredto establish one that prines
approximately correct average rates of retreat avknown historic periadSince confidence in the
model cannot be based the average recession rate (which has been fixed by the calibration process),
validation is based on examination of emergent model features and compared to measured data.
Upon calibration and validation of the 2D profile, a qt2i3i model of the fronige canbe
developedThe latter is coupled with a ofime beach module, enabling interaction between a series of
2D profiles.

3.0 PRELIMINARY RESULTS

The results presented within this paper focus on the application of the 2D SCAPE modél to the
sitesselected along the oW frontageghlighted in Figure 2

3.1 Profile emergence

Figure 3illustrates the emergence of a representativeSXTAPE profilefrom an initial vertical cliff
based on the prevailing site conditiof$gure 3a shows profile developemt every 100 year§rom
right to left, year0 i 500). Qwing to the steepness of the initieliff, high rates of retreat can be
observed betweethis feature and year 100he emergence of thginction between # shore platform
and cliff toe at approxiately MHWS can also be observeHigure 3 shows the fuher development
of the profileevery 1,M0 yearg(year 1,000 5,000) The Figureshows the shore platform widening
over time and profile surface irregularity decreasing as previously highlightatiatiyden & Hall
(2005).

% Estimates will be updad with laboratory results in future models.
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Figure 3. Emergence of the Shore Platform and Cliff Toe a) profile every 100 years (year 0 i 500)
b) profile every 1,000 years (year 1,000 i 5,000)
3.2 Model Calibration

Table 4 provides a summary of the dadation process. Historic rates for calibration were
determined using the Digital Shoreline Analysis System (DSABieler et al., 2000 for a series of
historic maps and aerial photographs available overntbdelled period. Table 4 also provides a
comparison of the requd rock strength parametand how this compares to site observatidrte
latterhasbeen determined using a visual appraisal of coherena®ft rocklithology based orSoares
(1993 considering the main geological ggms present within each profilgVithin the classificatia
coherent rocks are distinguished as those hard to break by hammer impact (compressive strength of
approximately 20MPa) througto noncoherent rocksdescribed as those which disintegrate easily
under finger pressure (<0.5Mpa).

Table 4. Model Calibration using rock strength calibration parameter contrasted to site
observations
Location Historic Recession Rate Rock Strength

Measured Modeled Cliff Visual Appraisal Calibration Parameter

(m/yr) (m/yr) (coherent (1) i non (4)) (m¥s ¥

Compton Bay 0.49 0.51 2 26x10°
Hanover Point 0.71 0.69 3 16x10°
Brook Bay 0.52 0.52 2-3 25x10°
Sudmoor Point 0.41 0.43 2 32x10°
Brightstone Bay 0.68 0.68 2-3 15x10°
Atherfield Point 0.76 0.78 2 dry) 7 4 (wet) 14X10°
Chale Bay 0.43 0.44 171 3 31X10°

A qualitative Ink between the calibratioparameter and t& observations of coherencan be
identified. However, it can be noted that the calibration paramegsegéneralized across the entire
profile and therefore does not reflectriaions in geological strengthes demonstrated byhe
geological mapping provided Figure4. For example, at Sudmooot the geological cross section
showscoherentsandstone overlain biptermediately coherentvessex Marl and topped by a ttof
layer ofless cohererBrick Earth. These geological strata each have varying levels of coherence owing
to their varying lithology (as indicated by Table Bt thisis not reflected within the single prescribed
value of theSCAPErock strength parameter.
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Figure 4. Geological Mapping of the study frontage from the north east (a) to the south west (e) highlighting
the 2D profiles

3.3 Model Validation

Upon calibration the model was validateahsideringthe shapes of thenodeledshore profiles in
comparison to extracted LIDAR data for teudy frontage and the depth of the offshore contour
compared to the distance offshore.

Figure5 outlines the model profiles compared to measured data from (200¢h corresponds to
the penultimate yeaf the model validation period The modeled prdés are generally slightly lower
compared to the data and do not contain as much-shusse detail. However, they are sufficient to
indicate that the principal shore erosion processes have been adequately repi@eastdering that
the same wave anddg data is used to drive each of the model simulations, the variatioadeled
results can be attributed to the varying input parameters at each site. For example, the profiles south of
Sudmoor Point have more complexity owing to the higher cliffshaglderbeach volumes.
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Figure 5. Model Validation, comparison of predicted and measured shore profiles
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Figure 5 also shows a vertical cliff face above MHWS within the modeled profiésis a relict
feature of the 2D SCAPE model aoan be discountedsahe focus of the model is on the cliff toe and
shore platform.

When considering the modeled results for the area further offshore (up to 1,000m) comparisons of
modeled versus measured results (taken fGalAP offshore bathymetrgdatg show ®me interetng
trends. Figure6 compares and contrasts data for Brook .Békis highlightsa generally good fit
between data for the shore profile and offshore bathymetry of thevititethe angle of the slope fitting
well to measured datddowever, when focusingn the measured offshore bathymetry a significant
ledge at approximately2m OD can be observed which is not reflected within the SCAPE model
results. This emergent feature can be attributed to a harder rock layer within the shoren platfo
stratigraphy swch features can be obsenaddng the study frontage at Lowest Astronomic Tide (LAT)
The SCAPEmodel develops a smooth shore platform over time owing to the consideration of one
constant value of rock strength in the cross shore. Consequently, the rmodet currently identify
relationships between different hard rock layers in the cliff toe and shore platform and how these may
form emergent features which iréet with sedevel rise over time.

Figure 6. Model Validation, Brook Bay detailed comparison of predicted and measured shore and offshore
profiles

4.0 EVALUATION

As an evalation of the 2D modelwe can conclude that the model generally describes the
prevailing conditions sufficiently to replicate measured profiles along the study frontage. étpthev
validation of the model has also higjited the importance of isitu factors especially varyingock
strengthacross a profileThis is demonstrated by thearied geology of thetsdy frontage(highlighted
by Figure4) which resultsin the rangeof emegent features and changing cliff behavior along the
frontage. Thids further supported by Steér (2010 who concludedhat the most important terrestrial
influence on recession rates is geologhis highlights some key questions to direct model
development
1. How to develop the rock strength calibration parameter for more complex cliff systems?

2. How will cross shore variations in rock strength influence re®ults
3. Is the mesoscale SCAPE assumption that cbagstaesses drive retreat appropriate fois
frontage

4.1 Development of the Rock Strength Parameter

As previouslydiscussedrock strength is currently only considered as a calibration parameter.
Furthermore its treatment within this parameter is xotusive, it is a hybrid parameter developed to
representaterial strength along with some other hydrodynamic constants, as described in Kamphuis
(1987. Whilst this may be sufficient as a description of rock strength for simple cliff systems of


















