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Abstract: Assessment of landslide risks requires an understanding of how future landslide behaviour (the hazard) could have
an adverse impact on people, property and the environment (the consequences). However, what will happen in the future cannot
be known precisely and often cannot be predicted with confidence. This ‘radical uncertainty’ results from incomplete
knowledge about slope systems and their response to energy inputs (e.g. waves, rainfall, earthquakes). Probability is a measure
of uncertainty. However, estimating landslide probability should not rely on ‘geology-free’ statistical models. The geology does
matter. It will be necessary to make judgements based on an understanding of slope conditions and behaviour as well as
historical data. This paper examines the way in which geomorphology and an understanding of slope behaviour are critical to
landslide risk assessment in the presence of radical uncertainty. The focus is on predictions of landslide probability made for
economic risk assessments on the UK’s Yorkshire coast. This coast is associated with rapid cliff recession rates (e.g. the
Holderness coast) and major landslide events (e.g. the Holbeck Hall landslide, Scarborough). However, the central messages of
this paper can apply to landslide risk studies everywhere, both at the coast and inland.
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It’s tough to make predictions, especially about the future

(Danish proverb, also attributed to Yogi Berra)

Equilibrium is a metaphor for what we would like to find in the

environment, rather than what is necessarily there (Bracken and

Wainwright 2006)

Professor Denys Brunsden, the 5th Glossop Lecturer, passed away

in January 2024. Along with his colleagues John Doornkamp,

David Jones and Ron Cooke, he was one of the true pioneers of

engineering geomorphology in the UK (see Lee and Fookes 2015).

I first met Denys in 1985 when he interviewed me for a position at

Geomorphological Services Ltd, a company he had helped set up in

the late 1970s. Over the years, we worked together on many varied

projects, including the development of landslide potential and

planning guidance maps for Ventnor, Isle of Wight (e.g. Lee et al.

1991a, b), the historical evolution of the East Devon and West

Dorset shoreline (e.g. Lee and Brunsden 2001), the routing of the

Baku–Tbilisi–Ceyhan (BTC) crude oil pipeline (e.g. Shilston et al.

2004) and the assessment of geohazard risks to gas-field

developments off the West Nile Delta and in the Caspian Sea.

In the 1970s, Denys had been one of the early pioneers of the

application of systems theory to landslide studies (Brunsden 1973).

However, it was two groundbreaking papers that he co-authored

with his friend David Jones that shaped coastal cliff research and

greatly influenced my career (Brunsden and Jones 1976, 1980).

During the time Roger Moore (one of Denys’ former PhD

students, now Senior Expert with Jacobs) and I were working for

Rendel Geotechnics in the early to mid-1990s, we undertook a

major research project for the Ministry of Agriculture, Fisheries and

Food (MAFF, now the Department for Environment, Food & Rural

Affairs, DEFRA) on the investigation and management of soft rock

cliffs in England and Wales (see Lee and Clark 2002). Denys was

one of our expert advisors. His two classic papers were the

inspiration for the development of the concept of the ‘cliff

behaviour unit’ (i.e. cliff systems) that has proved to be an

important framework for cliff management (e.g. Moore et al. 1998;

Moore and Davis 2015). He later consolidated his ideas about

coastal cliff behaviour over space and time in a 112 page stand-alone

volume of the prestigious journal Zeitschrift für Geomorphologie

(Brunsden and Lee 2004).

In his Glossop Lecture (Brunsden 2002), Denys explained the

role of geomorphology and the systems approach in supporting the

design of the Lyme Regis Environmental Improvement Scheme,

Dorset:

Geomorphology was a strong component of the Geo-Team

because the environment is dominated by the coastal process and

palaeo-slope conditions at the site. The systems approach to

modern geomorphology proved to give a very sound conceptual

basis to the understanding of the problems faced by the town and

exactly complements the geological interpretations of structure,

groundwater and materials (Brunsden 2002, p. 138).

This paper takes inspiration from Denys’ Glossop Lecture and

examines the way in which geomorphology and an understanding of

cliff behaviour are critical to coastal landslide risk assessment. The

focus is on the predictions of future landslide activity made during

projects carried out with Rendel Geotechnics, Natural England and

others on the Yorkshire coast. A central theme of this paper is how

estimation of landslide probability based on the statistical analysis

of time-series data relies on cliffs being in equilibrium with the

environmental controls (e.g. climate and sea-level). However,

changing controls and complex system behaviour introduce

unresolvable uncertainty (‘radical uncertainty’) that can limit the

predictability of future landslide activity. As will be demonstrated at

Scarborough and on the Holderness coast, the geology (and history)

does matter. Despite the focus on coastal cliffs, the central messages

of this paper can apply to landslide risk studies everywhere, both at

the coast and inland.
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UK landslide geomorphology

Coastal cliff systems

Coastal cliffs form the dominant erosional features along many parts

of the British coastline. Their variety reflects the complex

interactions between the cliff materials, geological structure and

inland relief on the one hand and the applied forces of both marine

and non-marine processes on the other. The most intense marine

erosion and cliff recession rates occur on the unprotected cliffs

formed of soft sedimentary rocks and/or glacial deposits (‘soft rock

cliffs’) along the south and east coasts of England.

Coastal cliff systems are conceptual frameworks that can be used

to describe how sediment and energy transfers provide the inter-

linkages between landforms (Fig. 1). Cliffs are dynamic systems

that change, or evolve, over time. The systems comprise two main

components (Brunsden 2002; Brunsden and Lee 2004):

• the shoreline sub-system (i.e. the beach, foreshore and

nearshore zone; i.e. coastal cell);

• the cliff sub-system (i.e. the cliff face and cliff top).

Cliff systems can range from extensive clifflines in relatively

uniform materials to separate small units reflecting more complex

geological settings (e.g. Lee and Clark 2002; Brunsden and Lee

2004). More than one cliff system may occur within the same

shoreline system.

The influences on a coastal cliff system can be organized into a

generalized hierarchy:

(1) System environmental controls (i.e. independent variables or

boundary conditions). These include climate, gravitational

attraction (i.e. generating tides), global sea-level, tectonic

history and the post-glacial effects of isostatic readjustment,

and the existing geology, topography and sediment

availability (i.e. the inheritance from past processes).

(2) Energy regime factors. These factors vary in response to

changes in the system controls and include rainfall, wind

regime, temperature, tidal range, wave climate and relative

sea-level. These are the drivers of change (i.e. forcing

factors).

(3) System state. This is defined by the dimensions and

characteristics of the landforms that form the system (e.g.

cliff materials, beach levels and profile, shore platform). It is

the product of past change and sets the framework for future

evolution.

Cliff recession is a repeating five-stage process involving detach-

ment of blocks of material, the transport of this material through the

cliff system (mainly as landslides), its deposition on the foreshore

and redistribution or removal by marine action, followed by wave

undercutting of the cliff base (Fig. 2). This repetitive sequence of

events is often driven by the complex interaction between a

combination of slope processes and shoreline processes (Fig. 3).

Removal of the debris is necessary for the continuation of erosion at

the base of the cliff (e.g. Hutchinson 1973), although cessation of

basal erosion does not necessarily prevent cliff recession (e.g. the

Holbeck Hall landslide described below).

The unloading of a cliff by regular debris removal from the

foreshore, basal undercutting and cliff failure can result in the

development of a zone of depressed porewater pressures and

suctions within the cliff. In time the porewater pressures will rise as

the in situ materials swell and equilibrium will be reached with the

surrounding groundwater conditions, resulting in a steady seepage

pattern (e.g. Skempton 1964).

Fig. 1. Schematic coastal cliff system.
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Many soft rock cliffs are fronted by sand or gravel beaches, which

provide natural protection to the cliffs (e.g. Lee 2008). As a result,

longshore variations in beach development have an effect on cliff

recession (Fig. 3). Longshore drift and offshore–onshore exchanges

of coarse sediment are driven by wave energy. Longshore drift

generally occurs in pulses, during and immediately after storms.

Most soft cliff systems can be described as being forced (i.e. cliff

behaviour is driven by external energy inputs) and dissipative (i.e.

energy inputs are dampened by friction losses). As a result of the

energy dissipation by the beach or shore platform, cliff recession

(i.e. the system output) is not directly proportional to the wave

energy inputs to the system. This type of relationship is described as

non-linear (e.g. Phillips 1994).

Over the short term (101
–102 year timescale), the principal

control of the cliff recession process is the occurrence of transient

events such as storms, periods of low beach levels and internal slope

processes (e.g. strain softening and porewater pressure recovery).

Over the long term (103
–104 year timescale) the fundamental

controls on cliff behaviour appear to be relative sea-level and

sediment supply (Fig. 4; Box 1), with geology providing the

framework within which these controls operate (Lee 2001;

Brunsden and Lee 2004).

Sediment supply over the Holocene has been governed by the

availability of glacial or periglacial sediments in the nearshore and

offshore zones (e.g. Orford and Jennings 1998). It is believed that

high rates of sea-level rise prior to 8000 years BP would have been

associated with high sediment supply to the foreshore, as seabed

sediments were rapidly swept onshore, leading to beach growth and

probably low rates of cliff recession (e.g. Brunsden and Chandler

1996; Hansom 1998; Jennings et al. 1998). As the rate of sea-level

rise decreased around 6000 years BP sediment supply from offshore

is believed to have declined. On cliffs fronted by gravel- and sand-

rich debris aprons, this decline would probably have been partly

balanced by inputs from cliff erosion, sustaining beach levels and

low recession rates. By around 2000–1000 years BP offshore

sediment supplies would have been substantially reduced, with

beach materials reorganized by longshore drift and concentrated in

sediment stores such as Spurn Head (see below). This period is

associated with declining beach levels, reduced natural cliff

protection and accelerated recession rates; the current condition

for many clifflines.

Cliff response to relative sea-level rise

It is widely anticipated that relative sea-level rise (RSLR) will have

an important influence on future cliff recession (e.g. Shadrick et al.

2022). However, future cliff retreat rates will depend on several

factors in addition to the rate of RSLR, notably the system state (e.g.

beach profile variation) as well as changes in wave energy

associated, for example, with changes in storm surge frequency

(e.g. Ashton et al. 2011; Brooks and Spenser 2012; Dickson et al.

2023). In this context, it is possible to recognize three broad types of

cliff–beach systems, as follows.

(1) Strongly forced systems (i.e. cliff behaviour is driven by

external energy inputs) where the dominant control on

recession is the energy input from waves and tides. Changes

in energy inputs result in proportional changes in recession

rate. This type of system is often associated with coasts

where the potential sediment transport away from the

eroding cliff exceeds the coarse sediment inputs (i.e.

minimal beach accretion and energy dissipation).

Fig. 2. The cliff recession process.

Fig. 3. A simple model of the cliff recession process.
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(2) Strongly dissipative systems (i.e. energy inputs are

dampened by friction losses across the beach or

foreshore), where the dominant control on the recession

process and rate is the system state (e.g. the geology, beach

conditions). There is strong negative feedback, with the

effects of RSLR being dampened by increased sediment

yields and beach accretion. There may be no direct link

between the forcing and the recession process because of the

dissipative nature of the system. Variations in beach levels,

either in the short term or as a result of long-term sediment

yields, may be more significant than changes in climate or

relative sea-level (RSL).

(3) Reflective systems, where basal undercutting and RSLR are

not the dominant drivers of the cliff recession process. Wave

energy is partly reflected back to the sea, resulting in

minimal cliff toe erosion. For example, following

32 months of terrestrial laser scanning of the Jurassic

limestones, shales and mudstone cliffs near Staithes, North

Yorkshire it was concluded that the role of wave-cut notch

development in dictating the rate and nature of coastal cliff

retreat was questionable (Rosser et al. 2007). It was

suggested that the dominant controls on rockfall activity

were rain or wind storm impacts on the cliff face and the

accumulation of strains within the rock mass.

As a result, it is expected that the response to RSLR will vary

between clifflines. Site-specific changes can only be predicted

within the context of the evolution of broad-scale coastal systems,

changes in sediment availability and the cliff–beach–foreshore

system. Accelerated erosion in one location will release sediment for

beach–foreshore accretion elsewhere, regulating the effects of

higher sea-levels. For example, the London Clay cliffs at Hadleigh,

Essex, UK, were ‘abandoned’ around 6500 years BP because of the

growth of a broad saltmarsh at the cliff foot (Hutchinson and

Gostelow 1976); this occurred at a time when sea-level was rising at

around 4 mm a–1 (Shennan and Horton 2002).

Inland settings: landslide environments in the UK

Away from the coast, landslide processes can form an important

component of slope or catchment systems. These inland systems are

organized in a similar fashion to coastal systems: system states,

energy regimes and environmental controls. The interplay between

these elements results in distinctive landslide environments with

characteristic styles of landsliding that often reflect the geological

setting and the geomorphological and climate history (e.g. Crozier

2010). An important feature of the pattern of landsliding in the UK

is the strong association between hillslope instability and the

underlying materials (e.g. Jones and Lee 1994; Lee and Giles 2020;

Table 1).

Although coastal landsliding is usually a continuing process, the

overwhelming majority of inland landslides in the UK are ancient

features, believed to have been inherited from the Pleistocene (Jones

and Lee 1994). There are, however, important differences between

the antiquity of landslide features in glaciated northern Britain and

the unglaciated southern England. In addition to causing slope

steepening, stripping bedrock and depositing an extensive mantle of

superficial materials, the ice sheets and glaciers would have

removed or obscured the evidence of earlier phases of landsliding.

Fig. 4. Three periods of varying

combinations of sea-level rise and

sediment supply, which together control

seabed sediment supply, cliff recession

and beach development.

Box 1. Sea-level change

Sea-level has risen by over 100 m during the past 15–18 kyr; that is, since the end of the last period of significant ice advance (Last Glacial Maximum).

Sea-level changes can involve

• changes in the absolute volume of seawater (eustatic changes); these are worldwide because of the interconnections between the oceans and are associated with

the growth and decay of land-based ice sheets during the Quaternary;

• changes in the absolute land level, which can occur because of tectonic activity (e.g. uplift and subsidence) or as a result of isostatic adjustments to the loads

imposed on the land surface (e.g. ice or sedimentation); these tend to be local or regional effects.

Relative sea-level (RSL) change is the change in the level of the sea relative to the land, taking account of both eustatic and tectonic or isostatic changes. Eustatic sea-

level rise or land subsidence produces a positive change, whereas eustatic sea-level fall or land uplift results in a negative change.

Mean sea-level is the average elevation of the water surface, taking account of short-term variations in tides but excluding waves and atmospheric effects. Mean sea-

level on a coast is normally related to a fixed datum (e.g. Ordnance Datum in the UK).

The movement of the shoreline in response to sea-level change can be

• transgressive (movement up the shore profile; i.e. inland) associated with relative sea-level rise (RSLR);

• regressive (movement down the shore profile; i.e. seaward, exposing the former seafloor) associated with relative sea-level fall (RSLF).
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Away from the coast and riverbanks, new landslides on previously

unfailed slopes are relatively rare events (e.g. Pennington et al.

2014) and are generally confined to shallow debris or peat slides or

flows on steep upland slopes, and failures of artificial slopes (e.g.

road or railway cuttings and embankments).

The obvious difference from coastal systems is the rate and

efficiency of debris removal from the landslide toe area and the

delivery of this sediment to river systems. Most coastal cliff systems

can be described as being fully connected to the adjacent shoreline

system, with wave erosion actively removing debris and promoting

repeated cycles of failure. However, inland systems often exhibit

little or no connectivity with downslope sediment transport

pathways (i.e. there is no active removal of material from the

landslide toe or debris apron by rivers or streams). Examples include

many of the landslide escarpments of SE England and the Midlands.

Many of the ancient large landslides (i.e. major rock slope

failures, deep-seated rotational and compound slides and landslide

complexes) could be very persistent forms (i.e. once created they

remain in the landscape for considerable periods of time). First-time

failures may have occurred in the distant past (possibly 103
–

105 years ago), followed by numerous phases of reactivation and

less frequent retrogression.

Landslide events are usually associated with periods of heavy or

intense rainfall, human disturbance or the failure of engineering

structures. As a result, inland landslide activity can involve a

combination of repeated event sequences in what might be regarded

as ‘natural terrain’ (e.g. rainfall-triggered debris flows in the

Scottish Highlands), phases of reactivation and one-off events in

more ‘developed areas’ that may have no historical precedent.

Inland landslide inventories will typically comprise a combination

of these different types of events.

Landslide risk, radical uncertainty and probability

Landslide risk

Landsliding is a process with associated risks (Lee and Jones 2023).

Typically, these risks can relate to health and safety (e.g. loss of life

or injury, post-traumatic stress disorder), the environment (e.g.

damage to sensitive habitats), financial losses (e.g. business or

personal costs or losses, schedule delay) and non-financial damage

(e.g. reputational damage).

Unfortunately, risk terminology can be a source of ambiguity and

confusion, and, at times, controversy across many disciplines. This,

in part, reflects the different perspectives about risk that exist

between, for example, engineering, security, finance and environ-

mental management. The definitions used in this paper follow those

of the International Organization for Standardization (ISO) risk

management guidelines (ISO 31000: 2018) and the Society for Risk

Analysis (SRA) Glossary (SRA 2018):

Hazard: a source of risk (ISO 73: 2009; SRA 2018).

Event: the occurrence of a particular set of circumstances (SRA

2018) such as a landslide or sequence of landslides.

Consequences; the value and/or severity of losses caused by the

occurrence of an event.

Risk: the occurrence of some specified consequences of an

activity and associated uncertainties (SRA 2018).

Radical uncertainty

In his classic book Risk, Uncertainty and Profit, the economist

Knight (1921) considered risk to be related to uncertainty. In

Knight’s opinion,

• risk applies to situations where the outcome is unknown, but

the odds can be accurately measured through the statistical

analysis of historical data or known probability distributions

(e.g. the drawing of numbered balls in a lottery). This was

known as ‘measurable uncertainty’.

• uncertainty applies to situations where it is not possible to

know all the information needed to set accurate odds

(unmeasurable or Knightian uncertainty). No objective or

verifiable probability distribution exists. In these circum-

stances, estimates of probability are beliefs and represent

‘unmeasurable uncertainty’.

The implication of this distinction is that risk could only be

measured using probabilities derived from statistical analysis. But

other economists, such as Friedman (1962) disagreed, arguing that

Table 1. Inland landslide environments in the UK (Jones and Lee 1994; Lee and Giles 2020)

Landslide environment Description

A Stiff fissured clays and mudrocks where low shear strengths and a high susceptibility to weathering and stain-softening has led to large

numbers of failures on oversteepened slopes. The most common forms of landsliding on these materials include single and successive

rotational slides, debris slides and mudslides. The most landslide-prone materials in this category are the London Clay, the Gault Clay

and Lias Clays, and other overconsolidated clays of southern and eastern England

B Well-jointed, faulted, cleaved and foliated hard rocks in which the pattern of discontinuities provides potential failure surfaces or weak

zones within the rock mass. Rockfalls, topples, sagging failures and rock slides are the dominant modes of failure of these rocks,

which include horizons such as the Upper Dalradian quartz–mica-schist and Moinean mica-schist in the Scottish Highlands, Permian

Basal Breccias and Devonian limestones in Torbay, the Carboniferous limestones of Wales and Northern England, and the Chalk

along the south coast of England

C Sequences of lithologically variable rock types that create potentially unstable conditions. For example, many areas of known

landsliding are associated with the presence of thick horizons of impermeable fissured clays or mudrocks overlain by a massive but

well-jointed permeable caprock of sandstone, limestone or volcanic rocks. Multiple rotational slides and compound failures are the

dominant forms of landsliding associated with this setting. Classic examples of areas with landsliding promoted by these unstable

combinations of rocks include the Upper Green and Chalk overlying the Gault Clay along the Isle of Wight Undercliff and Folkestone

Warren, the Carboniferous Coal Measures of South Wales, the Inferior Oolite and underlying Lias Clay in the Cotswolds and the

Millstone Grit Series of the Pennines

D Rocks that weather to produce sandy regoliths with high infiltration rates, which are susceptible to debris-flow or debris-slide activity,

especially during intense rainstorms. In Scotland, debris flows are more frequent on rocks that weather to a coarse-grained matrix,

such as granites and sandstones, rather than those such as schist that yield cohesive clay-rich soils

E Weak superficial deposits, especially glacial tills and periglacial ‘head’ deposits. A combination of relatively small rotational failures

and mudslides are the most frequent types of landsliding, notably in parts of South Wales, the Pennines and the Vale of Eden

F Thick blanket peats that mantle upland slopes in Britain and Ireland. These materials are prone to peat failures (peat slides, flows and

bog bursts), especially after heavy rainfall or during snow melt, when the surface layers become too weak to retain the semi-liquid

mass of peat below
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individuals could assign probabilities about outcomes based on

their own knowledge and beliefs (subjective probability). The

argument continues to this day.

In recent years, the economists Kay and King (2020) coined the

terms ‘resolvable’ and ‘radical’ uncertainty that broadly match

Knight’s views. Resolvable uncertainty can be reduced by acquiring

more knowledge (e.g. by further research or investigation).

However, some uncertainties are ultimately unresolvable and,

hence, unable to become quantifiable and expressible in terms of

well-defined probability distributions or mathematical models. This

is radical uncertainty, ‘a world of uncertain futures and unpredict-

able consequences, about which there is necessary speculation and

inevitable disagreement – disagreement which often will never be

resolved. And it is that world which we mostly encounter’ (Kay and

King 2020, p. 14). Unlike situations where historical data can yield

objective probabilities, radical uncertainty involves events whose

determinants are not fully understood, making economic forecast-

ing and quantification impossible.

The core message of Kay and King (2020) is that much of modern

economic and technical advice is bogus quantification or

misapplication of predictive models in uncertain domains based

on ill-conceived ideas of quantifying risk and uncertainty.

Probability

Probability is used to provide a measure of uncertainty; it is used to

characterize the unknown with a degree of mathematical precision

(Vick 2002). As a result, what we do not know or are not sure about

is transformed into a precise mathematical value (it is not

uncommon to see probability expressed to three or four decimal

places). We tend to replace uncertainty with certainty and ignore the

knowledge base upon which it was determined. As the French

scholar Pierre-Simon Laplace wrote in 1814, probability is ‘nothing

more than good sense reduced to a calculus which evaluates that

which good minds know by a sort of instinct, without being able to

explain how with precision’ (Laplace 1951).

Probabilities are usually assigned in landslide studies in either of

two ways:

• The relative frequency that a particular outcome has

occurred during the course of a series of trials. The

probability is inherent in the state of nature and it is the

role of the analyst to estimate it from the historical frequency.

It is often considered to be an ‘objective’ truth of a situation

and is the equivalent of Knights’s measurable uncertainty.

• A judgement about the ‘odds’ of a landslide occurring in the

future, based on the available background information and

knowledge. Probability under this interpretation is often

described as subjective because it is a person’s (or team’s)

degree of belief rather than a feature of the real world.

Probability is in the mind, and it is the analyst’s role is to

elicit this belief, based on the available knowledge. This

approach can be termed ‘probabilistic judgement’ and is

Knights’s unmeasurable uncertainty.

In the ‘frequentist’ interpretation, landslides are regarded as discrete

events, part of a random sequence of such events in time. Simple

statistical models (event distributions) can be used to extrapolate

from the past sequence and predict the future (Box 2). In both

examples in this paper event probability has been extrapolated from

a historical frequency derived from an inventory of recorded past

events (Fig. 5). It should be noted, however, that historical

frequency and future probability are not identical concepts.

This simple extrapolation approach is underpinned by a number

of key assumptions:

(1) The cliffs have been in steady-state equilibrium over the

period covered by the landslide inventory (uniformitarianism;

Box 3). This notion of steady state is defined by a uniform rate

of landslide activity and a constant range of landslide types

and sizes.

(2) The observed landslide frequency converges to a true

frequency over an infinite number of identical trials.

(3) Individual years represent separate trials, yielding an annual

probability, the chance of a single event occurring in a given

year. The probability of occurrence increases as the number

of years in the trial increases (the cumulative probability).

(4) The past and present are the key to the future (Box 3).

Steady-state concepts are deeply entrenched in geological and

geomorphological education and are convenient as they allow

prediction through statistical extrapolation, even in the absence of

explanation (Thorn and Welford 1994). However, as will be

demonstrated in this paper, both geological knowledge and

explanation are required to link the past with the future. But there

can be significant uncertainties associated, for example, with the

knowledge about the causes of individual landslides, whether the

inventory represents the ‘normal’ behaviour of a system or if there is

potential for surprises (neocatastrophism; Box 3), and if the

available knowledge of a system is accurate enough or sufficient

for understanding the future behaviour given that climate and sea-

level are changing. In Kay and King’s terms this represents radical

uncertainty.

Coastal erosion risks

Risk can be quantified as a mathematical expected value or

expectation value and is usually expressed in terms of the number of

fatalities or a monetary value. However, future landslide events and

consequences are uncertain because the future cannot be accurately

foreseen. Probability is used to measure this uncertainty. In this way,

risk can be calculated as

risk … P hazardð Þ�consequences or

risk … PðconsequencesjeventÞ � P eventð Þ

where P is the probability and the symbol | signifies ‘given’, as in the

consequences given that an event has occurred.

Failure or recession of coastal cliffs can present significant threats

to people and property. In England, management of these risks

typically involves a combination of (e.g. Environment Agency

2020)

• coastal planning: formulation of land use planning policies

that avoid locating new development in areas where

landsliding or cliff recession is likely to occur during the

lifetime of the property and

• shoreline management: the identification of strategic options

for managing individual protected and unprotected lengths

of coast.

Predictions are required about future recession rates (often up to

100 years into the future) on the unprotected coast and the

possibility of failure of cliffs currently protected by, for example,

seawalls. These predictions support the assessment of economic risk

to coastal communities, principally the present-day value of the

future property and business losses (Box 4). In essence, this

involves assessing whether there is a sound business case for future

public investment in coast protection works (i.e. to provide a new

scheme on the unprotected coast or continue maintaining and

upgrading existing works on the protected coast). The risk

assessment is undertaken within the framework of benefit–cost

analysis (BCA) and compares the benefits of coast protection

6 M. Lee

Downloaded from http://pubs.geoscienceworld.org/gsl/qjegh/article-pdf/doi/10.1144/qjegh2025-003/7160024/qjegh2025-003.pdf
by The Lib. East China Geol Inst. user
on 24 July 2025



options with the ‘without project’ scenario in which no further funds

are invested in coast protection.

Usually, the recession predictions are probabilistic and will often

take the form of (see Hall et al. 2000; Lee et al. 2001; Lee 2005)

• probability of a recession event or multiple events (i.e.

landslides) and

• probability of recession reaching a particular distance within

a particular time frame (i.e. sequences of landslide events).

In each of the examples from the Yorkshire coast the focus is on the

approach taken to estimate probability followed by a discussion

about the associated uncertainties. This leads on to a broader

discussion about the challenges of predicting coastal landslides and

cliff recession, especially the reliance that should be placed on the

historical record. Here, it is argued that the future is uncertain and

needs to be viewed in terms of what might be possible as well as

what happened in the past.

Holbeck Hall and the South Bay landslides,

Scarborough

The Holbeck Hall landslide

On 3–4 June 1993 a major landslide occurred on the 60 m high

coastal cliffs in front of the Holbeck Hall Hotel in Scarborough’s

South Bay. Over 60 m of the cliff top was lost overnight, leaving the

hotel in a very dangerous position as cracks began to develop in the

building. A further 35 m of cliff collapsed over the next 3 days,

undermining the hotel, which gradually started toppling over the

cliff edge before it had to be demolished for public safety reasons.

The landslide involved an estimated 1 million tonnes of material

and measured approximately 250 m from crest to toe, and 100 m

wide. The amount of cliff-top land lost in a single event was unusual

by UK standards and, fortunately, nobody was killed or injured.

Eyewitness accounts suggest that the landslide developed rapidly

from an initial small failure above the seawall, which had been

observed at around 20.15 on the evening of 3 June (Clements 1994).

Box 2. Discrete event probability distributions

Binomial distribution

If we know the probability (P) of an event occurring in a single trial, then the binomial distribution describes the cumulative probability of an event in a number (n) of

trials:

P(event in n trials) … 1 � (1 � P)n:

The binomial model can be used to determine the probability of getting heads (the event, P = 0.5) during a sequence of coin-tossing trials. In two trials there will be a

75% chance of getting heads, in five trials a 97% chance and in 10 trials a 99.9% chance.

If the occurrence or non-occurrence of landslides is assumed to be essentially the same as tossing a coin, then the binomial model can be used to calculate the

cumulative probability of a single event, whose annual probability is known (e.g. P = 0.01), occurring in a defined number of trials (individual years are assumed to be

individual trials). For a 20 year period:

P(event in 20 years) … 1–(1 � 0:01)20

… 0:182:

The longer the time period, the greater the likelihood of an event occurring. The cumulative probability of an event (P = 0.01) occurring in 100 years is approximately

0.63.

Poisson distribution

If we know the rate of occurrence of events (�), then the Poisson distribution can be used to predict the probability of a particular number of events (n) occurring

within a fixed time interval (t):

P(n) …
(lt)ne�lt

n!
:

e = 2.71828 is the base of natural logarithms.

For example, if there have been nine rockfalls in the past 80 years (� = 0.1125), then the probability of two rockfalls occurring in the next 25 years is

P(2) …
(0:1125 � 25)2e�0:1125�25

2!

… 0:237:

Assumptions

These models are simple to set up and use in programs such as Excel. However, their simplicity disguises the need to adopt a particular world view of landslide

activity.

(1) The trials are independent; that is, an event occurring in one trial does not affect whether an event occurs in the other trials.

(2) The event probability (P) or rate of occurrence (�) is constant over the period of the trials.

(3) There is only one outcome for each trial (event or no event). In the Poisson model it is assumed that two events cannot occur at exactly the same instant in time.

Fig. 5. The frequentist approach to estimating landslide probability.
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This was followed by a series of progressively larger failures, which

resulted in debris extending over 100 m across the rocky shore

platform by the following morning (Fig. 6).

The hotel had been built as a private residence in 1879

overlooking the North Sea. It later became one of Scarborough’s

premier hotels. The cliffs were purchased by the local council in

1887, at which time they were drained and landscaped with an

overall slope profile of around 35°. A series of footpaths were cut

into the cliff, supported by small walls and blockwork revetments.

A 275 m long seawall was built along the cliff foot between 1889

and 1893 at a cost of £1464.

On 4 June the local authority (Scarborough Borough Council)

contacted Rendel Geotechnics, who were on site within a few hours

of the landslide. They worked closely with the Council and the local

representatives of MAFF, who had policy responsibility for flood and

coastal defence) to develop plans for an emergency coast protection

and slope stabilization scheme (see Clark and Guest 1994). In support

of the scheme development, a post-event investigation was

undertaken, including geomorphological mapping, a borehole

investigation, the installation of tilt metres to provide early warning

of further movement, and a site visit by the late Peter Vaughan. The

investigations revealed the following features.

• Holbeck Cliff was developed in around 25–30 m of silty

clay diamicton with units of sand and gravel (glacial

deposits), over weathered mudstone, siltstone and sandstone

beds (Jurassic Scalby Formation).

• Three main detached blocks were present, arranged as a

staircase and back-tilted to varying degrees. The slide mass

showed no signs of compression, suggesting a failure from

the toe backwards. The overall form was consistent with a

retrogressive multiple rotational failure.

• The slide mass was unusually dry with only two small seeps

visible in the days after the event.

• The debris lobe was gently sloping and dry with no signs of

compression. It lay beyond the original cliffline and

probably developed as a flow slide rather than being

pushed from behind. The debris quickly consolidated and

began to be eroded by the sea.

• Polished shear surfaces within a mudstone bed were

recorded in boreholes drilled behind the landslide rear

scarp (BH2 in Fig. 7). Similar features (‘polished slick-

ensided fracture planes’) had also been reported in a

borehole drilled to investigate a much smaller, shallow

landslide in 1983 (BH2B in Fig. 7).

• Boreholes drilled within the slide mass identified the base of

the landslide as being well below the junction between the

glacial deposits and the bedrock, at around 20–25 m

elevation.

Following the landslide, emergency coast protection and cliff

stabilization works were installed to prevent the rapid landward

spread of the landslide, at a cost of £2 million, part-funded by grant

aid from MAFF (Clark and Guest 1994). As the seawalls had been

overwhelmed by the landslide debris and may have failed

structurally, a new toe protection scheme was designed and

constructed. The works involved constructing a rock armour

revetment around the toe, slope reprofiling and drainage.

At the time it was widely reported that the landslide was triggered

by 2 months of heavy rain after a prolonged dry period (e.g. Silke

1993) but this was not the case (Fig. 8). The rainfall recorded in

Scarborough during April–May 1993 was 99.8 mm, a 2 month total

that had been exceeded 142 times since March 1970. The event

followed a below-average spring rainfall (March–May; 116 mm

compared with 144 mm average) and a below-average winter

rainfall (October–February; 178 mm compared with 273 mm).

There is no evidence of a prolonged dry period.

The presence of pre-existing shear surfaces in the mudstone

(reported in 1983 in the toe area and in 1993 behind the rear scarp)

pointed towards a progressive failure mechanism associated with

strain softening along a weak layer that dipped out of the slope. It

was speculated that the planar basal shear surface developed at

residual strength, whereas the curved section of the surface may

have been formed at peak strength, or between peak and residual

Box 3. Geological paradigms: uniformitarianism and neocatastrophism

A paradigm is a conceptual framework that guides how geologists understand and interpret geological processes and history. There are two important paradigms that

influence how geologists interpret the occurrence of landslide events: uniformitarianism and neocatastrophism.

Uniformitarianism has been described as the ‘dominant paradigm of geology’ (e.g. Kennedy 2006; Marriner et al. 2010). The concept had its origins in the writings of

Charles Lyell (Lyell 1830–1833), who was attempting to set out fundamental principles for ‘more scientific’ geology, in a similar manner to that which Newton had

done for astronomy (Baker 1998). The term uniformitarianism was coined by Whewell (1832) in a review of Lyell’s work. Lyell himself never used the term.

Lyell advocated a steady-state view of geological processes (similar to the planets orbiting around the Sun; Rudwick 1972), with natural processes operating at

relatively uniform rates (uniformity of rate), producing slow, cumulative changes (gradualism).

For Lyell, the steady-state concept was an implicit view that the nature of the Earth as a whole will remain in some general overall balance (equilibrium), with no net

progression or change (Kennedy 1994). The idea was a counter to the argument for a world shaped by catastrophic upheavals (the paroxysmal theory).

In geomorphology, a steady state is viewed as a system with a stable average rate of change when environmental controls remain constant, albeit with oscillations

around this value.

The uniformitarianism concept has been expressed as ‘the present is the key to the past’ (Geikie 1905) and ‘the past and present are keys to the future’ (e.g. Varnes

1984). The latter implies that observed rates or conditions can be extrapolated to the future and gives rise to a number of the basic assumptions of landslide hazard

assessment:

• future landslide events will occur under similar ground conditions and as a result of similar causes to those acting at the sites of existing or past landslides;

• there is a characteristic type or range of types of landsliding in an area that can be defined through historical records and mapping of surface forms;

• the frequency of landslide events over the period of historical record is a ‘true’ physical property of an area, and this can be assumed to equate to the objective

probability of future landslide events.

In recent decades, the term ‘neocatastrophism’ has been coined to describe a view that gradual changes in the Earth’s history have been punctuated by catastrophic

events (Ager 1993; Marriner et al. 2010). The re-emergence of catastrophism has coincided with a growing concern about the impact of rare events. These have been

labelled as ‘Black Swans’, ‘Dragon Kings’ or ‘Perfect Storms’ to convey a sense of unpredictability or extreme unlikelihood (Paté-Cornell 2012; Lee and Jones

2023).

From a ‘neocatastrophic’ perspective, some landslides are rarely predictable with any degree of accuracy and can result in completely unexpected and disastrous

consequences. Such events can include complete surprises (e.g. the Vaiont disaster in 1963; Dykes and Bromhead 2018, 2020), unexpected geotechnical failures (e.g.

the tailings dam failure at Brumadinho, Brazil; Silva Rotta et al. 2020) and unique one-off events for which there is no obvious historical precedent (the 1999 debris-

flow disaster in Vargas State, Venezuela; Wieczorek et al. 2001).
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strength. The gradual process of strain softening could imply that

whereas strength remained sufficient to resist failure over a long

period of time there had been gradual reduction in the margin of

stability. The unloading caused by the small failure above the

seawall that occurred on the evening of 3 June appears to have been

sufficient to initiate the main landslide.

Landslide risk in South Bay

The cliffs to the north of the Holbeck Hall site had been protected by

seawalls and landscaped around the same time as Holbeck Cliff

(Table 2). For over 100 years the seawalls had prevented marine

erosion, generating a sense of security. The local community had no

reason to believe that a major landslide could occur and cause such

damage. Indeed, for many people, the Holbeck landslide came as a

complete surprise (a ‘Black Swan’ event; Lee and Jones 2023). As a

result, concerns were expressed after the event about the level of risk

to coastal property elsewhere in Scarborough. In response, the

Council commissioned a preliminary assessment of the risks they

faced from future landsliding (Lee 1999). They faced liabilities as

the coast protection authority (they have permissive, not mandatory,

powers to carry out coast protection works under the Coast

Protection Act 1949), as a landowner (they purchased much of the

cliffline over 100 years ago and owned the seawalls) and as a local

authority.

As at the Holbeck site, the South Bay cliffs are developed in a

similar sequence of Jurassic rocks and glacial deposits (similar but

not identical, as shown below). Geomorphological mapping

revealed that the Holbeck landslide was only the most recent of a

series of large landslides that had occurred in the bay. The cliffline

could be subdivided into two main settings: large, pre-existing

landslides and intervening intact (i.e. unfailed) steep coastal slopes

(Fig. 9). The recent history of landsliding in both of these settings

was established through a search of journals, prints, reports, records

and local newspapers (at the time, held on microfiche and in box

files) archived at the Scarborough local library and Admiralty charts

Box 4. Economic risk assessment for coast protection

The economic benefit of coast protection is the value of the risk reduction that a scheme is expected to achieve. The benefit:cost ratio (BCR) is the ratio of these

economic benefits to the costs of a particular scheme option. If the BCRs of all of the project options are less than unity (i.e. they have a negative net present value)

then the ‘do nothing’ scenario is the most efficient in economic terms. Only if the BCR of an option exceeds unity is investment economically justifiable.

To quantify the benefits of undertaking a policy it is necessary to determine the value of the consequences (losses or the ‘risk’) of a ‘do nothing’ scenario for the cliff if

no coast protection and slope stabilization works are undertaken:

0do nothing0 risk … P(event) � losses:

This value can then be compared with reduced level of risk associated with a ‘do something’ option (the option is assumed to reduce the probability of an event, not

the consequences):

0do something0 risk … P(event�) � losses:

The risk reduction achieved by the option is the benefits:

benefits … 0do nothing0 risk–

0do something0 risk:

If the annual probability of the event is used, then both the ‘do nothing’ and ‘do something’ risks are annual risks (i.e. the expected value of losses in any given year).

However, the simple comparison between the annual risk associated with the current situation and a coast protection option can underestimate the value of the risk

reduction achieved. This is because coast protection reduces risk in every year until the end of its design life (and often beyond), although major costs are only

incurred at the time of construction (year 0).

The benefits of an option are the difference between the value of the losses that could be expected to be incurred without a scheme and the value of the losses that

would be incurred when the scheme fails and landslide activity is renewed. An alternative way of looking at this is that the scheme reduces the probability of

landsliding, and thereby reduces the risk over its expected lifetime, not just in a single year. A scheme with a design life of 50 years will reduce the risk over a period of

50 years. Thus, the benefits of this management option are

benefits … 0do nothing0 risk (years 0 � 49)�0do something0 risk (years 0 � 49):

For example, as a landslide event could occur in any year (or not) over the 50 year period, the losses in the first year are

losses (year 0) … P(event, year 0) � losses:

It might be expected that this annual loss could be summed over the 50 year period. However, the economic value of risk reduction in future years is worth less than

that achieved at present. The reason for this can be explained in terms of the productivity of capital. If coast protection were not undertaken, the resources could be

diverted elsewhere and, over time, would show a return. For example, if the return from investing the resources in industry was 5% per annum in real terms, then a

£100 sum invested now would yield the equivalent of £105 in 1 year’s time. Therefore, having £100 now and £105 in 1 year are equivalent. For an asset that gives no

return, £100 in 1 year’s time is worth less than £100 now.

It is, therefore, necessary to express all future risks in terms of their present value (PV), by discounting. The effect of using a discount rate is to reduce the value of

predicted future losses to their value as seen from the present day. Thus, if the present value of an asset is £1 million in year 0 and a 6% discount rate is used, then the

value will have declined to £0.56 million in year 10 and £0.06 million in year 50.

Thus, the present value (PV) of the losses associated with an event affecting the cliff section in a particular year (year T ) can be calculated as follows:

PV losses (year T ) … P(event, year T ) � losses � discount factor (year T ):

For events that can only occur once at a particular site it is necessary to take account of the fact that the event may have already occurred in year 1 and, hence, could not

occur in year 2 (and so on). Thus, the annual probability for year 2 (and subsequent years) is modified, as follows:

P(event; year T ) … P(event) � (prob: landslide has not already occurred by year T � 1):

The PV of losses associated with the event over a 50 year period is the sum of the annual losses (year 0–49). The comparison of these PV losses for the ‘do nothing’

and ‘do something’ yields the ‘do something’ benefits (i.e. the PV value of the risk reduction). This can then be compared with the scheme costs to produce a Benefit:

Cost Ratio (BCR).
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held at the Hydrographic Office, Taunton (Lee et al. 1998; Lee and

Clark 2000).

The earliest reported major landslide in South Bay was the 1737–

38 failure at the site of the present-day Spa (the ‘Spaw Landslide’;

Fig. 10). Descriptions of the slide have been given by Schofield

(1787) and Whittaker (1984), among others, along with a number of

artists’ illustrations (e.g. Fig. 11). During this event, an acre of cliff-

top land (205 m by 33 m) slowly sank 17 yards (15.5 m), forming a

36 yard wide (33 m) graben feature complete with cattle grazing on

it. This was accompanied by 5.5–6.4 m of toe heave at the cliff foot

and on the beach, creating a bulge around 25 m broad and 90 m in

length.

Little is known out about the timing of the two other major pre-

existing slides (the Belvedere Cliff and South Cliff Gardens

landslides; Fig. 9), other than that they both appear to have fresher

morphology (and hence are possibly younger) than the Spaw

landslide. As the broad embayments and indented cliffline sections

are shown on the earliest reliable map of this coastline (an Admiralty

chart of 1843), they may have occurred in the period 1738–1842.

However, it is also possible that they predate the Spaw landslide.

The study highlighted the risks to the Council associated with

future large landslide events at the intact steep slopes (there were

other, less significant instability risks; see Lee et al. 1998). It was

recognized that there were two main sources of risk (‘hazard

scenarios’; Fig. 12):

(1) Scenario A: a new large landslide on one of the four

remaining intact coastal slopes, resulting from the

combination of strain softening, progressive failure and

unloading that probably occurred at Holbeck Hall, or

triggered by prolonged heavy rainfall;

(2) Scenario B: structural failure of the seawalls leading to

renewed toe erosion, which, over time, would oversteepen

the slope and trigger a new large landslide on one of the four

remaining intact coastal slopes.

For the Council, the consequences of these scenarios would include

the direct loss of its assets (the seawalls and coastal amenities) and

the indirect impact on the town’s reputation as an important tourist

destination (‘Scarbados’). Clearly, there would also be third-party

consequences including loss of cliff-top properties, services and

infrastructure, as well as the possibility of loss of life or injury.

Probabilistic economic evaluation for investment in coast

protection

Around the time of the Holbeck Hall landslide, MAFF was moving

towards a strategic approach to the planning and management of

coastal defences, as opposed to approving ad hoc schemes. This

approach included the preparation of grant-aided shoreline

management plans (SMPs) by groups of local authorities; for

example, the Huntcliffe (Saltburn) to Flamborough Head Shoreline

Management Plan, which covered the North Yorkshire coastline

(Mouchel and Partners 1996). The further development of the SMP

policies for the Scarborough urban coastline involved the

production of a Coastal Defence Strategy Plan including a

Fig. 6. The development of the 1993

Holbeck Hall landslide.
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programme of capital projects, together with the maintenance and

monitoring needs required to implement the chosen policies over a

50 year period (Rendel Geotechnics 1998).

As part of this strategy study, a series of boreholes were drilled

along the South Bay cliffline, arranged as a series of lines through

each of the cliff sections. There was also a review of the condition,

overtopping performance and residual life of all the existing seawalls.

Management options were identified for each section of the coastline,

including maintenance and repair of the existing defences and new

capital schemes. These options needed to be technically feasible,

environmentally acceptable and economically viable (see Box 4).

The Council’s consultants, Rendel Geotechnics, were, at that

time, undertaking pioneering research for MAFF on the develop-

ment of probabilistic methods for evaluating the economic viability

of coast protection schemes (Hall et al. 2000; Lee and Clark 2002;

Lee 2003). The Scarborough Strategy was one of the first times this

approach was used in practice for a cliffline susceptible to large

landslide events.

The key geological inputs to the economic risk assessment for

Scenario A were (for Scenario B see Lee and Clark 2000, 2002)

• Scenario A, P(event): the historical failure rate of the intact

steep slopes was estimated to be four events in the 256 years

between 1738 and 1994 (i.e. one event in 64 years). The

annual probability of a future event was extrapolated from

this frequency and estimated to be 1/64 � 0.016. The

probability is ‘shared’ between each of the four intact slopes,

and, thus, the probability for any one of these slopes was

estimated to be 0.0156 × 0.25 � 0.004.

• Consequences: the properties that might be damaged as a

result of a future large event depends on the event size,

especially the amount of cliff-top land that is lost. However,

the exact nature and size of a future event is uncertain. A

‘reference event’ was defined and applied to each intact

slope section, based on the dimensions of the Holbeck Hall

landslide.

Discussion: limitations of historical frequency

The landslide inventory for South Bay is a factual record of large

events that have occurred over a particular time period. But what

does it tell us about future events? Can it provide an objective ‘true’

indication of landslide event probability?

In the ‘frequentist’ interpretation of probability, the future

probability is revealed by statistical analysis of time-series data.

This assumes that the number of times any particular outcome or

event has occurred in a large number of independent and identical

trials (i.e. its relative frequency) converges to a limit as the number of

repetitions increases, and the closer the revealed frequency is to the

‘true’ underlying value. This value is assumed to be the probability

of the event through simple extrapolation. The events are considered

to occur randomly through the sequence of trials and the probability

value is seen as being objective because it exists in the real world.

However, if the number of trials is limited then the observed value

may differ significantly from the ‘true value’. Let us consider, for

example, the UK National Lottery in which six numbered balls are

drawn randomly from a set of 59 balls (numbered one to 59;

increased from 49 balls in October 2015). Players buy tickets with

their choice of six different numbers between one and 59. The top

prize goes to the player (or players) who predict all six drawn balls.

The chance of this occurring for a single player is approximately one

in 45 million: in Excel: = FACT(59)/(FACT(6)*FACT(59-6)). The

probability of an individual ball being drawn randomly in a six-ball

draw is �6/59 � 0.101. The expected frequency of one numbered

ball being drawn in 893 trials since 2015 is �91 (0.101 × 893).

However, as illustrated in Figure 13, only three of the 59 balls have

Fig. 7. Geological setting of the Holbeck

Hall landslide.

Fig. 8. Rainfall data for Scarborough 1970–93. Top, winter rainfall;

bottom, 2 month antecedent rainfall, calculated as the sum of the rainfall

in the 2 months preceding a particular date.
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been drawn exactly 91 times, 32 have been drawn <91 times and 24

>91 times. Even 893 trials are insufficient for the observed

frequency for each ball to match the expected frequency.

Another important feature of the lottery is that each draw is

independent of previous draws in that it is not affected by the

outcomes of the previous draws. Indeed, it is possible that the same

six numbers appear in consecutive draws, although the probability

is extremely low (one in 45 million × 1 in 45 million!).

In landslide risk studies, it is common practice to use units of

time, such as years, as individual trials. The rate of major landslide

activity in South Bay was therefore expressed as the frequency per

year, which was then assumed to be the annual probability.

Essentially, this is a ‘black box’ approach where the focus is solely

on the statistical analysis rather than understanding the circum-

stances associated with landslide events. No specialist knowledge of

landslide processes or geological conditions is needed to apply the

model. This, of course, is a good reason for caution when using the

results obtained from this type of approach.

In the South Bay example, the sampling model is more

complicated than the lottery because the cliff sections are not

‘selected’ randomly for failure, rather the failures occur in response

to randomly selected energy inputs (waves, rainfall; the energy

regime) above a certain threshold. The model comprises eight

identical cliffs sections and the ‘sampling machine’ is represented

by a probability distribution (probability density function, PDF) for

the energy regime that remains constant over time (Fig. 14). In each

trial (year) the energy regime is sampled. If the sampled energy

input is drawn from the upper end of the probability distribution a

landslide event may occur. At the start of the sampling, there would

be a one in eight chance of the event occurring in a particular section

(should an event occur). The number of years (trials) covered by the

landslide inventory for South Bay is 256 years (1738–1994).

However, there are two important differences from the lottery

model. First, the South Bay landslide forms are persistent over time

and a failed cliff section is not available for a new event in

subsequent years; that is, the system has a memory of past events.

Second, the system environmental controls and, hence, the energy

regime, have not remained constant over the period of the historical

record (i.e. the trials or years have not been identical). For example,

in Scarborough (as elsewhere in the UK) there have been significant

changes in climate (Figs 15–17) and global sea-level (Fig. 18) since

the 1737–38 landslide at the Spa. In addition, the construction of

seawalls and promenades along the foot of the cliffs and landscaping

of the slopes have transformed what was an actively retreating

cliffline into a defended coast. As a result, one of the major drivers of

coastal change, cliff toe erosion, has been eliminated, although

‘internal’ slope processes such as groundwater fluctuations, strain

softening and progressive failure have remained important.

It can be argued, therefore, that the South Bay inventory spans a

number of different time periods, including (the dates are indicative,

not intended to be precise):

(1) 1700 to 1800; generally colder and drier climate (compared

with 1961–90) with slowly falling sea-levels but episodic

toe erosion (as indicated by the need for a wooden staith

around the Spa);

(2) 1800 to 1900; generally cooler and drier climate (compared

with 1961–90) with slowly rising sea-levels and active toe

erosion;

(3) 1900 to 2000; ‘average’ climate (relative to 1961–90) with

accelerating sea-level rise, but with cessation of toe erosion;

(4) 2000 to present day; warmer and wetter climate (compared

with 1961–90) with accelerating sea-level rise, with no toe

erosion.

It seems likely that the chance of an event occurring would be

different in each of these time periods (process domains). An average

frequency across the time periods would obscure this variability and

may yield an unreliable estimate of the likelihood of another event in

the future. It would be like periodically changing the way in which the

lottery was drawn and not informing the players.

Table 2. Coast protection works in South Bay, Scarborough

Cliff section Coast protection

Spa Blockwork wall (c. 1850)

Prince of Wales Cliff Concrete seawall and promenade (1913–15)

South Cliff Gardens

Rose Gardens

Belvedere Cliff Bathing pool and concrete seawall and promenade

(1913–15)

Holbeck Gardens Concrete seawall and promenade (1889–93)

Holbeck Cliff

Fig. 9. Major pre-existing landslides

(outlined in red) in South Bay,

Scarborough. Source: Google Earth

image.
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In the frequentist approach, the past landslide events are assumed

to be randomly distributed along a uniform cliffline and not biased

by geological and geomorphological controls or limited by the

availability of sites where landslides could actually occur. Given

sufficient time the entire cliffline will become the site of a large

landslide at some point in the future. However, the South Bay cliffs

are not uniform along their length. Indeed, it is possible to identify at

least three broad units on the basis of the geology (Fig. 19):

(1) Holbeck Cliff; composite cliff comprising silty clay

diamicton over weathered mudstone bedrock from around

20 to 25 m depth;

(2) Holbeck Ravine to South Cliff Gardens; composite cliffs

comprising silty sandy clay diamicton (‘boulder clay’) over

siltstone and sandstone bedrock from around 35 m depth;

(3) Prince of Wales Cliff to Spa Chalet; cliffs dominated by

silty sandy clay diamicton (‘boulder clay’) and glacial sands

and gravels; the bedrock surface drops rapidly towards the

Spa Chalet (around 50 m depth).

These units might be expected to behave in different ways, as

evidenced by the different landslide mechanisms and speed of

development for the 1737 Spaw landslide and the 1993 Holbeck

Hall landslide (Figs 7 and 10). It could be argued that each unit

represents a different ‘sub-population’ of the overall South Bay

‘population’ of cliffs and should be treated separately; that is, the

frequency of events on a particular section of the cliffline has no

bearing on the frequency on adjacent sections. Each past event

might be considered to be a ‘one-off’ event that reflects unique

combinations of circumstances.

Returning to the frequentist model presented in Figure 5, it is clear

that the landslide history of South Bay has not been the product of a

constant set of processes operating along a uniform cliffline. The

cliff system has not been in steady-state equilibrium over the entire

period covered by the landslide inventory and, hence, it is unlikely

that there has been a uniform rate of landslide activity over time (one

event every 64 years). The trials (years) have not been identical nor

independent because past events influence future behaviour.

It should follow from this discussion that the reported historical

frequency of large events in South Bay is simply an artefact of a

‘geology-free’ statistical analysis, rather than a ‘true’ indication of

long-term cliff behaviour in which events form a random sequence

through uniform time and space. A different perspective would be

that the historical data alone were a poor basis for predicting future

large landslide events. We cannot be certain whether another major

landslide will occur in the future, what form it will take or under

what circumstances. These questions cannot be resolved by further

investigation. There will always be limits to our knowledge; in Kay

and King’s (2020) terms, the situation is dominated by radical

uncertainty.

The Holderness coast

Cliff recession and Holderness

The Holderness cliffs extend for around 60 km from near

Flamborough Head, in the north, to Spurn Head at the mouth of

the Humber estuary, ranging in height from 3 to 40 m (Fig. 20).

They are formed in a complex and laterally variable sequence of

Last Glacial Maximum age (around 20 ka BP) glacial deposits,

predominantly silty clays with chalky debris and lenses of sand and

gravel (e.g. Evans and Thomson 2010). The coast has retreated by

around 2 km over the last 1000 years, resulting in the loss of at least

26 villages listed in the Domesday survey of 1086 (Shepard 1912).

Cliff recession occurs mainly through landslide events that form

discrete embayments. Typically, these events are relatively small,

<6 m deep (normal to the cliffline) and around 20–25 m wide

(parallel to the cliffline), but much larger events can occur. For

example, Pickwell (1878) described landslide events around Hilston

(8 km north of Withernsea) that were 18–45 m deep and 200–550 m

wide. At Aldbrough (9 km south of Hornsea and the site of the

British Geological Survey (BGS) Coastal Landslide Observatory;

Hobbs et al. 2020a, b) he recorded a landslide over 800 m wide and

extending inland 45–55 m. More details about the cliff recession

have been given by Pethick (1996), Quinn et al. (2009) and Pye and

Blott (2015), who have provided an up-to-date description of the

shoreline and cliff recession processes, highlighting the importance

of shore-attached, migrating sand bars and troughs (ords) in

controlling the frequency of recession events (Fig. 21).

History of recession measurements

John Tuke’s 1786 map of Holderness includes measurements of the

distance from five villages to the cliff top around that time (Fig. 22;

Fig. 10. The 1737–38 landslide at the

Spa, Scarborough (1 yard = 0.914 m).

13Radical uncertainty and engineering geomorphology

Downloaded from http://pubs.geoscienceworld.org/gsl/qjegh/article-pdf/doi/10.1144/qjegh2025-003/7160024/qjegh2025-003.pdf
by The Lib. East China Geol Inst. user
on 24 July 2025



Table 3). Bell (1853) compared these distances with measurements

made by his friends George Millner (in 1836) and John Malam (in

1853). Bell also reported rapid cliff loss in front of the Blue Bell Inn,

Kilnsea, which had been built in 1847 with an inset stone indicating

that the building was 534 yards from the sea. By 1853 the inn was

488 yards from the sea, with 46 yards lost in 6 years at an average

annual rate of 7.67 yards per year (7.01 m a–1).

The first survey to cover the full extent of the Holderness coast

was undertaken by Pickwell (1878). Between September 1875 and

1877, he ‘made a personal survey of the coast … examined all the

old plans of the district upon which reliance could be placed, took

careful measurements and notes in each parish along the coast’. He

compiled measurements of cliff loss at 63 locations for two periods:

the late 18th century (various dates) to 1852, and 1852 to 1876.

Further surveys were made by Thompson (1923) and Valentin

(1954, 1971; 307 observation points between Sewerby in the north

and Easington in the south). Both surveys were based on a

combination of field measurements and comparison with the cliff-

top positions shown on Ordnance Survey map sheets (Editions of

1852–54, 1888–91, 1905–09, 1925–29 and 1952–56; for a

discussion of the problems of measuring recession distances from

Ordnance Survey maps see Lee and Clark 2002).

Figure 23 presents the recession data from these surveys, organized

into time periods (epochs; it should be noted that these periods are

arbitrary and simply a function of the timing of the surveys) with the

measurement points referenced to the nearest erosion post location

(posts were numbered one to >100 from north to south, see below;

this task was undertaken by Brian Williams; see https://urbanrim.org.

uk/data-in-detail.htm). Each survey presented an average annual

recession rate for the entire cliffline: measurements by Pickwell

(1878) suggested 1.84 m a–1, by Thompson (1923) 1.72 m a–1

(1852–1922) and by Valentin (1952) 1.2 m a–1 (1852–1952).

Fig. 11. Antique prints of the Spaw

landslide, produced by John Haynes in

April 1738. Top, the general setting;

bottom, before and after (red line)

surveyed cross-sections.
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Of particular note are the dramatic changes that occurred south of

Withernsea (Erosion Posts 80 to 105) after the 1852 surveys (the red

boxes in Fig. 23). The increase in recession rates was almost

certainly related to cobble and gravel (shingle) extraction from the

Holderness coast and Spurn Head, leading to beach decline and

increased potential for wave attack at the cliff foot (Pickwell 1878;

Mathison 2008; Lee and Pethick 2018). The material was used for

building construction (to counter the 1783 Brick Tax, which was

abolished in 1849), road building in Lincolnshire and the East

Riding (e.g. Sunk Island and Stone Creek roads), concrete

manufacture (e.g. at Immingham docks) and as ballast for ships

sailing from the Humber. Pickwell (1878) noted that it was not

uncommon to see from 20 to 30 vessels beached between

Withernsea and the Spurn, each taking 50–80 tons in a single tide.

On 28 December 1849, Spurn was breached during the course of

a NNW gale that occurred at the time of an exceptionally high tide

(Vetch 1850). By the end of 1851 the breach was around 1250 m

wide, and around 4.88 m deep at high spring tides. It remained open

until 1855 when an embankment of chalk blocks was constructed on

the estuary side of the breach (de Boer 1981).

Prior to the 1849 breach, shingle removal from Spurn may have

been around 40 000–45 000 tons per year (20 000–25 000 m3;

around 10 000–15 000 tons per mile per year; Mathison 2008).

The tonnage probably increased four times between 1811 and 1850

(from 5000 to 20 000 m3 a–1). In 1850 the Admiralty imposed an

order ‘prohibiting the taking of ballast or shingle from the shore or

banks at Spurn Point from the low lighthouse, southward to the

extreme point at low water, and northwards, two and a half statute

miles on both sides of Spurn Point’. However, extraction continued

on the open coast. Pickwell (1878) reported evidence from a

resident of Withernsea that ‘from 200 000 tons to 250 000 tons had

been removed along a length of 2 miles opposite Withernsea

between the years 1854 and 1869, equal to 8000 tons per mile per

annum’.In 1869 the Board of Trade further prohibited the removal

of shingle from any portion of the coast between Spurn and the

northern boundary of Hornsea parish, and in 1869 and 1870

prosecuted several people for violating the law (Pickwell 1878). By

the early 20th century, the impact of shingle extraction on recession

rates appears to have declined, from up to 5 m a–1 between 1888 and

1905 to <2 m a–1 between 1925 and 1952. This clearly demonstrates

the important influence of beach levels on recession rates. Shingle

extraction at a rate that exceeds shingle supply from the immediate

cliffs and by longshore transport will result in beach lowering. Lee

and Pethick (2018) estimated that extraction of 8000 tons of shingle

per mile per year (reported by Pickwell 1878) was higher than the

annual shingle supply from the entire Holderness coast (2000–

10 000 tons per mile per year; around 500–2500 m3 km–1 a–1).

Erosion post monitoring

In 1951 East Riding County Council established a network of

monitoring stations (later termed Erosion Posts, EPs) along the

Holderness cliffline from Sewerby in the north to Spurn in the south

(a final total of 120 post was established at an average interval of

around 500 m). Measurement from the post to the cliff top was by

tape until 2003 after which the coordinates of posts were coupled to

global positioning system (GPS) readings. The measurement of posts

has since been replaced by 123 GPS surveyed monitoring profiles,

which correspond broadly (but not precisely) to the erosion post

locations. In 2008–2009, light detection and ranging (LiDAR)

replaced GPS. There was a 15 year overlap between the erosion post

and profile monitoring. The physical monitoring of the erosion posts
Fig. 13. Observed frequency of National Lottery balls drawn since 2015

(the red line indicates the expected frequency in 893 draws).

Fig. 12. Landslide risk models for South

Bay, Scarborough.
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ended in 2010. Surveys were conducted annually before 1991, then

twice a year, although there are spaces and gaps in the data. At times

the posts needed to be repositioned or re-established as the cliffs

retreated. An almost continuous record of annual recession is

available for EP32 (Skirlington) to EP105 (Dimlington). Posts 1–31

appear to have been abandoned around 1970, and then re-established

in 1983. (An excellent summary of the cliff monitoring programme

and a compilation of the erosion data has been given by Brian

Williams’s website https://urbanrim.org.uk/data-in-detail.htm.)

Figure 24 shows the total cliff recession and average annual

recession for each of the EPs on the unprotected frontage since 1952

(this is a composite dataset, combining the EP measurements and the

measurements from adjacent GPS or LiDAR profiles). The data series

highlights the segmentation of the coast into a series of broad, shallow

embayments: Segment 1, Sewerby to Bridlington (EP1–5); Segment

2, Bridlington to Atwick, north of Hornsea (EP5–36); Segment 3,

Hornsea (south) to Waxholme, north of Withernsea (EP44–85);

Segment 4, Withernsea to Kilnsea, north of Spurn (EP90–120).

The boundaries of the segments correspond to the coast protection

works at Bridlington, Hornsea and Withernsea. These defences were

built in the late 19th and early 20th centuries and subsequently

extended and improved (e.g. Pethick 1996; Pye and Blott 2015). The

groyne fields have trapped sediment and disrupted the southward

longshore sediment transport. Sediment accretion has occurred to the

north of the defences, resulting in reduced recession rates immediately

updrift of the groynes. The undefended cliffs to the south (downdrift)

of these protected frontages have continued to recede rapidly, causing

an offset between the defended line and the natural cliff-line. The net

effect of these impacts is a trend of decreasing erosion rates towards the

southern limit of Segments 2, 3 and 4.

Short-term variability of recession rates

Annual records between 1951 and 2020 vary from 0 to 23.3 m a–1

with the frequency decreasing with increasing size. This relation-

ship results in a magnitude–frequency (M–F) distribution for the

cliffline. Plotting the frequency data (8134 individual records from

1951 to 2020, including 3512 zero recession records) against the

annual recession (termed an ‘event’ in this discussion) on log–log

scales yields a straight-line relationship between the two parameters

(Fig. 25). This line defines an inverse power-law relationship

between the event size (x) and the event frequency (y) in the form

y = ax�b (in this case, y = 8833.5x�2.573). The exponent b (the

‘power’) describes the slope of the line between the data points and

reflects the relative proportion of small and large events in the

dataset (b would decrease if larger events became more frequent

relative to the smaller events). The scaling factor a describes the

level of recession event activity at the site.

All the EPs on the open coast (i.e. away from the coastal

defences) show similar patterns of periods of virtually no annual

recession interspersed with short episodes of rapid recession

(Fig. 26). However, there is little consistency in the length of

‘inactive’ periods and the timing and magnitude of the rapid

recession events. South of Bridlington (EP11) there appears to be

consistent very high inter-year variability for the individual EPs (as

measured by the coefficient of variation, CV = standard deviation/

mean; Fig. 27); the average (mean) rate varies along the coast

(Fig. 24), but the inter-year variability remains broadly similar.

One of the striking features of the Holderness cliffline is that

despite the considerable variability in the recession data series, both

at individual EPs and alongshore, the cliffline has maintained its

general orientation of around 150° (SSE) since Tuke’s map of 1786

(Fig. 22). Pethick (1996) argued that this orientation provides a

balance between coarse sediment (sand, gravel and cobble) inputs

from cliff recession and the rate of removal by wave-driven,

southward longshore transport. Sediment transport modelling

indicated that given a dominant north and NE wave approach

direction, the maximum transport is associated with an orientation

of 152°. Thus, the shoreline orientation that has persisted for the last

>250 years is one that maximizes potential sediment transport and

may be seen as emergent behaviour (the emergence of a large-scale

pattern from local-scale variability, e.g. Stern and Gerya 2020).

Probabilistic economic risk assessment

Until the late 1980s, assessment of cliff recession risks was usually

based on drawing ‘erosion contours’ derived from the extrapolation

of past average annual recession rates. These contours were used to

determine the year in which a cliff-top property would be lost. In this

way, the economic risk is a simple deterministic statement based on

the expected year of loss (year T ) and current market value of a cliff-

top property:

economic risk (year T ) … market value � discount factor (year T )

discount factor (see Box 4) for year T … 1=ð1 þ discount rateÞT :

The problem of using average annual rates to predict future changes

is that cliff recession is an episodic rather than a continuous process,

with marked fluctuations in the annual recession around an average

value (e.g. Fig. 26). This inter-annual variability can lead to

surprises, especially for cliff-top homeowners who, for example,

planned for a regular gradual loss but found much of their garden

lost overnight in a single event. This is a common problem on

rapidly eroding clifflines such as the Holderness coast.

As described above, part of the MAFF soft cliffs research project

in the 1990s was directed towards developing probabilistic methods

Fig. 14. The basic framework for the

frequentist model of South Bay landslide

events.
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for evaluating economic risk both for individual coast protection

schemes (as at South Bay, Scarborough) and the evaluation of

shoreline management plan (SMP) policies applicable to longer

sections of coastline (management units; Lee and Clark 2002). The

generic SMP management approaches are

• hold the line: maintain or upgrade protection from flooding

or erosion by holding the shoreline in broadly the same

position;

• no active intervention: maintain or encourage a more natural

coastline, which may involve adaptation to the risk from

flooding or erosion;

• managed realignment: change the position of the shoreline

in a controlled way, such as by slowing (not preventing)

erosion or creating areas of habitat to help manage flooding;

• advance the line: actively move shoreline defences signifi-

cantly seawards.

Economic risk assessment is part of the process for evaluating the

suitability of the different approaches in each management unit. As

described above (see Box 4), for coastal clifflines this involves

comparing the consequences (losses or the ‘risk’) of a ‘do nothing’

scenario (no active intervention) with the reduced level of losses

associated with a ‘do something’ option.

A probabilistic model was developed to simulate the ‘do nothing’

episodic cliff-recession process on an unprotected section of the

Holderness coast with isolated properties set back from the cliff

edge. The model was based on sampling from a magnitude–

frequency distribution of recession events between EP60 and EP86

(the unprotected coast between Aldbrough and Withernsea; Fig. 28)

to generate multiple possible cliff recession pathways (i.e.

sequences of landslide event sizes). Recession events were

sampled randomly from the distribution, with more frequent

events more likely to be sampled (it should be noted that the

annual probability of no event was 0.38; that is, there is around a one

in three chance of no event occurring in any given year). From each

random sequence, the annual recession distance between 1 and

49 years was extracted. A large number of simulations (in this case

10 000) were used to generate a probability distribution of the

recession distance in any given year (Fig. 29).

Considering a building located 39 m from the cliff edge, it could

be lost (or not) in any year over a 50 year period. The PV of losses

(the discounted property value; see Box 4) associated with the event

(i.e. loss of the building) is the sum of the annual losses (year 0–49)

for a recession distance of 39 m. For example, in year T

PV losses (year T ) … Prob: (39 m loss; year TÞ � market value

� discount factor (year T )

The overall risk is the sum of the PV (losses) for year 0 to year 49.

Use of a probabilistic approach will predict greater value of the

losses owing to cliff recession when compared with a deterministic

approach based on average recession rates (Hall et al. 2000). This is

because in a probabilistic approach, for a given cliff-top asset, there

is a risk of damage before the year of loss predicted by the

deterministic method. Even though a proportion of damage is also

predicted after the mean year of loss, this will be more heavily

discounted, so the net effect of using a probabilistic approach will be

to increase expected damage.

Fig. 15. The Central England Temperature

Record. Top, mean annual temperature

since 1660; bottom, mean annual

temperature plotted as anomalies

compared with the 1961–90 mean average

temperature (9.47°C). Red lines are the

10 year moving average values. Source:

https://www.metoffice.gov.uk/hadobs/

hadcet/
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Discussion: magnitude–frequency distributions and

complexity

In the model, it was assumed that the future probability of an event of

a particular magnitude can be revealed by statistical extrapolation

from this time series. The M–F distribution for the section of

Holderness coast between Aldbrough and Withernsea is an inventory

of past events between 1951 and 2020. As with the South Bay

example, the validity of the statistics is constrained by the limited

number of trials from which the M–F distribution was compiled.

Let us consider an urn filled with 1000 different coloured balls

each representing a different landslide event size: 900 green balls

representing no event; 50 dark blue balls (representing 1–100 m3),

25 orange balls (100–1000 m3), 14 grey balls (1000–10 000 m3),

seven yellow balls (10 000–100 000 m3) and four light blue balls

(>100 000 m3). The histogram for this distribution is plotted in

Figure 30 and is defined by a power-law equation: y = 91.63e�0.632.

If 100 balls are drawn from the urn and the numbers of different

colours are counted, then this will probably reveal a magnitude–

frequency distribution that is different from the true distribution. If

Fig. 17. Graphic plot of annual climate

data 1727–2023, showing the spread of

anomalies for the England and Wales

Precipitation Series (EWP) and the

Central England Temperature Record

(CET). The relative positions of 1737 (the

Spaw landslide) and 1993 (Holbeck Hall

landslide) should be noted.

Fig. 16. The England and Wales

Precipitation Series. Top, mean annual

rainfall since 1727 (note that the data

between 1727 and 1766 do not include

data from NW England and, hence, are

considered to be less reliable; Wigley

et al. 1984); bottom, mean annual rainfall

plotted as anomalies compared with the

1961–90 mean average rainfall (915 mm).

Red lines are the 10 year moving average

values. Source: https://www.metoffice.

gov.uk/hadobs/hadukp/
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