Chapter 2

Modelling the processes of incised
coastal gully evolution
As discussed in chapter 1, the incised coastal channels of the Isle of Wight provide a
valuable habitat for a wide variety of invertebrates (Norton

et al., 2006).

To manage this

environment eectively it is necessary to predict the future development of these
features, and the soft clis of which they are part. This chapter therefore seeks to review
the current level of understanding on the formation, development and subsequent decay
of incised coastal channels and to suggest an appropriate approach for the application of
these features to a modelling framework. To do this, the chapter will begin by providing
an overview of the processes involved in incised coastal gully development, before the
current level of knowledge surrounding the key processes of sea level rise, cli erosion and
knickpoint erosion is assessed. The focus here will be on suggesting improvements which
could be made in their representation within a modelling framework. The review will
then go on to assess the current state of the suite of models available and the potential
changes in key process which may be expected under future (c. 10 - 100 years) climate
and sea level rise scenarios.

2.1 The state of knowledge regarding incised coastal gullies
Previously, gullies have been shown to be capable of removing large amounts of sediment
from the landscape. As such they can have substantial impacts on water quality, aquatic
and terrestrial ecosystems and infrastructure (Whitford

et al., 2010).

The development

of gullies within the landscape has frequently been recognised to follow a three stage
cycle of initiation, stabilisation and accretion (Graf, 1977; Wasson
Sidorchuk, 1999; Rustomji and Pietsch, 2007; Whitford

et al., 1998;

et al., 2010).

A phase of gully initiation occurs following the onset of incision (see section 2.3 for
further details). This stage sees the production of the highest sediment yields, despite
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comprising the shortest period of the gullies lifetime (Sidorchuk, 1999; Erskine, 2005). It
is during this initial phase that gully networks generally reach close to their maximum
linear extent (Whitford

et al., 2010).

The key process during this stage is that of rapid

headcut erosion. However, this process is short lived relative to the remainder of the
gully evolutionary cycle (Prosser and Winchester, 1996).
As gullies enter a phase of stabilisation, sediment production yield decreases following an
exponential decay curve (Rutherford

et al., 1997; Sidorchuk, 1999).

During this phase

gully side-wall erosion surpasses head cut erosion as the dominant process. This phase
sees a rapid reduction in gully length extension and may last for over a hundred years
(Prosser and Winchester, 1996; Rustomji and Pietsch, 2007).
The nal phase, accretion, is characterised by the re-vegetation of the gully side-walls
and oor, which aids the trapping of sediment. This sediment is stored until gully
initiation reoccurs at a later date (Whitford

et al., 2010), often by another phase of

base-level lowering.
Despite the widespread applicability of this cycle of gully erosion in purely terrestrial
locations, where incision is caused by a single base-lowering event (e.g. Graf, 1977;

et al., 1998; Sidorchuk, 1999; Rustomji and Pietsch, 2007; Whitford et al., 2010;
Bledsoe et al., 2002), in locations where multiple incision inducing factors occur this

Wasson

cycle may be interrupted or altered. One such location is in coastal environments where
sea level rise and cli retreat interact, constantly altering base-levels. The interaction of
multiple episodes of incision with the processes of head cut and gully side-wall erosion
produces a unique and signicant form of gully (Flint, 1982; Leyland and Darby, 2008).
Gullies that form in coastal environments, running over and incising through clis, are
known as incised coastal gullies (Leyland and Darby, 2008). Literature regarding incised
coastal gullies is, somewhat surprisingly, few and far between given that sea clis occur
along approximately 80% of the world's coastline (Emery and Kuhn, 1982) and that
most rivers terminate at the coast (Flint, 1982, p.225). As discussed in chapter 1,
examples of incised coastal gullies have been documented worldwide (Bury, 1920; Flint,
1982; Pillans, 1985; Schumm and Phillips, 1986; Kochel and Piper, 1986; Burkard and
Kostaschuk, 1995; Leyland and Darby, 2008, 2009; Leyland, 2009). It is evident that in
an area of research which has very limited literature, the incised coastal gullies on the Isle
of Wight, known locally as Chines, have received a relatively large amount of attention.
Therefore a focus on the literature regarding the Isle of Wight Chines will follow in which
the key features and processes of incised coastal gullies in general will be elucidated.

2.1.1 The formation of the Isle of Wight Chines
The formation of the Isle of Wight Chines has long been a contentious issue. Theories of
their driving processes range from wind erosion (Engleeld, 1816), land-sliding (Lyell,
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Figure 2.1:
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The relative stability of Isle of Wight Chines in relation to knickpoint

recession and cli recession rates. CR = cli recession, KR = knickpoint recession,
= critical cli recession and

KRc

CRc

= critical knickpoint recession. From Leyland (2009).

1867), enlargement after rainfall (Gardner, 1879) and spring-sapping (Bristow, 1889),
whilst Knight (cited in Ware, 1871, p.16) postulated that

the stream must in every instance be regarded as the chief agent in cutting
the Chine, its enlargement is perhaps as much, or more, owing to other
inuences. The action of the waves during great storms, when the sea is
driven violently against the clis, has tended considerably to enlarge the
opening of the Chines, while the landslips, which continually occur after
severe frosts, must have caused the steep slopes to fall in from time to time.
But deepening of the Chines is always brought about by the stream, as may
be observed in any of them where measures are not taken to prevent the
constant wearing away of the rock.

More recently, it has been shown that knickpoints within the gully system are the key
drivers of gully extension (Flint, 1982; Leyland and Darby, 2008). A complex
relationship exists between cli retreat and knickpoint erosion, in which cli retreat
actively causes the truncation and shortening of the gully system but also initiates
knickpoints which subsequently erode headwards causing the extension of the gully
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(Flint, 1982; Leyland and Darby, 2008). As cli retreat is often associated with storm
events, whether a coastal gully recedes or expands can be seen to be dependent on the
wave and storm climate of the region. If cli retreat is episodic in nature (Hall

et al.,

2002), interspersed by large periods of quiescence, then the knickpoints will have time to
erode inland and result in a growing gully system, at least during periods of quiescence.
Conversely, if cli retreat is quasi-continuous, occurring at a suciently high rate, then
cli retreat will result in the truncation and decay of the gully (gure 2.1).

Flint (1982) proposed a relationship between drainage basin area and incised coastal
gully extent, utilising Leopold

et al.'s (1964) knickpoint recession model.

Leopold

et al.

(1964) argue that knickpoint migration rates are related to stream power and that
stream power increases with increasing drainage basin. It therefore follows that gully
systems with larger drainage basins will be able to develop greater stream powers,
allowing knickpoints to erode headwards and subsequently extend the gully system
(Flint, 1982). Flint (1982) goes on to propose critical drainage areas necessary for the
maintenance of incised coastal gully systems along the south west coast of the Isle of
Wight. For example, in the Lower Greensand geology the critical drainage basin area is

>2.5

2

km , in the more erodible Wealden Shales the basin area is

highly erodible Wealden Marls the area reduces to

>0.64

>0.73

2

km , whereas in

2

km . This was later supported

by Leyland and Darby (2008) who show that a drainage basin area of

<3

km

2 is needed

to maintain the coastal gullies on the south west coast of the Isle of Wight under current
rates of cli retreat (∼0.5 ma

−1 ). However despite the recognition of cli retreat as a

major driver of incised coastal gully development, Flint (1982) fails to include cli
retreat rates and processes into her analysis of coastal gully formation, focussing solely
on knickpoint retreat and stream power.

2.1.2 Conceptualisation of incised coastal gully evolution
Recognition of the importance of incised gullies in coastal locations as a special case of
incised channel has led to the development of a Channel Evolution Model (CEM)
describing the evolutionary stages of their development (Leyland and Darby, 2008, gure
2.2). Leyland and Darby (2008) utilise multiple, alternative development pathways to
account for the possibility of multiple knickpoints caused by successive cli retreat
episodes and therefore multiple phases of rejuvenation and re-incision which occur as
knickpoints progress upstream (Bishop

et al., 2005).

They also provide dierent stages of

development for the diering geologies in which the incised coastal gullies found along
the south west Isle of Wight are found; these being dened by characteristic landforms,
bank angles and channel characteristics. In this model the valley-within-a-valley
morphology, which Bury (1920) attributed to the role of much larger volumes of water
forming the upper valleys, is attributed to the mass wasting of the valley sides (Stage IV,
gure 2.2) and the subsequent re-incision of colluvial material (Stage V, gure 2.2).
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Figure 2.2: Channel Evolution Model for incised coastal channels on the Isle of Wight

(from Leyland and Darby, 2008).

Leyland and Darby (2008) recognise the importance of side-wall mass wasting within the
evolution of incised coastal channels, previously identied as a key process of stable
gullies (Prosser and Winchester, 1996; Rustomji and Pietsch, 2007). Their CEM denes
bank slope form-process units for each stage; categorising failure types and typical bank
angles. As the inlling of the channel is a prerequisite for Stage IV, and subsequently
Stage V, of the Leyland and Darby (2008) CEM, it is important that the processes
responsible are suitably represented within any simulation modelling framework.

2.1.3 Identifying the key mechanisms of incised coastal gully evolution
The dierence between incised coastal channel stability and decay can be seen as a ne
balance between the rates of cli retreat and knickpoint recession (see gure 2.1; Flint,
1982; Leyland and Darby, 2008). Understanding whether a gully is decaying or growing
is of great importance, particularly with respect to ecosystem and landscape management
practices (Leyland and Darby, 2008; Whitford

et al., 2010).

Attempts to quantify rates

of coastal erosion aecting incised coastal gully evolution have utilised georeferenced
historical map data and aerial images (Leyland and Darby, 2008). It has been shown,
however, in prior studies that using historical maps for the assessment of cli retreat
rates assumes that all the inuencing factors on cli retreat rates are constant during the
temporal period considered, and as such may yield inaccurate results (Bray and Hooke,

18
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1997). Since this process is key to incised coastal channel development, better
quantication of the local rates of cli retreat will be necessary if modelling the future
evolution of incised coastal channels is to be carried out (see section 2.2 for more details).
By their very nature, incised coastal channels have undergone periods of instability and
incision in their past. As noted above, their coastal location results in the continual
creation and propagation of knickpoints upstream and therefore the possibility of future
incision events (Flint, 1982; Leyland and Darby, 2008). To be able to model the future
development of these features, it is therefore necessary to provide some quantitative rate
of knickpoint erosion which in turn drives the process of bedrock incision. Previous
attempts have used simple relationships between knickpoint height and stream power
(Flint, 1982), or a power function of drainage area (Whipple and Tucker, 1999; Leyland
and Darby, 2008). However the use of such formulations has led to an element of
circularity within the calculations (e.g. Leyland and Darby, 2008) which may invalidate
the results. Therefore better quantication of knickpoint erosion rates is required for the
future modelling of incised coastal channels (see section 2.3 for more details).
For numerical models of these dynamic systems to be accurate, it is necessary that the
key processes which operate and drive incised channel evolution are represented.
Therefore a review of the key processes operating within incised coastal channels as
identied above (cli retreat, knickpoint erosion and bedrock incision) is oered to assess
the state of knowledge of these processes.

2.2 The key processes of incised coastal gully evolution
2.2.1 Cli Retreat
Europe has approximately 11,800 km of soft rock coast, of which roughly 3,620 km
(31%) are eroding (EUROSION, 2004). The cost of coastal erosion to the UK economy is
currently ¿14.4 M/year and is estimated to rise to ¿126 M/year if the eects of climate
change are realised (Evans

et al., 2008).

To reduce the costs involved in successfully

protecting coastal communities from cli retreat, and considering the implications coastal
erosion holds for land use planners and developers (Hall

et al., 2002), it is necessary to

characterise the timings, process and mechanisms of cli retreat carefully and accurately.
The factors inuencing cli retreat can be categorised into rst- and second-order
processes (gure 2.3, Bray and Hooke, 1997). First-order factors represent large-scale,
regional, processes such as sea level rise and climate change; whereas second-order factors
are local and site specic, such as cli geology and wave height. It is the inter-relations
between these two overarching classes that make predicting the response of cli retreat
rates to changes in any of the processes operating within the coastal zone dicult (gure
2.3). The identication of critical second-order factors and their relationship to the
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Figure 2.3: Factors inuencing the rate of cli erosion. Adapted from Bray and Hooke

(1997, their gure 1 p.454).

controlling rst-order factors is necessary if the eects of climate change and sea level
rise on rates of cli erosion are to be accurately modelled (Bray and Hooke, 1997).

The process of cli erosion may be broken down into a three stage cycle (Trenhaile, 1987;
Sunamura, 1992; Young

et al., 2009).

Stage one consists of wave erosion at the cli base,

which ultimately causes slope steepening and instability. Stage two is characterised by a
slope failure, where talus is transported to, and deposited at, the foot of the cli. Stage
three involves the temporary protection of the cli from erosion via the deposited talus,
and nally the erosion of the talus deposit restoring erosion to the base of the cli. This
cycle repeats at a scale of years to decades (Hampton and Griggs, 2004) and each stage
may occur over diering scales; i.e. stage one may take years, whereas stage three may
take only weeks (Young

et al., 2009).

Vallejo and DeGroot (1988) demonstrate that low clis (>20 m in height) cut into soft
glacial sediments may complete the erosional cycle within 5-10 years. Similar studies
have been carried out for diering geologies, each providing markedly dierent results.
Hutchinson (1973) suggests that it will take clis of London Clay geology 30-40 years to
complete an erosional cycle. Everts (1991) proposed that high raised coastal clis (>30
m in height) may take between 30 and 50 years, whereas inter-bedded compound clis
comprised of clays, sands and limestones, as found in Dorset and the SW Isle of Wight,
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may have an erosional cycle lasting 100-150 years (Brunsden, 1974; Brunsden and Jones,
1980). This is a result of higher clis providing more sediment to the toe of the cli after
they fail, providing more protection to the cli from erosion and causing higher clis to
take longer to complete the erosional cycle.
It is important to recognise that this cycle can be likened to the concept of basal
end-point control (BEPC; Carson and Kirkby, 1972; Thorne, 1982). The basal end-point
control concept has been used to describe the relationship between hillslope erosion or
river bank migration rate and the interaction between ow and sediment transport or
bank erosion at the toe of the slope (Darby, 1998). The stages and processes involved in
the BEPC theory are reviewed in more detail in section 3.2.
The energy delivered to the cli toe via breaking waves has long been identied as a key
driver of cli retreat (Robinson, 1977; Sunamura, 1992; Amin and Davidson-Arnott,
1997). Sediment is removed from the base of the cli via the action of waves, as such
waves play a key role in determining the removal of protective talus from cli toes.
Furthermore, it has been suggested that undercutting of the cli toe by wave action, and
subsequent mass failure, is the mechanism by which most clis are eroded, regardless of
their lithology (Edil and Haas, 1980; Young and Ashford, 2008; Lim

et al., 2011).

For

these reasons, the action of waves is widely regarded to be a key factor controlling the
process and rate of cli retreat (Sanders, 1968; Hutchinson, 1972; Sunamura, 1992; Shih
and Komar, 1994; Hansom

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

As can be seen in gure 2.3 waves, storminess

1 and sea level rise are perhaps the three

overarching drivers of cli retreat. It can be seen that it is the role of energy delivered to
the cli toe which ultimately drives long term rates of cli retreat, factors also identied
by Zhang

et al. (2004) as key to the global increase in coastal erosion.

Therefore a brief

review of the current understanding of the impacts of each of these factors is important
in further constraining the drivers of coastal erosion.

2.2.1.1 Waves
Where cli faces rise sheer from deep water they are termed plunging clis (Summereld,
1991). This type of cli is subject to the constant oscillatory movements of standing
waves (Sunamura, 1992) and as such undergoes minimal erosion, primarily via hydraulic
quarrying within cracks and joints (Summereld, 1991). Where the cli rises from a
beach or in water which is shallow enough to allow the waves to break, breaking and
broken waves occur (Sunamura, 1992) and direct erosion of the cli toe becomes an
important factor of cli erosion.
The pressure aorded by the wave on the cli face varies with the type of wave (gure

1

A distinction between waves and storminess is made here in acknowledgment that large waves can
occur outside of storm events. However, it is recognised that storm events are usually characterised by
large waves.
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Wave pressure on a vertical wall plotted against oshore wave height.
Adapted from Homma and Horikawa (1965).

2.4; Homma and Horikawa, 1965; Sunamura, 1992). As such clis which experience
prolonged exposure to breaking waves will be subject to greater erosional forces and thus
erosive potential. Clis which are predominantly exposed to standing waves experience
considerably less dynamic pressure, accounting for the reduced erosion rates of plunging
clis. Comparatively, broken waves provide more erosive force than standing waves, but
still considerably less than breaking waves (Sunamura, 1992, gure 2.4). Therefore it can
be seen that waves are an important provider of energy to the cli base (Young

et al.,

2009). It has been noted that without the energy aorded by wave action, the cli
erosion rate of coastal clis decreases with time until it reaches a level more closely
associated with weathered inland clis (Bucknam and Anderson, 1979).
The energy delivered by waves to the foot of the cli is, particularly in regions where a
shore-platform exists, proportional to the length of the beach (Lee, 2008), or runup
(Ruggiero

et al., 2001).

Erosion of the cli face has been shown to occur when the wave

height exceeds the maximum value for runup by 2% (R2% ). This implies that larger
beaches require larger wave heights to initate the erosion of the cli face (Ruggiero
2001; Stockdon

et al., 2006; Young et al., 2009).
(
0.5

R2% = 1.1 0.35βf (H0 L0 )

+

et al.,

R2% (m) can be estimated by

(H0 L0 (0.563βf2 + 0.004)0.5 )

!)
(2.1)

2

H0 is the deep water wave height (m), L0 is the deep water wavelength (m) and βf
is the beach slope (m/m) (Young et al., 2009). Equation 2.1 was developed empirically
from a data set of 233 points (Ruggiero et al., 2001).
where

More recently, a number of studies have utilised microseismic measurements to quantify
the energy delivered to cli faces by wave action (Adams

et al., 2002, 2005).

This

Chapter 2 : Modelling the processes of incised coastal gully evolution

22

methodology allows for the assessment of cli shaking resulting from the oscillations of
the tides and waves. Adams

et al. (2002) show that a relationship exists between levels

of cli shaking and deep-water signicant wave height and tide, however the strength of
this correlation is unknown. Delivery power (

PD1 ) can be dened simply as

PD1 = sP0
where

s

(2.2)

2

is a dimensionless scaling factor representing the wave transformation , seismic

attenuation, and geometric spreading of energy from the wave impact and

P0

is the

energy ux per unit length of wave crest (kW/m) averaged over one wave period
(Sunamura, 1992; Komar, 1998) dened as

1
P0 = E0 C0 n = ρgC0 H02
8
where

E0

(2.3)

2

is the energy density of a deep water wave (J/m ),

celerity (m/s),

n

C0

is the deep water wave

is a factor describing the shape evolution of a wave as it shoals (given a
is the density of salt water (∼1020

value of 0.5 in deep water and 1 in shallow water),

ρ

3
kg/m ),

is the deep water wave height (m).

g

= gravitational potential energy and

H0

Equation 2.2 captures the low frequency behaviour of the observed measurements,
however it fails to account for the eects of shoaling, refraction, the tides, the eects of
ray path length and seasonal variations in wave heights. Therefore a more advanced
formulation is developed by Adams

et al. (2002) which denes delivery power (PD2 ) as

PD2 = (φ + γt)εsr εt εrp P0
where

t

(2.4)

is the fraction of the year (given as 0.0 for spring, 0.25 for summer, 0.5 for

autumn and 1 for winter) accounting for the seasonal dependence of ground shaking on
winter rainfall,

φ

and

γ

are constants reecting the mean attenuation and drift of seismic

3

shaking throughout the year respectively ,
refraction,

εt

εsr

characterises the eect of shoaling and

characterises the eects of the tide, and

εrp

characterises the ray-path

length.
Although a focus on energy delivery is justied from a theoretical perspective (see
above), it may be necessary to include the resistive force of the cli, otherwise predicted
rates will be exaggerated (Sunamura, 1992; Belov

et al., 1999).

This is an important

consideration in the Belov, Davies, Williams (BDW) equation (Belov
applies an erosion function,

2

k

at a given height

z

(m) at a given time

et al., 1999)) which
t

of

In the original equation, β is used to represent the scaling factor (Adams et al. 2002). It has been
changed to avoid confusion with parameters using the same notation in equation 2.1.
3
In the original equation, β is also used to represent attenuation of seismic shaking throughout the year
(Adams et al. 2002). It has been changed to avoid confusion with parameters using the same notation in
equation 2.1
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k(z, t) = vexp

where

z0

−z
z0

is the eective erosion height (m),

period of major storms (months),

w


[1 + acos(wt)]

can be dened as

t

a

E

2π
T where

T

is the return

v

is a nondimensional erosion

of

v=

where

(2.5)

4
is the storm amplitude (the rst coecient of the

Fourier spectrum for the storm track record) and
amplitude given by
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ET 2
= 2.5x10−6
2π 2 z02

(2.6)

2

is the energy density (J/m ) that is transferred to the cli and results in cli

recession. Eq. 2.6 has been used by Belov

et al. (1999) to model the development of a
−1

basal notch in a hypothetical cli face producing realistic rates of cli retreat (1 ma
when calibrated for limestone clis). However the accuracy of Eq. 2.6 in replicating
real-world basal notches has yet to be conrmed.

The above equations provide a useful qualication of the energy delivered to a cli base,
however by converting wave energy to shear stresses, Trenhaile (2009) argues that the
applicability of the values obtained can be extended. Wave energy can be converted to a
bottom shear stress (τ ) following Trenhaile's (2009) relationship

τ = 0.5Fw ρu2o
where

Fw

is the friction factor calculated from Justensen's (1988) data,

3
of sea water (∼1020 kg/m ) and

uo

uo =

h

H

ρ

is the density

is the orbital velocity of the wave (m/s), given by



where

(2.7)

H
2

 r 
g
h

is the wave height in shallow water (m),

g

(2.8)

is the acceleration due to gravity and

is the water depth (m). Therefore it should be possible to calculate shear stress

variations over time and apply this in a general excess shear stress formulation of the
form

E = k(τ − τc )
where
and

k

τ

represents shear stress,

τc

represents critical shear stress of the cli face material

is an erodibilty coecient (m

Arulanandan

(2.9)

2 s/kg) following Partheniades (1965) and

et al. (1980).

4
In the original equation β is used to represent the storm amplitude (Belov et al. 1999). It has been
changed to avoid confusion with parameters using the same notation.
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Trenhaile's (2009) relationship (Eq. 2.7) was developed for cohesive sediments such as
clays. Therefore the applicability of these equations to coastal locations of geologies of
non-cohesive sediments may require some attention. It is possible, however, that the
scaling factor

k

in equation 2.9 could be used to represent the eects of dierent

geologies, similar to techniques used in landscape evolution modeling (Sklar and
Dietrich, 2001).
Furthermore, it is recognised that the erosive power of waves is linked to the amount of
sediment available for entrainment (Sunamura, 1992). It has been shown that if little or
no beach exists, then the erosion aorded by the waves is reduced by the lack of
entrained sand particles used to abrade the cli face. However, if too large a beach
exists, it acts as a shield eectively dissipating the energy of the waves, resulting in little
or no erosion. This is similar to the `tools/cover' eects of bedrock incision which relates
the presence or absence of bedload material to uvial incision rates (Sklar and Dietrich,
1998, 2001, 2008).

2.2.1.2 Storms
Storminess is a term used to describe both the frequency and the intensity of storm
events (Carnell

et al., 1996), and is usually dened as the number of days with strong

winds in the range of 7 (13.9 - 17.1

ms−

1

) to 11 (>38.4

ms−

1

) on the Beaufort wind

scale for one or more measurements during a six-hour period over the course of any
single day (Qian and Saunders, 2003; Clarke and Rendell, 2009). Storms are extreme
events which are vitally important for the geomorphology and evolution of coastlines

et al., 2002; Ciavola et al., 2007; Clarke and Rendell, 2009; Young et al., 2009;
Gervais et al., 2012). It is therefore necessary to understand and represent storms
(Hall

through their intensity, duration and return interval if their impact on coastline
evolution is to be fully understood.
Storms are often associated with extreme wave heights which have been shown to be a
vital control on the erosion of beaches and clis (Hall
2004; Young

et al., 2009).

et al., 2002; Hampton and Griggs,

However, it is not just the intensity of each storm which is

important, but also the spacing between each storm event (Hall
2005). As Hall

et al., 2002; Ferreira,

et al. (2002) show, the failure of a cli is not directly related to the

arrival of a storm event, but is a consequence of antecedent conditions which have left
the cli in a state of weakness. Ferreira (2005) showed that frequent less severe storms
are as eective as infrequent, extreme storms as agents of coastal erosion. This highlights
that the timing of extreme events is a key factor in their erosive potential.
Much contention exists as to whether storm climates are going to change under scenarios
of future climate. It has been projected that storminess around the UK coastline is likely
to increase, specically in the northern parts of the UK due to the change in storm
tracks towards northern latitudes (Lozano

et al., 2004; Wolf and Woolf, 2006; Lowe
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However, analysis by the European funded Waves and Storms in the North

et al.,
1998; Bärring et al., 2004; Alexander et al., 2005; Matulla et al., 2007; Donat et al.,

Atlantic (WASA) project and by separate independent studies (Alexandersson

2011) suggests that large inter-decadal variability exists within the storm climate of the
North Atlantic, with present perceived increases in storm climate being similar to
increases experienced in the past.

st Century, the recovery period of the coast between

If storminess increases over the 21

successive storms is likely to decrease. Dorsch

et al. (2008) state that a reduced recovery

time between storms increases the vulnerability of some coasts to further damage by less
severe events, in essence lowering the threshold size of a storm required to initiate coastal
erosion. This process has been likened to renewal theory (Cox, 1962) by Hall

et al.

(2002) who utilised this process in their stochastic model of cli retreat. Furthermore,
Slott

et al. (2006) show how a change in the frequency, intensity and direction of storms

can have a dramatic eect on the depositional and erosional behaviour of a coastline,
demonstrating how important it is to be able to accurately characterise storms and
future changes in storm tracks in the evolution of the coastal zone.
Although no systematic response to anthropogenic climate forcing has been identied
around the UK (Alexandersson

et al., 1998; Matulla et al., 2007; Donat et al., 2011), the

storm climate has undergone signicant changes over the past 50 years, with long term
increases in storminess observed over central and southern England (Alexander

et al.,

2005). Trends in these regions suggest there has been a change to more severe storms,
with the number of severe storms per year observed in central England doubling over the
past 50 years and an intensication of such storm events in southern England (Alexander

et al., 2005).

These records are limited to an analysis of the past 50 years however, and

longer paleoclimatic records have shown that the increase displayed in these short term
records may not be unique over the long term record (Matulla

et al., 2007; Wang et al.,

2009). This suggests such trends may not be representative of longer term trajectories of
change. For example, Allan

et al. (2009) extend the Alexander et al. (2005) record for

the UK back to the 1920s and show that peaks in storminess around 1920 were equal to
those experienced during the 1990s.
In an attmept to project changes in future climate upon storminess, Ulbrich

et al. (2008)

use an ensemble of Global Climate Models (GCMs) forced by a variety of climate
scenarios developed by the Intergovernmental Panel on Climate Change (IPCC;
Nakicenovic

et al., 2000) to model changes in storm tracks within the North Atlantic.

The consensus of the ensemble runs was a marked increase in storm risk over Western
Europe due to shifts in the storm tracks. A pole-wards shift in storm tracks was also
identied by the UKCP09 projects (Lowe

et al., 2009) which notes that this shift will

result in increased winter intensity and duration of storm events across the UK.
To account for the eects of storminess on coastal erosion it is therefore necessary to
include information on the wave climate of the storm (height, incidence angle etc.), the
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intensity and duration, and the timings between storm events. As with waves, it is the
extreme events which are important when dening rates of cli retreat, since it is the
extremes which provide the most erosive energy to the system. However, by their very
nature extreme events are hard to represent (Frei and Schär, 2001) and therefore are
likely to produce the most uncertainty.

2.2.1.3 Sea level rise
Long-term changes in sea level are often cited as being a key driver of coastal cli
recession (e.g. Nicholls

et al., 1995; Bray and Hooke, 1997; Zhang et al., 2004; Walkden

and Dickson, 2006; Nicholls and Cazenave, 2010), while shorter-term variations in sea
level associated with tidal and nodal cycles also modulate the energy delivered to the
cli foot by breaking waves (Adams

et al., 2002, 2005; Lim et al., 2011; Dickson and

Pentney, 2012). For example, large waves occurring at neap tides may be less eective at
delivering energy to the cli than comparatively small waves occurring at spring tides.
Recent projections suggest that by 2095 absolute sea level rise around the UK will be in
the order of between 0.12 m and 0.76 m under a medium emissions scenario (Jenkins

et al., 2009).

Comparatively, historical analysis for Southampton suggests that sea level

has risen by 0.00119±0.00024 ma

−1 since 1935 (Haigh

et al., 2009b); the south west

coast of the Isle of Wight will have experienced similar levels of sea level rise due to its
close proximity to Southampton. Understanding how a coast will respond to increased
sea level is one of the major challenges facing coastal geomorphologists (Walkden and
Dickson, 2008).
Bruun (1962) proposed that the shore-prole of a section of coast will retain the same

−1 ),

geometry with rising sea levels. The rate of retreat (ma
given sea level rise (m),

S,

R=S

L

can be quantied for a

by



where

R,

L
B+h



is the length of the beach prole (m),

= (S)

B

1
tanθ

(2.10)

is the berm height (m),

h

is the depth

of closure (the point at which the water is presumed to be suciently deep that sediment
transport by waves is negligible; Cooper and Pilkey, 2004) and

θ

is the prole slope

angle. The Bruun Rule (Eq. 2.10) has been used in many studies to assess the impacts
of sea level rise on coastal recession rates (e.g. Rosen, 1978; Leatherman, 1991; Nicholls

et al., 1995).

However, the success of the model in reproducing observed erosion rates

has been mixed (Cooper and Pilkey, 2004). Indeed, despite being the most common tool
for predicting shoreline response to sea level rise (Ranasinghe and Stive, 2009), the
Bruun Rule has recently come under criticism (Pilkey

et al., 1993; Cooper and Pilkey,

2004; Pilkey and Cooper, 2004; Ranasinghe and Stive, 2009).
According to Cooper and Pilkey (2004, p.161), the main fault with the Bruun Rule is
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that it is a one size ts all model which has had no eld verication. In addition, the
theory behind the formation of the Bruun Rule has not been revisited since 1962, since
when large theoretical developments have been made (Cooper and Pilkey, 2004). In an
attempt to amend the Bruun Rule, Weggel (1976) and Hands (1983) modied the
equation to include cli height and sediment parameters; however the underlying
assumptions were not altered and, as Bray and Hooke (1997, p.458) note, these
adjustments have only been partly conrmed.
Ranasinghe and Stive (2009) claim that any eective predictive method should be widely
applicable and produce accurate and reliable results, qualities they feel the Bruun Rule
lacks. For example, the applicability of the Bruun Rule is severely reduced due to its
many underlying assumptions. For instance it cannot be applied to areas adjacent to
headlands or engineering structures, lagoon or estuary inlets, deltas or any area of
signicant across-shore sediment transportation due to its assumption of a 2-dimensional
representation of sediment transportation (Ranasinghe and Stive, 2009). To highlight
this, a study by Zhang

et al. (2004) showed that along a 220 km coastal stretch, 70%

(154 km) had to be excluded from analysis with the Bruun Rule because of the rules of
applicability.
In addition to these criticisms it can be said that the Bruun Rule fails to identify the key
drivers of coastal recession (see section 2.2), e.g. storms and waves, which could arguably
greatly improve the predictability of the Bruun Rule if they were incorporated
(Ranasinghe and Stive, 2009). Therefore it is often claimed that the Bruun Rule is an
inaccurate and unreliable method of assessing the impacts of sea level rise on coastal
recession and as such should be avoided in obtaining any site specic predictions of
coastal recession due to sea level rise (Ranasinghe and Stive, 2009).
There have recently been calls for more process based methodologies to be set within
probabilistic simulation frameworks, which will, arguably, provide more robust and
widely applicable projections of coastal recession due to sea level rise (Hall

et al., 2002;

Walkden and Hall, 2005; Ranasinghe and Stive, 2009). However, despite the mechanisms
by which sea level rise results in coastal erosion being under contention, the suggestion
that sea level rise will result in increased erosion is accepted (Bray and Hooke, 1997;
Stive, 2004; Zhang

et al., 2004; Walkden and Dickson, 2008; Nicholls and Cazenave,

2010).

2.2.1.4 Summary
The above review suggests that any successful model of coastal erosion should be driven
by the processes of wave action, modulated by the frequency and intensity of storm
events, layered on an overlying upwards trend in sea level. To then account for future
rates of coastal retreat it should be possible to adjust the rates of sea level rise
appropriately and parameterise the changing intensity, duration and interstorm period of
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storm events based on model projections (e.g. Ulbrich

et al., 2008).

These may then be

converted into a shear stress which may be applied to the eroding cli face.

2.2.2 Bedrock incision and knickpoint erosion
Kirkby and Bracken (2009) note that most gullies are associated with the cutting back
from an incising river bank or coastline. Many are therefore characterised by the
presence of knickpoints, sudden changes of gradient in the long prole of a stream or
river, associated with a drop in base-level which initiated incision (Gardner, 1983; Bishop

et al., 2005).

In many gully systems only one knickpoint will be present, however in the

case of coastal gullies a series of knickpoints relating to diering cli retreat events may
occur (Flint, 1982; Leyland and Darby, 2008). Knickpoints have often been seen as the
boundary between incised and unaltered reaches (Bishop

et al., 2005), however recent

research has shown that incision can occur (albeit to a smaller extent) above knickpoints
(Berlin and Anderson, 2009). Therefore incised coastal gullies represent landforms which
have a complex history of incision.
As mentioned above, knickpoints delimit the extent of incision along a disturbed reach.
Gardner (1983) modelled the propagation of knickpoints up an experimental ume reach
and identied three main forms of knickpoint evolution; replacement, retreat and
rotation (or inclination; gure 2.5c). The propagation of knickpoints upstream is a key
determinant of bed-level perturbations (Bishop
maintenance of incised channels. Bishop

et al., 2005) and is therefore key to the

et al. (2005) note that knickpoint migration

upstream via parallel retreat (gure 2.5; Gardner, 1983) subjects the whole catchment
to incision and passes the base-level perturbation throughout the catchment. Conversely,
if a knickpoint was to remain stationary, the catchment would not undergo incision and
rejuvenation.
Hayakawa and Matsukura (2003) argue that the rate of recession of waterfalls (an
extreme version of a knickpoint) is related to the discharge of the channel. This is also

et al. (2005) who nd that there are highly signicant relationships
2
2
between the rate of knickpoint recession, discharge (r = 0.82), and drainage area (r =
supported by Bishop

0.92). Therefore once a gully has developed to a critical size, at which the collective
drainage area is large enough to supply sucient discharge, knickpoint retreat begins
and rejuvenation of the channel starts. Rejuvenation of the channel below a knickpoint
occurs through the process of bedrock incision. Commonly, bedrock incision is modelled
using a simple stream power model (Howard and Kerby, 1983) where the rate of incision

E

is related to drainage area (A) and slope (S ) such that

E = kAm S n
Where

k

(2.11)

is a dimensional constant representing the resistance of the bedrock to erosion
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a) A knickpoint found in Shepherds Chine highlighting the size of such

features. b) Conceptual diagram of a knickpoint on a long prole forming the boundary
between a disturbed and undisturbed reach (modied from Crosby and Whipple, 2006).
c) Models of knickpoint erosion and retreat.

Both models of inclination are usually

combined together under the over-arching term rotation" (modied from Gardner, 1983).

and

n

and

m

are positive nondimensional constants that reect basin hydrology,

hydraulic geometry and erosion process (Howard and Kerby, 1983; Stock and
Montgomery, 1999; Crosby and Whipple, 2006; Berlin and Anderson, 2007). In equation
2.11,

A

is used as a surrogate for discharge (Q), thus the product of the area and slope

components equals stream power. This model has been widely applied in Landscape
Evolution Models (LEMs) to represent bedrock incision (Howard, 1994; Tucker and
Slingerland, 1996, 1997; Tucker
of the

m/n

et al., 2001a; Istanbulluoglu et al., 2005).

ratio to specic values of

m

and

n

The portioning

is a contentious issue, with various values

being suggested (Stock and Montgomery, 1999; Whipple and Tucker, 1999), however for
small catchments,

m

has been shown to equate to 0.2 - 0.5 and

n

is shown to be roughly

0.8 - 1 (Stock and Montgomery, 1999).

The stream power law assumes steady, uniform ow in detachment-limited conditions
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(i.e. sediment transport capacity exceeds the rate of sediment supply, see chapter 4 for
more details) and that erosion rate is a function of either shear stress or stream power
(Howard and Kerby, 1983; Berlin and Anderson, 2007). In the case of incised coastal
gullies, steady, uniform ow is unlikely due to their high gradient and the ashy nature
of their hydrographs (Flint, 1982; Leyland and Darby, 2008); therefore the applicability
of such a model to these systems is questionable. It has also been noted that the simple
stream power model is best applied in regions where there are stable base levels, in which
incision is experienced throughout the whole catchment concurrently (Stock and
Montgomery, 1999). However, as mentioned above, incised coastal channels are aected
by quasi-continuous cli retreat and sea level rise which not only results in a constantly
adjusting base level, but also in the propagation of a series of knickpoints originating
from separate events. As such the assumption of a single event causing basin-wide
incision is also unlikely to be valid. With regards to knickpoint erosion, Eq. 2.11
represents the distribution and retreat rates of actual knickpoints within a drainage
basin well (Berlin and Anderson, 2007). However, several caveats exist for its application
exist, for example it may be too simplistic to explain observed variations in knickpoint
retreat rates (Sklar and Dietrich, 2001).
Many alternatives exist to the simple stream power law (see van den Beek and Bishop,
2003; Tomkin

et al., 2003, for fuller reviews of each model).

These include

1. the excess stream power law model which requires sediment entrainment to begin
incision (Tucker and Slingerland, 1997),
2. the transport-limited model (Willgoose

et al., 1991),

3. the undercapacity sediment ux model (Kooi and Beaumont, 1994),
4. the tools sediment ux model (Sklar and Dietrich, 1998, 2001, 2008) in which
sediment acts as an abrasive tool and as a protective layer on the bed, and
5. the shear stress incision model with sediment carrying capacity and sediment tools
(Slingerland

et al., 1997, 1998).

For assessment of application to incised coastal channels on the Isle of Wight, the
transport-limited model (Willgoose

et al., 1991) can be excluded, as in their current

state the sediment yield of these systems is often very low, made up predominantly of
ne material (Flint, 1982). However, in an actively incising gully sediment loads may be
very high and warrant the use of such a model of bedrock erosion. Accordingly, they are
detachment-limited systems rather than transport-limited systems. The sediment tools
models of Sklar and Dietrich (1998, 2001, 2008) and Slingerland

et al. (1997, 1998)

model the abrasive impacts of sediment grains on the bed rock. It has been shown that
optimum erosion of bedrock is produced with an intermediate grain size of

∼20

mm

diameter (Sklar and Dietrich, 2001). Recent ume work suggests that bed erosion is
focused on upstream facing slopes (i.e. knickpoint faces; see gure 2.5) and that erosion
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is linearly scaled with sediment ux (Johnson and Whipple, 2010). Therefore despite the
sediment load of incised coastal channels being mainly ne material (Flint, 1982) and the
eect of abrasion being, most likely, nominal, it is important to consider these models
further as it has been demonstrated that they describe erosion to a higher degree of
accuracy than simple shear stress models (Sklar and Dietrich, 2001, 2008; Johnson and
Whipple, 2010).
The under-capacity erosion model of Kooi and Beaumont (1994) represents knickpoint
erosion as a function of basal shear stress. In this case retreat occurs when the basal
shear stress exceeds the level needed to entrain the ambient sediment discharge (Tomkin

et al., 2003).

Therefore as sediment discharge increases towards carrying capacity,

incision rates decrease. Gardner (1983) shows that as a knickpoint is approached, width
decreases, but depth, velocity and basal shear stress increases in what is termed the
`drawdown' zone (Gardner, 1983; Crosby and Whipple, 2006). Therefore the application
of basal shear stress is valid; however, as mentioned above, the current sediment yield of
the systems in question is not large and is composed mainly of ne material, suggesting
that carrying capacity is never reached. As little basal shear stress will be needed to
initiate knickpoint retreat, a modied version of this model may be more applicable to
incised coastal gullies. Both shear stress and excess shear stress models of knickpoint
erosion have been shown to be applicable to small catchments composed of homogenous
materials (Tomkin

et al., 2003; Crosby and Whipple, 2006) and therefore warrant further

consideration for their application to incised coastal gullies. However, it has recently
been noted that rates of bedrock incision and knickpoint migration are insensitive to
shear stresses (Johnson and Whipple, 2010), highlighting the need to assess this
formulation in detail.

2.2.3 Non-linear process of gully and cli erosion
As discussed above the processes of cli- and gully- erosion are both complex and a
consequence of multiple, interacting processes. For instance, gully erosion relies on a
combination of headwards knickpoint erosion and processes of bedrock incision and
sediment transport (section 2.2.2) whilst cli erosion is driven by a combination of
energy delivery via sea-level, waves and storms (section 2.2.1). It is recognised therefore
that both gully erosion and cli retreat are non-linear processes which rely heavily on the
interactions between these multiple processes (Harvey, 1992; Marzol and Poesen, 2011).
Indeed, much work has highlighted the non-linear nature of gully development. Harvey
(1992) notes that gully development is controlled by multiple processes such as headcut
retreat, piping and tension crack development. Indeed, Harvey (1992) goes on to explain
that non-linearity exists in both the spatial and temporal scales of gully development. In
the spatial domain, the interactions between on-slope processes and basal stream
processes create a non-linear response. Similarly, in the temporal domain, non-linearity
is a consequence of the dependency upon the frequency and magnitude of erosion
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inducing events, with lag times and recovery times key to determining the response of
gully systems to perturbations (Harvey, 1992). This non-linear nature cannot be
adequately accounted for by short-term records of gully evolution (Vanwalleghem and
Deckers, 2005), which may only display a localised trend in gully development and make
it hard to predict the spatial and temporal development of gullies (Vanwalleghem and
Deckers, 2005; Imaizumi

et al., 2009), especially as the sediment transport models used

in predictive tools are themselves based on non-linear relationships (Vanwalleghem and
Laguna, 2009).
With regards to cli retreat, Gelinas and Quigley (1973), Quigley and Zeman (1980) and
Sunamura (1992) have all shown that retreat rates respond non-linearly to increases in
wave energy delivery. Furthermore, Dong and Guzzetti (2005) show that frequency-size
relationships of cli retreat events are non-linear. This non-linear behaviour is explicitly
modelled by Hall

et al. (2002) in their predictive model of cli erosion, where they use

non-linear gamma and log-normal distributions to stochastically estimate failure timings
and magnitudes. However, despite the explicit inclusion of non-linear processes, the
prediction of timings and size of failure events remains uncertain.
The recognition that gully development and cli erosion processes are non-linear has
clear implications for this study. Firstly, any attempt to predict or anticipate the model
outcomes will be in vain. It therefore follows, that model results cannot be rejected
based on pre-conceived ideas as the non-linear nature of the processes involved means
that a wide range of possible outcomes are possible. Secondly, it requires that all
relevant processes are incorporated in the modelling framework. The exclusion of one or
more processes will mean the results are not representative of the actual system
response. Consequently, any errors in the model results will also increase non-linearly as
the initial start point deviates from reality, i.e. if two processes are missing from the
model framework, the resulting errors may be larger than simply doubling the errors
associated with model outputs where only one process is missing. The inherent
non-linearity of the systems being studied in this work necessitates the use of a model
which is able to eectively represent the interactions between the processes operating
within the marine and terrestrial environments. Furthermore, non-linear responses are to
be expected. The interaction between two non-linear processes, should result in a
non-linear response. This makes it even more important to quantify the resultant
uncertainty within the model results, so that it is possible to determine which results are
outside the condence levels and which are merely highly non-linear model results.

2.3 Drivers of future changes in incised coastal gully
processes
The processes identied above as key to the development of incised coastal channels are
ultimately driven by climatic factors. These factors are controlled, in part, by large scale
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climate activity, such as storm tracks. Therefore, potential future changes in these
factors need to be accurately portrayed and incorporated into any modelling study
looking at the geomorphic eects of a changing climate.
Recently produced projections of future climate change for the UK show that by 2095
mean summer temperature will increase by between

◦
and by 1.2 C to
(Jenkins

2.2◦ C

to

6.8◦ C

in Southern England

4.1◦ C in the Scottish Islands under a medium emissions scenario

et al., 2009).

Summer precipitation is projected to decrease by

∼40%

in

Southern England, whilst winter precipitation in the same region is projected to increase
by

∼33%

under a medium emissions scenario (Jenkins

et al., 2009).

Global Climate

Models (GCMs) are able to calculate possible future and current climates based upon
these emissions scenarios, which are founded on varying assumptions of future population
growth, economic development, technological advancements and attitudes towards
energy eciency (Nakicenovic

et al., 2000).

A more comprehensive review of the various

emissions scenarios developed by Nakicenovic

et al. (2000) is provided in chapter 5.

Around the UK coastline sea level is projected to rise by 0.12 m and 0.76 m, whilst
extreme wave heights are projected to increase up to 1 m, with the largest increases in
wave height projected for south west England (Jenkins

et al., 2009).

However, revised

analysis of the Special Report on Emissions Scenarios (SRES) emission scenarios used to
drive these projections in the latest IPCC report (Solomon

et al., 2007) report, suggests

that they have underestimated greenhouse gas emission in the 1990s and 2000s (Held,
2012; Rowlands

et al., 2012).

Recent observed trends in sea level rise and temperature

have exceeded projected data (Füssel, 2009). Therefore it may be necessary to develop
new emissions scenarios which more accurately represent the observed higher level of
greenhouse gas emission, or scale projected future projections to map onto observed
trends (Füssel, 2009).
If the projected changes are realised there will be an eect on the morphology and
evolution of incised coastal gullies. A reduction in precipitation and increase in
temperature will result in a decrease in eective precipitation due to a rise in potential
evapotranspiration (PET; Kingston

et al., 2009) which may subsequently manifest itself

in a decrease in erosive potential within incised coastal gullies. This, combined with the
increased frequency and intensity of storms projected for the future (Woth
Jenkins

et al., 2006;

et al., 2009) may result in dramatic changes to incised coastal gully morphology

and extent.
Previously, modelling studies assessing the geomorphic impact of a changing climate
upon the landscape have used GCM or Regional Climate Model (RCM) outputs to
model these climatic changes (Lane

et al., 2007; Temme et al., 2009; Coulthard et al.,

2012), or have just adjusted rainfall parameters to represent a change in climate
(Hancock, 2009). However, with regards to geomorphology, it is the extreme events
which are important (see section 2.2). To accurately represent the impact of extreme
events on geomorphology, high spatial and temporal resolution data is needed. As
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mentioned above, rainfall in the UK is likely to tend towards shorter, more intense
periods (Haylock

et al., 2006; Jenkins et al., 2009).

Therefore if these events are to be

recorded, sub-daily rainfall data is required to ensure the bounds of the events are
captured. For application to incised coastal channels, channels which have a small
catchment area, this data then needs to at spatial resolutions of

<10

2

km .

2

For the impacts of climate change to be assessed on a local scale (<50 km ), GCM data
is of too coarse scale (usually
and Coulibaly, 2005; Fowler

∼300

km

2 in spatial resolution; Wilby

et al., 2000; Dibike

et al., 2007) and therefore downscaling of GCM outputs to a

suitable spatial resolution is required. A detailed review of the main methods and tools
used in the downscaling of GCM outputs is provided in chapter 5.
The application of downscaled GCM climate data to small catchments is an area which
is relatively poorly explored. Only one of the 5 catchments studied by Prudhomme

et al.

2
(2003) was less than 50 km in area, whilst Pilling and Jones (2002) downscaled
HadCM2 GCM outputs by converting atmospheric rotation and sea level pressures to

2

rainfall data using stochastic rainfall equations to the Upper Wye catchment (10.55 km )
and showed an increase in seasonality, with winter ows becoming predominantly larger
and summer ows decreasing in size. Additionally, Vidal and Wade (2008) produce
monthly rainfall statistics for three UK catchments using a multi-model approach
combining six GCMs, however the spatial scale is again quite coarse with none less than

2

200 km . Therefore, for an accurate representation of changing terrestrial climates
(eective precipitation etc.) it is necessary to accurately represent the extremes in
climate at a scale suitable for the present study.
Apart from changes in precipitation and temperature, coastal gullies are also sensitive to
changes in sea level rise and storminess. As previously mentioned, projections have
shown that sea level around the UK can be expected to rise between 0.12 m and 0.76 m
(Jenkins

et al., 2009).

By comparing reconstructed sea level heights since 200 AD and

applying SRES emissions scenarios (Nakicenovic

et al., 2000) to observed data, Grinsted

et al. (2009) have projected that mean sea levels could rise by up to 1.6 m (gure 2.6).
The dierence between the Jenkins et al. (2009) and Grinsted et al. (2009) projections

highlights the need to obtain multiple sources, or run ensembles of climate models (e.g.
PRUDENCE; Christensen and Christensen, 2007) to constrain the errors and
uncertainties inherent in such predictions.
Lowe and Gregory (2005) show that climate change will result in increased storminess
around the majority of the UK, with the largest increases being felt in south east

2 resolution

England. They used the HadRM3H RCM to provide data to force a 35 km

model of coastal shelf seas. They showed that between 2071 - 2100 the average number
of cyclonic systems to pass across the UK in winter will rise from ve (present day) to
eight by 2071 and that these storms will have an increased wind speed of 6%. This,
coupled with an increase in storm surge height of up to 1.2 m along southern England
will result in major geomorphic eects on the British coastline (Lowe and Gregory,
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Projected sea level based on IPCC scenario A1B showing two dierent

reconstructed historical sea level rates a) Jones and Mann (2004) and Moberg et al.
(2005). The black line is the median, the dark grey band is one standard deviation and
the light grey band is 5  95 percentiles. Insets show the projections and ts to the GSL
data in greater detail and the boxes in the insets show A1B emission scenario estimates
2090 - 2100 (From Grinsted et al., 2009).

2005). When combined with evidence which suggests that the number of extreme
precipitation events and the intensity of these events will increase over the UK over the
next 100 years (Osborn

et al., 2000; Jones and Reid, 2001), this provides compelling

evidence to suggest the increases in storminess will have dramatic eects on the
geomorphology of drainage basins across the UK. Therefore an accurate representation of
the intensity and frequency of storms and heavy precipitation events in necessary to
accurately portray the changes in marine climate around the UK. However due to the
large uncertainties which exist within these, and all, predictions of climate change (Woth

et al., 2006) it may be necessary to utilise multiple models and projections of sea level
rise and storm changes to better parameterise their eects.

2.4 Modelling landscape evolution: Theory and available
models
The key processes and drivers of incised coastal gully evolution have been discussed and
identied above. For the geomorphic impacts of potential changes in future climate upon
these processes to be evaluated, accurate models matched to the long timescales in
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question are required (Coulthard

et al., 2007).

Landscape evolution models (LEMs)

potentially provide these tools and are considered vital to furthering our understanding
of the processes operating upon landscapes (Bras

et al., 2003; Tucker and Hancock,

2010). To get a better understanding of the workings of such models and assess their
suitability for simulating gully evolution under meso-scale (∼100 year) climate change it
is necessary to understand what a model actually is. Bras

et al. (2003) claim that the

essence of all models can be described as:

•

An idealisation of reality.

•

A representation of reality.

•

An aid to visualisation and understanding.

Models can be based on observations made over periods of time, based on observations
made over space (known as `Space-for-Time Substitution'; Schumm, 1991), or based on
physically measured relationships (mathematical modelling). Two basic approaches to
landscape modelling exist; qualitative and quantitative (Pazzaglia, 2003). Qualitative
models represent conceptual models, which tend to characterize major changes in
landscape over large time scales (Pazzaglia, 2003), often utilising space-for-time
substitution. They focus not on the physical processes underpinning the changes
experienced across the landscape but merely aim to describe these changes with the help
of visual aids, such as the `Young', `Mature' and `Old' stages of the geographic cycle
developed by Davis (1899) and the Leyland and Darby (2008) CEM presented in section
2.2.
The longevity of some qualitative models is down to their basis in reproducible eld
observations that represent a common suite of geodynamic and surcial processes which
shape the landscape (Pazzaglia, 2003). The prior focus on qualitative models of
landscape evolution has been slowly declining since the 1950s, with a more recent revival
in the 1990s due to a surge in attempts to link plate tectonics with long term landscape
evolution (Bishop, 2007). However, since Ahnert's (1976) seminal paper in which he
modelled slope process on a small 100 x 100 cell grid, the focus of the modelling
fraternity has been on numerical, quantitative, models of landscape evolution.
Numerical models describe landscape evolution by representing the processes which act
upon a landscape as mathematical equations. Pazzaglia (2003) identies surrogate and
multi-process landscape models in which the former represents one process or feature of
the landscape, e.g. a stream channel, using a physically based equation or established
functional relationship (Howard, 1994; Whipple and Tucker, 1999), and the latter
considers two or more interacting processes that sculpt `real' landscapes (e.g. Slingerland

et al., 1997; Tucker et al., 2001a).
The concurrent development of ow routing algorithms (e.g. Kirkby, 1986; Murray and
Paola, 1994), the increasingly availability of digital elevation models (DEMs) to
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represent the landscape, and the increasing functionality and power of computers, has
resulted in the development of landscape evolution models (LEMs). LEMs are powerful
tools which represent the interactions between landscape, climate, tectonics and
hydrology. They comprise a series of numerical models describing the processes acting
upon a landscape such as uvial erosion, hillslope processes and tectonic uplift. For an
in-depth review of the workings of current LEMs see Tucker and Hancock (2010), as only
a brief overview will be provided below.
Tucker and Hancock (2010) recognise that LEMs are composed of four core components;

1. A statement of continuity of mass.
2. Geomorphic transport functions (GTFs) that describe the movement and

5

generation of soils on hillslopes an by channelised ow .
3. Flow routing algorithms.
4. Numerical solutions to problems of iterating through time steps.

Each of these components is further discussed below.

2.4.1 Continuity of mass
Continuity of mass is usually represented as

δη
= B − ∇qs
δt
where

η

is the height of the land above a datum (m) e.g. sea level,

transport-rate vector,

B

(2.12)

t

is time,

is a source term such as uplift or subsidence and

∇

qs

is a

is a

divergence operator (each term in Eq. 2.12 has dimensions of mass ux per time per unit
surface area). There are several limitations to the assumptions inherent within Eq. 2.12,
for example it is usually assumed that the mass within the control volume is composed
almost entirely of rock, neglecting the role of regolith and sediment found at the top of
the column (Tucker and Hancock, 2010). Additionally, the compaction and expansion of
underlying soils are ignored, as well as potential changes to the thickness or properties of
the regolith which invalidates further assumptions that sediment transport rates are
dependent on regolith thickness (Carson and Kirkby, 1972; Tucker and Hancock, 2010).
Furthermore the assumption that height is a single-valued function of horizontal position
makes it impossible to represent vertical faces such as clis, gully heads and overhangs
(Tucker and Hancock, 2010). This problem can be overcome by representing such
features in horizontal columns rather than vertical ones (Kirkby, 1984, 1992; Howard,

5
Tucker and Hancock (2010) provide separate sections for GTFs on hillslopes and via water. Here they
are both grouped together in one section
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1998) though incorporating such methods into LEMs is awkward and is better if
modelling such features in isolation. Eq. 2.12 also fails to represent changes in the depth
and properties of regolith. To counter this, an alternative continuity of mass equation
can be developed of the form:

δH
= 11 − φ(ρs − ∇qs )
δt
δR
= B − ρs
δt
η =R+H
where

R

(2.13)

is the depth of the bedrock-regolith contact (m) and

ρs

is the rate of conversion

from rock to soil in terms of equivalent rock thickness per unit time. Eq. 2.13 assumes
that there is an abrupt contact between loose, mobile regolith and the underlying rock.
The majority of LEMs utilise either Eq. 2.12 or Eq. 2.13 to account for the continuity of
mass which must be present in any change of landscape. However, the choice of either
Eq. 2.12 or Eq. 2.13 dictates the type of processes and circumstances which must and
can be modelled (Tucker and Hancock, 2010).

2.4.2 Geomorphic transport functions
Geomorphic transport functions (GTFs) represent the theoretical core of landscape
evolution models (Dietrich

et al., 2003; Tucker and Hancock, 2010).

They are

mathematical expressions of mass ux or erosion caused by one or more processes acting
over spatial and temporal scales (Dietrich

et al., 2003).

On hillslopes mass movement, such as landslides, provide the main bulk of sediment
transport. The term mass movement encompasses all types of sediment transport from
soil creep (operating over millennia; Fernandes and Dietrich, 1997) to rock falls which
may last only seconds. Soil creep is often represented in LEMs as the linear function

qs = Kc ∇η
where

Kc

(2.14)

is a dimensionless constant. Eq. 2.14 accounts for convex-upward hillslope

proles and has been extensively tested and calibrated (Culling, 1963; Heimsath
1997, 2001; Heimsath and Ehlers, 2005), with work by McKean

et al. (1999) strongly supporting the application of the Eq.

et al.,

et al. (1993) and Small

2.14 on low gradient (<0.1

m/m) soil or regolith.
On steeper slopes dierent transport mechanisms such as shallow- and deep-landsliding,
rockfalls and rotational slides may be initiated. These processes have been modelled as
non-linear functions of gradient (e.g. Kirkby, 1984, 1985; Howard, 1994; Roering

et al.,

1999, 2001). These types of transport functions are still in an experimental phase, with
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deep-seated landsliding not yet fully incorporated into a LEM (Tucker and Hancock,
2010). Istanbulluoglu

et al. (2005) incorporated a slab failure function into the

Channel-Hillslope Integrated Landscape Development (CHILD) model (Tucker

et al.,

2001a,b), however this only represents failures on the side walls of a gully system and
does not account for deep seated landslides on hillslopes. Furthermore, the focus on gully
side wall erosion neglects headwards erosion and subsequently headwards gully extension.
Shallow landsliding has been more successfully implemented into LEMs (Kirkby, 1987;
Densmore

et al., 1998; Lancaster et al., 2003) following two dierent approaches;

ux-based models and event-based models. Flux-based models approximate a series of
events based on a long term average rate of mass movement between points (Kirkby,
1987; Tucker and Hancock, 2010). Despite this approach representing shallow landsliding
on time and spatial scales relevant to landscape development, the fact that it relies on a
locality (i.e. occurring between two points) means that other controlling factors such as
climate and slope are ignored (Tucker and Hancock, 2010) Alternatively, event-based
models can be used which explicitly model the initiation of events and track their
motions across topography (e.g. Lancaster

et al., 2003).

Despite an improved

representation of landslide formation and triggering, these models result in decreased
computational eciency and therefore are often passed over by LEM developers.
GTFs which represent the erosion and transportation of sediment within uvial systems
can be divided into two main categories; detachment-limited (where the rate of sediment
transport is dependent upon the amount of sediment available for transport) and
transport-limited (where sediment transport rates are limited by the ability of the
system to move the sediment load; Howard, 1994; Whipple and Tucker, 2002; Tucker and
Hancock, 2010). Detachment-limited GTFs often incorporate a critical shear stress
component

E = Kc (τ − τce )γ
where

τ

is the bed shear stress,

τce

is an eective detachment threshold, and

are parameters (γ has been shown to equal
cohesive sediments; Jepsen

(2.15)

et al., 1997).

∼

Kc

and

γ

2 in ume experiments of channels in

Whereas transport-limited GTFs tend to arise

from one of the many transport capacity functions derived from

qs = Ks (Kt q µ S v − φ)β
where

µ, v

φ

and

is a transport threshold dependent on grain size,

β

(2.16)

Ks

and

Kt

are constants and

vary depending on the transport theory (Howard, 1980). Transport-limited

GTFs assume that sediment transport is in a state of equilibrium, where the transport
rate is equal to the local carrying capacity (Tucker and Hancock, 2010), however this is
very often not the case and therefore consideration needs to take place before application
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of transport-limited GTFs occurs.

2.4.3 Flow routing algorithms
Flow is the main driver of geomorphic processes in the alluvial environment (Van De
Wiel

et al., 2007), therefore the treatment of ow routing is critical to landscape

evolution (Tucker and Hancock, 2010). The starting point for many ow routing
algorithms are the Navier-Stokes equations for incompressible, free-surface ow. However
these equations are too computationally expensive to be incorporated into LEMs (Van

et al., 2007), and therefore novel ways to reduce computational expense but
retain accurate ow-eld readings have been developed (Coulthard et al., 2007).
De Wiel

LEMs developed using regular grid based cells often apply the `D8' routing method of
O'Callaghan and Mark (1984). This model routes ow to one of its eight neighbours via
the path of steepest decent (gure 2.7a). The `D8' ow routing algorithm is easily
adapted to models which use irregular Voronoi cells (gure 2.7b; Tucker

et al., 2001b).

This method is restricted, however, by the fact that it is unable to account for ow
divergence and that the width of ow within a cell is dependent upon the grid cell width
(Tucker and Hancock, 2010).
In response to these restrictions, Murray and Paola (1994) developed a novel ow routing
algorithm which successfully accounts for ow divergence and convergence, in which a
multiple-ow algorithm is implemented. This algorithm allows for three potential
downstream ow directions to occur at each node. Discharge is distributed between
adjoining cells dependent upon the downstream gradient, but all cells receive some
proportion of the discharge (gure 2.8). Both the `D8' and Murray and Paola (1994) ow
algorithms provide an ecient means of modelling time-varying ow elds and
subsequent changes in ow widths and depths without the need for increased
computational demand or loss of eciency (Tucker and Hancock, 2010).
Recently Nicholas (2009) developed two ow routing algorithms for single-thread sinuous
channels, both of which route water downstream through a grid of cells representing the
bed topography. They seek to bridge the gap between sophisticated ow routing models
(e.g. Bates and De Roo, 2000; Yu and Lane, 2006), which have greater representation of
processes at the expense of computational eciency, and reduced-complexity ow
routing models (e.g. Murray and Paola, 1994; Coulthard

et al., 2000; Thomas and

Nicholas, 2002) which have improved computational eciency but compromise slightly
on process representation. Both algorithms developed by Nicholas (2009) improve upon
existing reduced-complexity algorithms when compared with measured data, however
computational demands are increased making them less desirable for use in large
simulations. Nicholas's (2009) algorithms also reduce the possibility of the `donor' and
`receiver' cells (the cell routing the water and the cell receiving the water respectively)
becoming decoupled in space. This limitation occurs in the Thomas and Nicholas (2002)

Chapter 2 : Modelling the processes of incised coastal gully evolution

Figure 2.7: Schematic diagram illustrating 'D8' cell-based ow routing in a) a regular

grid and b) an irregular Voronoi mesh (From Tucker and Hancock, 2010).

Figure 2.8: Flow routing algorithm of Murray and Paola (1994) adapted by Thomas

and Nicholas (2002) showing the distribution of discharge between adjoining cells with a
downstream gradient (From Nicholas 2005).
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ow routing algorithm due to its adoption of a maximum angular deviation between the

◦ for three cells to 60◦ for ve cells).

ow and the imposed downstream direction (from 45

Despite the new algorithms of Nicholas (2009) improving the process representation of
free water ow, the associated increases in computational demand mean that the
application of these algorithms within LEMs would greatly increase the simulation time
and computation power needed. Existing reduced complexity models (Murray and Paola,
1994; Coulthard

et al., 2000) have been shown to represent free water ow in multiple

and single channels. As incised coastal channels are sinuous, single channels, the
application of these existing algorithms is valid. The existing ow routing algorithms
also have the added advantage of lower computational demands and run times.

2.4.4 Numerical solutions to time-step iterations
Solutions to the problems of iterating through time steps in LEMs include
nite-dierence (Willgoose

et al., 1991; Howard, 1994; Tucker and Slingerland, 1997),

nite-volume (Braun and Sambridge, 1997), nite-element (Simpson and Schlunegger,
2003) and cellular-automata methods (Coulthard

et al., 2000).

Finite-dierence,

-element and -volume methods are sometimes identical (Versteeg and Malalasekera,
1995), being based around discretising the model space into regular grids formed around
nodes (Peió and Sherwin, 2005). As the discretisation of the three methods is similar a
generic overview will be provided below.
Application of the continuity equation (Eq. 2.12) to nite -element, -volume and
-dierence methodologies involves the discretisation of the landscape into a regular or
irregular grid. By doing so, the continuity of mass equation (Eq. 2.12) becomes

δηi
1
=
δt
∆x2
Where

QS k

N (≤7)

N
X

Qs k − Qs i +

k=1

4
X

!
qm i ∆x

(2.17)

m=1

is the number of upstream neighbouring cells that ow directly into cell i,

is the water-borne sediment ux (volume per time) from node

the sediment ux from node
from node

m

to node

i,

and

i,

to its downstream neighbour,

∆x

qm i

k

to node

i, QS i

is

is the sediment ux

6
is the width of a cell .

The coupled ordinary dierential equations in Eq. 2.17 describe the time rate of change
of cell heights

η i.

on the values of

η

They are solved by computing the rate of change at each cell
at time

to obtain new values of

η

t,

i

based

and then extrapolating forward by a time step of duration

at time

t

+

∆t

t

(Tucker and Hancock, 2010). This method

requires very small time steps in order to maintain numerical stability and accuracy
(Cheney and Kincaid, 1999). In general, the higher the discharge the smaller the time

6
The number four in the second summation in Eq. 2.19 represents hillslope mass exchange with
neighbouring cells in the four cardinal directions (Tucker and Hancock, 2010).
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step needed to maintain stability, therefore in the largest branches of a ow network
numerical stability is the limiting factor (Tucker and Hancock, 2010). However, over the
scales involved in this study, this does not pose a problem.
The need for accuracy in mass balance and numerical stability mean that models
utilising nite-element, -dierence and -volume methods are limited to grid resolution
larger than a fraction of a percent of the domain length (e.g.

≥

50 m

2 for a 50 km2

catchment). Tucker and Hancock (2010) recognise that a need exists for radical solutions
to this problem which will help rapidly speed up computational speed and demand.
Finite-dierence methods encounter problems when applied to complex
multi-dimensional model spaces due to the use of Taylor expansions of the partial
dierential equations (Peió and Sherwin, 2005). Finite-element and -volume methods
overcome this limitation by applying forward-Euler expansion on time-dependent partial
dierential equations. This enables multi-dimensional, time-dependent solutions to the
fundamental building block of continuity of mass (Peió and Sherwin, 2005).
Cellular automata models represent, arguably, the greatest developments in modelling
over the past decades (Nicholas, 2005). In this framework the constant iteration of a
series of local rules govern the behaviour of the whole system (Van De Wiel

et al., 2007).

As such the properties of one cell interact with neighbouring cells and subsequently alter
the cells properties. Despite the locals rules applied to single cells being simplications of
real-world processes, the combination of repeated iteration and cell interaction aorded
by cellular automata methods means that complex behaviour can be modelled (Van De
Wiel

et al., 2007).

All methods mentioned above have been used to model landscape evolution (Willgoose,
2005). The problems encountered with nite-dierence methods when applied to
multiple dimensions makes nite-element and -volume methods more appealing to the
problem of representing multi-dimensional landscapes. However, a cellular automaton
approach represents a novel and potentially powerful method to apply fundamental
governing equations to a discretised landscape. It allows reduced-complexity modelling
to represent complex situations in a computationally ecient way.

2.4.5 Using LEMs to model future landscape evolution
Studies which utilise LEMs to look at the impacts of future climatic change on the
geomorphology of meso- (sensu Brasington and Richards, 2007) and micro-scale
landscape features (i.e. small and medium river catchments) are few and far between
(Lane

et al., 2007; Hancock, 2009; Temme et al., 2009; Coulthard et al., 2012).

Assessment of the geomorphological implications of climatic change has mainly been
concentrated on hind-casting investigations to study the eects of Holocene climate
change on river catchments (Tucker and Slingerland, 1994, 1997; Coulthard

et al., 2000;

Coulthard and Macklin, 2001; Leyland and Darby, 2009). This is mainly due to the

Chapter 2 : Modelling the processes of incised coastal gully evolution

44

computational demands and structure of the models used which, as Coulthard

et al.

(2007) state, is the reason so few models simulate over time scales of 1 - 100 years and at

2

spatial scales of 1 - 100 km .
Of the previous studies which have assessed the geomorphic response to future climate

et al., 2007; Hancock, 2009; Temme et al., 2009; Coulthard et al., 2012)7
diering techniques have been employed. Lane et al. (2007) use a coupled 1D-2D
change (Lane

mathematical model of ood inundation and sediment transport to assess channel
changes along the River Wharfe, UK. The models were parameterised using channel
cross-sections within the channel and processed LIDAR data for the oodplain. This
allows for more detailed representation of the channel (± 0.02 m) and coarser resolution
on the oodplain (± 0.2 m). Future climate data was taken from downscaled static
outputs from the HADRM3 Regional Climate Model (RCM) predictions for 2050 and
2080. Daily future precipitation changes at these periods were then entered into the 1D 2D model to assess changing sediment yields on channel geometry and subsequently
oodplain inundation. However the spatial extent of the downscaled data is not
discussed. The Lane

et al. (2007) study, however, focuses on ood-risk management and

neglects general catchment geomorphology. It also does not allow for continuous
hydrological simulation over a large time period and ignores the important geomorphic
agents of storms and extreme events, which arguably limit the outcomes as antecedent
conditions are ignored which otherwise may have aected rates of sediment delivery and
thus erosion and deposition.
Hancock (2009) utilises a dierent methodology in his assessment of geomorphological
impacts of climatic change within Tin Camp Creek, Arnhem Land, Northern Territory,
Australia. Hancock utilises the reduced complexity, cellular automaton model CAESAR
(Coulthard

et al., 2000, 2002, 2005) to study the eects of diering rainfall scenarios over

a 1000 year period on the spatial and temporal patterns of changes in surface
topography, sediment uxes and catchment sediment output (Hancock, 2009, p.351).
Hancock (2009) used a digital elevation model (DEM) to discretise the catchment, with
each grid cell representing 10 m x 10 m of the catchment; a constant resolution for the
channel and oodplain. Hancock (2009) diers from Lane
and also in his parameterisation of future climate change.

et al. (2007) in this respect
Whereas Lane et al. (2007)

used RCM outputs to predict future precipitation levels, Hancock (2009) uses measured
precipitation data from 1972 - 2006 and extends them over 1000 year scale by replicating
the data set time and time again. Four dierent variations on the data sets were used to
account for dierent levels of storminess and average annual precipitation. Despite this
method allowing for the inclusion of storms and extreme events, there is no general
increase or decrease in precipitation levels over the 1000 year period, something which
has been predicted to occur under future climate scenarios (Pilling and Jones, 1999;
Haylock

7

et al., 2006; Solomon et al., 2007; Jenkins et al., 2009) and the precipitation

The model used by Lane et al. (2007) does not technically fall into the landscape evolution model
bracket. However the use of the coupled 1D-2D ooding and sediment transport model is arguably similar
to a deconstructed LEM and as such was included in the review.
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scenarios used have no correlation with those projected under GCMs.
The outputs of the study reveal little dierence between the diering model runs; this
could be due to the similarity of the rainfall inputs. Alternatively this could be due to
the coarseness of the original DEM. Geomorphological features may sometimes be
smaller than the DEM grid cell size used and therefore may not appear on the outputs of
the model. If for example, a knickpoint 2 m wide experienced retreat over the 1000 year
simulation, this would not be picked up as it is too small to be recognised in the 10 m x
10 m grid cells used to discretise the catchment. It is therefore important to discretise
the study site to a suitable resolution so that the inherent processes can be properly
observed and assessed (Brasington and Richards, 2007; Coulthard
Temme

et al., 2007).

et al. (2009) combine elements of the studies conducted by Lane et al. (2007)

and Hancock (2009). Like Hancock (2009) they use a LEM to model the whole
catchment geomorphology of their study site, the Okhombe Valley in KwaZulu-Natal,
South Africa. The LAPSUS (LandscApe ProcesS modelling at mUlti dimensions and
scales; Schoorl

et al., 2000) LEM is applied over a 1000 year time scale at 100 m2

spatial

resolution. The future precipitation data used in the model runs is taken from

et al. (2007). The downscaled records are
then adjusted using the delta change method (Hay et al., 2000; Prudhomme et al., 2002),

downscaled GCM outputs, similar to Lane

assuming a linear relationship. This provides a rainfall record which adheres to the GCM
input emission scenario and thus the projected changes within the region under study.
However the method of statistical downscaling used has come under question by the
STARDEX project (STARDEX, 2005) which claims that the delta change method does
not accurately account for extreme events in precipitation.
The misrepresentation of extreme precipitation events may limit the ndings of this
study, resulting in an inaccurate assessment of the impacts of future climatic change on
the area in question (Haylock

et al., 2006).

Extreme events are geomorphologically

signicant (see section 2.2) as it is these events which produce the most intense rainfall
and provide signicant energy to a system. These events provide high levels of intensely
focused energy to the geomorphic system and as such are the catalyst and driver for
change within the landscape (Summereld, 1991; Young

et al., 2009).

In an attempt to better record future changes in extreme precipitation events Coulthard

et al. (2012) used the UKCP09 weather generator to produce scenarios of future hourly
precipitation up to 2099. The LEM CAESAR (Coulthard et al., 2000, 2002, 2005) was
forced with these generated scenarios to assess the impacts of changing precipitation
climates on sediment yield and geomorphological change within the River Swale
catchment, UK (Coulthard

et al., 2012).

Coulthard

et al. (2012, p.8812) acknowledge

that the 100 model runs conducted do not cover the full uncertainty range of the
UKCP09 future climate projection used to drive the model. However, given the
computational demands of this study, this number allows for some quantication of the
associated uncertainties to be made. It is therefore recognised that in order to accurately
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characterise the uncertainty involved in coupling scenarios of future climate change to
LEMs, a large number of model runs is required.
As can be seen in the studies above, the use of high spatial resolution for landscape
discretisation and GCM downscaling data is rare. However, for assessments of the
impacts of climate change on landscape development to be accurate, both the
representation of the landscape and the drivers of future change (i.e. climate parameters)
need to be of a suciently high spatial and temporal resolution to provide meaningful
results.
Temme

et al. (2009, p.49) claim that at the moment LEMs are still imperfect tools for

the study of the impact of human-induced climate change. However, studies by Temme

et al. (2009) and Hancock (2009) suggest that the models themselves are capable of such
a task, providing they are employed with high quality input data and at appropriate

et al. (2007) argue that cellular automaton
models such as CAESAR (Coulthard et al., 2000, 2002, 2005) and CHILD (Tucker et al.,
spatial and temporal resolution. Coulthard

2001a) can provide reduced-complexity modelling with reduced computational demand
which makes them suited for studies at useful time scales (Coulthard

et al., 2007,

p.194). Therefore the selection of an appropriate LEM and subsequent choice of future
climate scenarios is imperative if accurate predictions are to be made.

2.4.6 Reviews of Landscape Evolution Models
Detailed reviews of the dierent LEMs in current use are available from Coulthard
(2001) and Willgoose (2005), however in this section four widely used LEMs will be
reviewed to assess their applicability to the comparatively small spatial and temporal
scales involved in this project, and their ability to represent the processes which are
acting within incised coastal gullies (see sections 2.2.1 and 2.2.2).

2.4.6.1 Cellular-Automata Evolutionary Slope and River (CAESAR) model
CAESAR (Coulthard

et al., 2000; Coulthard and Macklin, 2001; Coulthard et al., 2002)

is a cellular automata model which represents the landscape as a series of regular grid
cells. CAESAR was developed to operate over timescales from 10 to 10,000 years, and
therefore is appropriate for use in this study. CAESAR operates a variable time step,
dependent on the maximum amount of erosion and deposition occurring within a cell at
any given time. This allows for greater optimisation of computation time as during
periods of little or no erosion, time steps are large making the model run quicker. In
addition to this CAESAR can be run in either catchment or reach mode. An hourly
record of rainfall is used to drive the hydrological model TOPMODEL (Beven and
Kirkby, 1979), this means that the application of future climate data would need to take
the form of hourly rainfall data, data which is easily replicable and accessible from
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Figure 2.9: Results from a simple CAESAR demonstration of alluvial fan formation

and a conuence section from a larger simulation detailing dierences in grain size (from
Coulthard, 2001).

weather generators (Dubrovský, 1997; Wilks and Wilby, 1999; Kilsby

et al., 2007).

CAESAR incorporates a novel `scanning' ow routing algorithm based on (Murray and
Paola, 1994) which allows for divergent and convergent ows and eectively reduces
computation time. CAESAR models both diusive hillslope transport processes and
threshold mass wasting processes such as landsliding, however it fails to incorporate long
term processes such as rock weathering, soil generation and tectonic uplift as well as
processes of cli retreat (a function which no LEM currently incorporates). CAESAR
also saves on computation time by identifying cells containing water and applying
sediment transport laws to these cells only. Hillslope processes are applied less frequently
than uvial sediment transport and erosion laws. CAESAR does not represent soil
cohesion, and is therefore unable to accurately represent clays, which may prove
problematic if applied to incised coastal channels.

CAESAR has been applied to a wide variety of situations, ranging from alluvial fan
development (gure 2.9; Coulthard

et al., 1998) to assessing the impact of Holocene

climate change and land use development on a catchment in the Yorkshire Dales
(Coulthard

et al., 2000).

CAESAR has very good process representation and has been

shown to be a useful tool for small catchments, over smaller time scales and in predicting
the eects of climate change (Coulthard

et al., 1998, 2000; Coulthard and Macklin, 2001;

Hancock, 2009), therefore this model warrants further consideration.
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Figure 2.10: Isometric view of a Whale Chine on the Isle of Wight, showing the irregular

mesh used in CHILD.

2.4.6.2 Channel-Hillslope Integrated Landscape Development (CHILD)
model
CHILD (Tucker

et al., 2001a,b) represents the landscape as a Triangular Irregular

Network (TIN) in which topography is represented as a set of nodes that are connected
to each other to form a mesh of triangles using Delaunay triangulation (gure 2.10).
Delaunay triangulation creates a unique set of triangles that connect a set of points in a
way that a circle passing through the three points of a triangle will contain no other
points. Delaunay triangulation oers a series of advantages over other tessellation
schemes such as Optimal and Greedy triangulations (Watson and Philip, 1984; Tucker

et al., 2001b) and results in the elimination of anisotropy in drainage directions (Braun
and Sambridge, 1997).
CHILD utilises the CASCADE ow routing algorithm (Braun and Sambridge, 1997), a
`bucket passing algorithm', in which each node is assigned a `bucketful' of water which is
passed to its lowest neighbour (Coulthard, 2001). The time step in CHILD represents a
storm event which varies in duration, intensity and recurrence interval, not a xed time
interval. The duration and intensity of each storm event is used to drive one of the four
inbuilt hydrological models. These are inltration-excess overland ow, `bucket' runo
and two variants of the saturation-excess model. If modelling detachment-limited
erosion, CHILD provides two laws for calculating detachment capacity as a power
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function of shear stress over and above a threshold. On the other hand, if modelling
transport-limited erosion, CHILD incorporates seven possible laws; two versions based
around power-law shear-stress formula, the Bridge-Dominic variation of the Bagnold
formula (Bridge and Dominic, 1984), the Wilcock sand-gravel formula (Wilcox, 1998),
shear- stress for multiple grain sizes, the Willgoose-Riley sand-gravel formula (Willgoose
and Riley, 1998) and the simple slope-discharge power law.
CHILD also incorporates an overbank deposition module and the adaptive mesh permits
channel meandering to be modelled. Recent developments of the CHILD model have
seen the incorporation of gully erosion modules (Istanbulluoglu
Flores-Cervantes

et al., 2005;

et al., 2006) however they describe side-wall slab failure (Istanbulluoglu

et al., 2005) and retreat by the undercutting of gully heads through plunge pool erosion
(Flores-Cervantes et al., 2006) and therefore are not specically applicable to incised
coastal gullies of the type found on the Isle of Wight, as plunge-pool erosion and
side-wall slab failure are not key formative drivers of the Isle of Wight gullies.
At the moment CHILD does not incorporate a landsliding module, however Lancaster

et al. (2003) developed a shallow landsliding algorithm which may be re-incorporated to
provide such functionality. CHILD has been used to simulate drainage basin evolution

et al., 2007) and over
timescales of 100 years or so (Istanbulluoglu et al., 2005; Flores-Cervantes et al., 2006),

over timescales of thousands of years (Tucker, 2004; Gasparini

therefore the time scales necessary for the study of incised coastal gullies is within the
range of CHILDs capabilities. Storm duration, intensity and recurrence interval can be
adjusted using the

tT imeSeries

functionality which allows the eects of non-linear,

non-stationary climatic change to be modelled.
Overall CHILD possesses good process representation and functionality and operates
over the timescale needed for this study, however, as with CAEASAR it does not
incorporate a cli retreat module and therefore will require some modication if it is to
be applied to incised coastal gullies.

2.4.6.3 Geomorphic/Orogenic Landscape Evolution Model (GOLEM)
GOLEM (Tucker and Slingerland, 1994, 1996) was developed to assess landscape
evolution over geological timescales (5,000 to 10

6 years) and therefore may initially seem

like an odd choice to review here. However previous work on coastal gullies (Leyland and
Darby, 2009) used GOLEM (gure 2.11), and therefore this model has been included in
the discussion.
GOLEM utilises square grid cells to represent the topography of the landscape and
routes water via the path of steepest decent. It dierentiates between transport-limited
and supply-limited catchments by distinguishing between alluvial and bedrock reaches.
The model represents diusive hillslope processes such as soil creep and rain splash and
also includes representation of mass wasting processes such as debris slides and rock falls.
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Figure 2.11:

Example of GOLEM output simulating gully development through the

Holocene. (a), (b) and (c) show the full outputs from the model, highlighting the sea
level rise and associated formation and retreat of the cli prole. (d), (e) and (f ) show
a cross section of a portion of the cli prole [indicated with arrows on (a), (b) and (c)],
highlighting the development of coastal gullies through time (From Leyland and Darby,
2009).

Similar to CAESAR, GOLEM can be run in catchment or reach mode, in which the
model assumes a dierent scale in grid cells (1 x 1 km

2 compared to 50 x 50 m2 ) and

treats processes slightly dierently to compensate for the adjustment of scale (Tucker
and Slingerland, 1994; Coulthard, 2001). The model incorporates representation of
uplift, both tectonic and through the removal and loading of sediment. Rainfall is
described as storm events (as with CHILD) represented by a mean duration, intensity
and interval. GOLEM has already been applied to incised coastal channels to simulate
the development of gullies with climate change and sea level rise (Leyland and Darby,
2009). GOLEM has good processes representation of the processes acting within incised
coastal channels, however for this study, the time scales over which GOLEM is developed
to run are too large and therefore GOLEM is deemed unacceptable for this project.
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2.4.6.4 The SIBERIA landscape evolution model
The SIBERIA model (Willgoose

et al., 1991) is a physically based predictive model

which can simulate the geomorphic evolution of landforms subjected to uvial erosion
and mass movement processes (Hancock, 2004). As such it includes representation of
diusive slope processes such as soil creep, rain splash and rock slides (Coulthard, 2001).
Initial applications of SIBERIA have focused on longer-term simulations, assessing the
relationship between tectonics and landscape development (Hancock and Willgoose,
2001). However recent work has used SIBERIA to assess the stability and evolution of
mine tailings over shorter time scales (Hancock

et al., 2002; Hancock, 2004).

Therefore

the spatial resolution of SIBERIA is applicable to the short (∼100 years) timescales of
this study.
SIBERIA employs a regular grid to represent the landscape, assessing uvial erosion and
deposition within each cell. The model is developed with the Einstein-Brown equation of
uvial incision; however the model does not explicitly model discharge, using a sub-grid
eective parameterisation based on area (Hancock

et al., 2002).

SIBERIA is not an event

based model, i.e. it does not model the eect of individual rainfall and erosive events,
but rather averages multiple events and projects these onto the landscape for any given
time (Hancock

et al., 2002).

For a study which is intrinsically looking at the eects of

extreme events and discrete cli retreat episodes on landscape evolution, this approach
may not be suited.
SIBERIA includes a channel head extension module (Willgoose

et al., 1991) which allows

for channels to extend headwards; a key process in incised coastal channel development.
Detachment and transport limited transport processes are represented in SIBERIA,
however no explicit consideration of landsliding is incorporated. Considering this and the
fact that SIBERIA averages events before updating the landscape, large improvements
would be needed for accurate process representation if SIBERIA was to be applied to
incised coastal channels.

2.4.6.5 Summary of model reviews
Selection of an appropriate model for use in this study is paramount if realistic outputs
are to be produced. It is recognised that all four models assessed above fail to include
representation of processes of coastal erosion. Therefore, regardless of which model is
selected, additional modules detailing the processes of coastal erosion will need to be
developed and coupled to the main code. A synopsis of each of the four models is
provided in table 2.1. The above reviews suggest that GOLEM is ill-suited to this study
despite being used previously to model incised coastal channels (Leyland and Darby,
2009) due to the large time steps over which it operates and for which it was developed.
SIBERIA also appears unsuitable for the application to incised coastal gullies as it fails
to incorporate key processes of gully evolution and individual rainfall events, which
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Table 2.1: Summary of landscape evolution model scales (temporal and spatial) and

process representation.

means that over the timescales in question (100 years) signicant events may be
averaged out. In terms of process representation, both CHILD and CAESAR are
suitable for use in this study (table 2.1), and therefore selection will be based on the ease
of use and computational expense of these two models. To assess computational expense,
both CHILD and CEASAR were parameterised with the same exponents and set to
model a simple slope created in Matlab (Mathworks, 2008) over the same time frame.
The size of the grid for the slope varied from 50 x 50 cells to 500 x 500 cells and the run
time for each simulation was recorded (gure 2.12). As can be seen CHILD is
comparatively a lot quicker than CAESAR. Furthermore, CHILD is Linux based.
Therefore the use of multiple batch jobs on a remote Linux hub is a possibility, meaning
a more comprehensive uncertainty analysis may be conducted with CHILD. On this basis
CHILD appears to be better suited to this study than CAESAR.

2.4.7 Modelling cli erosion
Recent developments in cli erosion modelling, signify a shift towards process orientated,
stochastic modelling, facilitating the incorporation of such models into LEMs. This new
trend in coastal erosion modelling identies the key drivers (gure 2.3) and attempts to
model the combined eects of these processes on the cli in question, providing more
robust and accurate estimates of cli erosion, termed process-response modelling (Lee
and Clark, 2002, p.172). Lee

et al. (2001) note that existing methods of assessing coastal

erosion fail to reect the potential uncertainty and variability in the process involved. It
has been recognised that cli erosion is an episodic proceess (Lee, 1998; Hall

et al., 2002;
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Figure 2.12: Comparison of run times of CHILD and CAESAR. The models were set

up to run over the same time period, modelling the same regular grid, using similar
transport equations.

Walkden and Hall, 2005), with erosion proceeding via occasional land sliding episodes
followed by periods of relative quiescence. This approach to the conceptualisation of cli
erosion makes use of the observation that cli failure is not an inevitable consequence of
the arrival of a storm, but that in order to fail the cli must already be in a state of
deteriorating stability (Lee

et al., 2001).

et al. (2002) noted this observation in the development of their stochastic model of
episodic soft cli erosion. Hall et al. (2002) employ a stochastic model of the form:
Hall

Xt =

N
X

Ci

(2.18)

i=1

Where

Xt

is the amount of cli recession (m) during time

t, N

is a random number

t and Ci is a random
th
variable representing the magnitude of the i
recession event. The model samples from
representing the number of cli falls that occur during duration

two distributions to recreate the episodic nature of cli erosion; a landslide timing
distribution and a landslide size distribution. The landslide timing distribution is the
duration between successive coastal landslides and is modelled as a gamma distribution.
The distribution takes the function:

ft (t|k, λ) =

λk tk−1 − λ t
e
Γ(k)

(2.19)
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Where

Γ(k)

is the gamma function,

k

is the average number of storms above a certain

threshold which causes damage to the cli toe,

t

is the time of the storm and

λ

is a

scaling parameter (the reciprocal of the return period of the signicant storm).
The landslide size distribution takes the form of the log-normal distribution

−(ln(x) − µ2 )
f (x|µ, σ) =
exp
2σ 2
xσ 2π


1
√

3

Where x is the size of the landslide (m ), and

µ

and

σ


(2.20)

are scaling parameters of the

log-normal distribution which need to be estimated for the study site.
Despite this more process based model of cli erosion, there are key factors aecting
coastal erosion which are not included. For example, there is no specic mention of the
resistive force of the geology of the clis within Eqs. 2.19 and 2.20, meaning that the
landslide sizes projected by the model may be overestimated and the timings between
events may be underestimated. Furthermore, Dong and Guzzetti (2005) propose that the
landslide size distribution may be better described by a power-law function than the
log-normal function.
In addition, this model does not account for changes in sea level, which arguably is one
of the key drivers of coastal recession (see section 2.2.1.3; Zhang

et al., 2004), and does

not account for wave action at the foot of the cli, which may provide more of an erosive
force than the occurrence of storms (see section 2.2.1.2; Sunamura, 1992; Young
2009). It would be possible to adjust the model proposed by Hall

et al.,

et al. (2002) to model

the distribution of waves instead of storms, with the timing of landslide events being
determined by the occurrence of signicant wave events rather than the occurrence of
signicant storm events.
A completely dierent approach to modelling coastal erosion was proposed by Lee
(2005), wherein historical recession rates are adjusted to account for the uncertainties
inherent in cli recession,e.g. the rate of sea level rise, the degree of natural cli
protection provided by the beach, the response of the cli line to higher winter rainfall
and storm intensity (as projected under future climate scenarios; Jenkins

et al., 2009),

the variability of the material exposed at the cli face and current and future shoreline
management strategies. This model is developed in a judgement-based framework (Lee,
2005) in which adjustment factors are determined by the relative change in each of the
factors mentioned above would have on the historical recession rate. The predicted
recession rate at any location,

Rx ,

would therefore be:

Rx = HRRx × (Sl) × (W ) × (B) × (S) × (E)
Where

HRRx

is the historical recession rate at location

x, Sl

(2.21)

is the sea level rise factor

that represents the change in average annual cli erosion related to change in sea level,
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is the winter rainfall factor which represents the change in average annual cli erosion

related to change in eective winter rainfall,

B

is the beach level factor which represents

the change in annual cli erosion related to change in cli protection aorded by the
beach,

S

is the storminess factor which represents the change in annual cli erosion

related to the changes in wave energy arriving at the cli face as a result of changing
storminess and

E

is the cli toe protection factor that represents the change in annual

cli erosion related to changes in cli toe protection.
Despite an inclusion in Lee's (2005) model framework of the key drivers of coastal
erosion such as sea level change and storminess, there are a few limitations to this
method. The inclusion of wave action in the model is welcome however, the assumption
that increases in wave energy are solely linked to increased storminess belies a more
nuanced picture. Extremes in wave climates can be experienced independent of storm
environment, for example during spring- and neap-tides (Dickson and Pentney, 2012),
hence failure to account for these characteristics of the wave environment is a limiting
factor. Furthermore, there are no objective values for the co-ecients. By the very
nature of this `judgement-based' approach, dierent groups could come up with dierent
adjustment factors for the same site, resulting in discrepancies in rates of cli erosion.
Lee (2005) also proposes a probabilistic framework for this model, in which an event-tree
is developed detailing all possible outcomes. This goes some way to accounting for the
large uncertainties and variability this method pertains to, however the probabilities for
each event have to be decided by group discussion, therefore maintaining the subjective
nature of this approach.
A novel approach to modelling cli retreat has been developed by Walkden and Hall
(2005) who coupled a 1-dimensional (1D) model of cli recession with a Geographic
Information System (GIS) to enable greater visualisation of the erosion problem. This
framework is known as the Soft Cli And Platform Erosion (SCAPE) model. SCAPE
splits the shoreline into sections which characterise the cli prole and near-shore
bathymetry of the region. By describing a series of these cross-sections along the cli in
question, and incorporating a sediment transport function between each cross-section, it
is possible to develop a quasai-3D representation of the coastal erosion. It should be
noted however, that SCAPE does not explicitly model the failure of coastal clis. Rather
the erosion of soft clis is modeled as a response to shore platform erosion. The model
utilises the erosion equation developed by Kamphuis (1987) which was developed for
cohesive shoreline development. SCAPE also contains modules which outline the
bathymetry of the o-shore component of the landscape, the tidal environment of the
region, and sediment transport modules to describe the distribution of sediment away
from the shore platform once a failure has occurred.
Despite this model facilitating a 3-D approach to the assessment of coastal recession
rates, an approach which previously has been missing from the application of coastal
recession models, it still relies on dividing the coastline up into a series of 1D
cross-sections. To obtain a fully 3D assessment of coastal recession using SCAPE a large

56

Chapter 2 : Modelling the processes of incised coastal gully evolution

number of these cross-sections need to be developed, increasing the computational needs
of the study. Ideally, for 3D assessment of coastal recession a holistic model, applying
erosion and sediment transport rules to every part of the cli face needs to be developed.
3D models are rarely used (Dodd

et al., 2008), however in some regions 3D eects must

be considered. Not only would this approach allow for a more uniform model of coastal
recession, but local variations in the cli face and beach morphology would be included
in any impact assessment.

Dodd

et al. (2008) modelled the eects of gullies and cli erosion on the near-shore

morphological evolution of a beach in Spain. They modelled a typical gully system using
a grid based approach allowing for greater interaction between the morphology of the
coastline and the near-shore marine environment. This approach is sometimes known as
Morphodynamical Area Modelling (MAM; De Vriend

et al., 1993; Dodd et al., 2008) and

consists of a hydrodynamical component coupled through sediment transport relations to
a sediment continuity equation. This approach is promising, however the study by Dodd

et al. (2008) poorly represented cli failure.

Indeed, no attempt to model the process of

cli retreat was made. Further development of this approach would benet from the
incorporation of a cli failure module to accurately represent the tidal and wave
environment upon the clis.

2.4.8 Linking terrestrial and coastal landscape evolution models
The coastal zone represents an interface between two major environments, the terrestrial
and the marine. It is at the coastal boundary that terrestrial and marine processes
interact, producing complex landforms with no analogues in either the purely terrestrial
or marine environments. The multitude of dierent processes apparent within the coastal
zone means that neither terrestrial nor marine models are entirely representative of the
processes present in this location. Therefore it is highly surprising that no attempt has
been made to incorporate these varying processes in one, combined, marine-terrestrial
landscape evolution model.

Arguably one of the major limitations of current terrestrial LEMs is that they do not
currently include appropriate representation of coastal processes. Existing LEMs do not
model processes at the marine/terrestrial boundary due to the complex nature of
co-adjusting topography and uid dynamics following a perturbation in either the
terrestrial or marine environment (Dearing

et al., 2006).

Sea level rise may be modelled

simply using secondary packages such as Matlab (Mathworks 2008) and then
incorporated into model runs (e.g. Leyland and Darby, 2009), however the full coupling
of such processes into the main LEM coding would be more useful (Dearing

et al., 2006).

The development of numerical models describing the terrestrial (uvial and hillslope etc.)
and marine (cli retreat/prole change etc.) environments have, so far, been separate,
despite the longstanding recognition that most rivers terminate at the coast (Flint, 1982).
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et al. (2008) demonstrates that the 2D representation of

the coastal zone, incorporating both terrestrial and marine environments is possible and
there is much to be gained from a coupled terrestrial-marine model (Dearing

et al.,

2006). This is particularly the case when the interactions between the two environments
are becoming increasing important in the world of impact analysis and economics (Lee

et al., 2001; Hall et al., 2002; Walkden and Hall, 2005).
It appears that developers of LEMs have ignored the possibility of coupling terrestrial
and coastal environments, as Tucker and Hancock (2010, p.29) state;

The focus [of LEMs] is on landscapes that are organised around drainage
basins and networks. Such `uvial landscapes' include those in which the
majority of sediment and solutes generated on hillslopes in transported away
by running water in a drainage network.

They then go on to list a series of landscapes that fall outside this denition, include
karts and aeolian landscapes but failing to mention marine/coastal environments, an
environment which Tucker and Hancock's (2010) denition of a `uvial landscape' would
exclude.
CEMCOS (CEllular Model for COastal Simlation; Dearing

et al., 2006) represents the

sole attempt to develop a model of coastal evolution which may be coupled to a LEM.
The model is based on the cellular automata approach of an existing LEM, CAESAR,
facilitating the easier incorporation of the coastal process module to the existing
terrestrial LEM. The model itself relates

sediment entrainment and deposition to hydrodynamical processes (waves
and tides) and volumetric sediment transport vectors as a function of tidal
elevation relative to bathymetry, in order to obtain the resulting `sedimentary
outcome' following each tidal cycle (Dearing

et al., 2006, p.1.54).

Despite not explicitly modelling cli retreat and the key process in relation to incised
coastal channels, the framework for an integrated marine-terrestrial Landscape Evolution
Model has been laid down, albeit in a cellular domain, and therefore future development
of this approach, whether on a grid or TIN based domain is justied.

2.5 Conclusion
As can be seen by the above review, considerable gaps exist with regards to our ability
to model the eects of changes in climate upon gully systems. The processes involved in
the formation and development of incised coastal gullies, specically those on the south
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west Isle of Wight, are reasonably well understood (Leyland and Darby, 2008).
Furthermore, it has been shown that projections of future changes in precipitation, sea
level and wave climates may be deduced from downscaled Global Climate Models
(GCMs). Although several studies have attempted to quantitatively assess the impacts
of changing climatic variables upon the landscape (Lane
Temme

et al., 2007; Hancock, 2009;

et al., 2009; Coulthard et al., 2012), their results have been mixed (see section

2.4.5 for more details). In fact, examples of landscape simulation studies employing
downscaled GCM data are rare (e.g. Temme

et al., 2009; Coulthard et al., 2012).

It can be seen that LEMs provide tools capable of modelling the interactions of varying
climate parameters upon the landscape. However for their application to the specic case
of incised coastal gullies, representation of coastal processes, specically cli erosion is
required. Accordingly, chapter 3 aims to develop a process based model of soft cli
erosion capable of being integrating into an existing LEM.
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