Chapter 6

The morphodynamic response of
incised coastal gullies to future
changes in climate
As identied earlier (chapter 2), incised coastal gullies are highly dynamic geomorphic
features which cross the terrestrial-marine interface. As such they are likely to be
sensitive to changes in both terrestrial and marine climate. The improved functionality
of the modied MT-CHILD model (described in chapter 4) facilitates modelling the
response of these features to changes in climate. Precipitation, sea level and wave height
were, in chapter 2, identied as key drivers of incised coastal gully evolution. Possible
future changes in these climatic drivers have been outlined briey in chapter 2 and more
thoroughly in chapter 5. Specically, scenarios describing the future direction of changes
in these climate variables were developed within a Monte Carlo framework. This
framework enables the characterisation of uncertainties associated with modelling
changes in future climate to within acceptable (dened as within 5% of the ensemble
mean) levels (see chapter 5 for more details).

In this chapter, details of the setup of MT-CHILD are described before the model
outputs detailing the response of incised coastal gullies to perturbations in future climate
are provided. These results are presented initially in a format similar to prior modelling
studies, for example by Tucker and Slingerland (1997) and Coulthard

et al. (2000), and

in which signicant responses within the landscape are identied and elucidated.
Subsequently, the climatic drivers of change are identied and a series of high temporal
resolution runs are conducted to assess trajectories of change at the decadal scale.
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6.1 Model set-up
To employ the MT-CHILD model, it is necessary to dene a specic Chine catchment to
be modelled. Although modelling the whole coastline is in principle possible, the
computational expense and time required makes such an approach impractical,
particularly for applications involving multiple model runs to account for uncertainties in
driving variables. In this section the rationale for selecting a specic catchment to be
modelled is presented, before describing its physiographic characteristics and justifying
the selection of associated model parameter values. A more complete overview of the
process representation within MT-CHILD is provided in section 4.1.4.

6.1.1 Selection of study catchment
The selection of an appropriate catchment is vital to the success of the modelling work.
Table 6.1 details the characteristics of the Chines found along the south west Isle of
Wight. Of these catchments available to be modelled, Grange/Marsh Chine has the
largest contributing drainage area (table 6.1). This suggests it will be the most resilient
catchment to a possible loss of drainage area forced by the projected future coastal
erosion. In addition, and arguably of more importance, this system is the largest incised
coastal gully system on the entire south west Isle of Wight coastline. It is a substantive
landscape feature which supports a large and diverse range of habitats which will be
aected by changes in climate. Selecting Grange/Marsh Chine will allow for an
assessment of the eects changes in climate will have upon the ecosystems supported by
the Chine, as well as a detailed analysis of the morphodynamic response of this incised
coastal gully feature. Therefore, Grange/Marsh Chine was chosen as the gully system to
be modelled within MT-CHILD.

6.1.2 Grange/Marsh Chine
Grange/Marsh Chine is an incised coastal gully system located in the Wealden Marls
geology of the south west Isle of Wight (gure 1.1) and comprises two individual gullies,
Grange and Marsh Chines, which join

∼100

m inland from the gully mouth (gure 6.1).

Henceforth, the term Grange Chine will be used to refer to the combined Grange and
Marsh Chine system, unless otherwise specied. Grange Chine has a contributing
drainage area of

∼12

km

2 (table 6.1) and, under current conditions, is estimated to be

experiencing a growth in extent (gure

??).

The current length of Grange Chine is

∼475

m. Further inland, growth by the Marsh Chine branch of the system is limited by the
A3055 (Military Road); however as the A3055 bridges Grange Chine, this branch of the
gully can extend inland unimpeded (gure 6.1). The inland section of the Chine is
densely vegetated, with bare soil found predominantly around the mouth of the Chine.
The depth of incision at the Chine mouth is 24 m, meaning that the stream owing
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Name

Grid

Reference

Geology

Compton

Contributing

2

(OS Sheet SZ)
368852

Chine

Area (km )

Length (m)

WS

1.8

15

Shippards

378840

WM

0.7

-

Churchill

381838

WM

0.7

35

Brook

386835

WM

5.1

350

Chilton

410822

WM

1.5

250

Grange/Marsh

422818

WM

12

475

Barnes

436809

WM

-

-

Cowleaze

445802

WS

0.8

140

Shepherds

449498

WS

11.3

500
550

Whale

469783

LGS

2.3

Ladder

471780

LGS

0.1

15

Walpen

474777

LGS

0.7

20

Table 6.1: Overview of the characteristics and morphometrics of named Chines found

along the south west Isle of Wight. Geology is simplied into predominant sections: WS
= Wealden Shales, WM = Wealden Marls, LGS = Lower Greensands. See gure 1.1 for
location map and more detailed geological map.

through the Chine debouches slightly above base level (0.96 m). The width of the Chine
at the gully mouth is 190 m. Historic rates of cli retreat in this section of coastline
(Unit II in chapter 3) are consistent with average rates of erosion for the whole south
west Isle of Wight coastline at

∼0.55

ma

−1 (Halcrow, 1997; Leyland, 2009; Royal

Haskoning, 2010, see chapter 3 for further details). Average knickpoint recession rates, as
calculated by Leyland (2009), are 0.98

±

0.11 ma

−1 during the period 1703 - 2004.

The initial digital elevation model (DEM) used as the input to MT-CHILD was derived

1 with a spatial resolution of 2 m and OS Prole data with a

from 2011 LIDAR data

spatial resolution of 10 m (gure 6.1a). LIDAR data was accurate to

±0.15

m

horizontally when checked against tie-lines. The vertical accuracy of the LIDAR data
had an RMSE of 0.02 m. The 2 m LIDAR data only covers the extent of the incised
gully (an area slightly larger than that depicted in gure 6.1b); therefore OS Prole data
was used to model the catchment area of the gully inland of the gully headcut. The OS
Prole data was accurate vertically to

±2.5

m and 10 m horizontally by virtue of the

grid resolution. This combination of data sources allows the more dynamic gully system
to be modelled at higher resolution (2 m), whilst saving computational demand by
representing the less geomorphically active catchment area of the gully system at a lower
resolution (10 m). Flow accumulation and direction was checked in ArcGIS to ensure
that ow through the constructed DEM was routed along the correct course and to
identify areas of sinks. Where sinks were identied, the DEM was lled using a sink
lling algorithm in ArcGIS to ensure water was routed through the whole catchment.

1

2011 LIDAR data courtesy of the Environment Agency.
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Figure 6.1: a) Digital Elevation Model of the Grange Chine catchment area, used as

the input for the model simulation. The solid line depicts the boundary between LIDAR
(to the south west) and OS prole data (to the north east). b) Aerial image of Grange
and Marsh Chines taken in 2004 (data courtesy of the Channel Coastal Observatory).
Key features are identied in both plots.

Individual scale bars and North arrows are

provided.
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Parameter

Units

Value

n/a

1

Fluvial Erosion
Kf - regolith transoprt eciency
Kw - hydraulic width coecient
wb - hydraulic width exponent
τcr

Bedrock Erosion

τcr

L

Hillslope Erosion

0.5

Nm

3.6

1−2m /T

0.1

n/a

- critical shear stress (Wealden Shales and Marls)

Kd - hillslope diusivity coecient
Sc - critical slope for mass wasting

10

n/a

−2

- critical shear stress (Wealden Shales and Marls)

Kbr - bedrock erodibility coecient
Pb - critical shear stress exponent

n/a

1.5

−2

3.6

−1

0.01

Nm

ma

m/m

1.7

Table 6.2: Parameter values used in modelling the future evolution of Grange Chine.

6.1.3 Parameterisation of MT-CHILD
As discussed in chapter 4, MT-CHILD contains a wide range of process representation.
These processes are discussed and reviewed in detail in section 4.1.4. Additionally,
details of the selection of representative processes for the Isle of Wight Chine systems
and their associated parameter values are provided in section 4.3.1. The processes used
to represent Grange Chine are the same as those used in the Shepherds Chine simulation
described in chapter 4. That is to say, uvial erosion is modelled by using the excess
stream power law (Eq. 4.6), bedrock erosion is modelled by the power law formulation
(Eq. 4.13), and hillslope erosion is modelled using Roering

et al. (1999, 2001, Eq.

4.4).

Based on the sensitivity analysis conducted in Chapter 4, undertaken to inform the
parameterisation of the bedrock erodibility coecient, KB , a value of 0.1 was chosen as
this was the value which corresponds to the run with the lowest Root Mean Square Error
(see table 4.8 in section 4.3.3). The complete set of parameter values used in the
simulations of Grange Chine presented in this chapter is detailed in table 6.2. As Grange
Chine is found within the Wealden Marls geology (table 6.1), the associated critical
shear stress for that geology (3.6 Nm

−2 ) is selected (table 6.2). The cli retreat model

used in the simulations was that for the whole Isle of Wight (gure 3.14a) as this allows
rates of coastal retreat predicted by the modied MT-CHILD model to be applied to
other Chine catchments along the coastline. Furthermore, rates of retreat around Grange
Chine are consistent with those observed for the coastline as a whole (section 6.1.2).

6.1.4 Climate input les
To assess the impacts of changes in precipitation, sea level and wave climate upon
incised coastal gullies, MT-CHILD was forced with downscaled HadCM3 and CGCM2
climate data (detailed in chapter 5). Downscaled ensembles were re-sampled within a
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Monte Carlo framework to account for the uncertainty associated with climate modelling
(see section 5.5), generating a total of 17950 model runs. Each run has associated mean

−1 ), mean storm duration (years) and mean interstorm duration

storm intensity (ma

(years) input les to represent future precipitation climates. In addition, a single time
series le detailing the combined sea level and signicant wave height records was
generated from the sampled ensembles. All of these parameters were made to vary
through time using the

tTimeSeries

function (see section 4.1.3), thus allowing

MT-CHILD to model transient changes in these variables up to 2100.
To assess changes in gully dynamics relative to the 1961 - 1990 baseline data, 100 year
downscaled time series relating to this baseline climate was required. To obtain such a
data series, the thirty year (1961 - 1990) NCEP-NCAR data (Kalnay

et al., 1996)) was

resampled at a daily resolution. By applying the relationships detailed in table 5.3 to the
resampled NCEP-NCAR data within the SDSM weather generator, 100-member baseline
ensembles of precipitation, sea level and wave height representing the current climatic
conditions were generated. These ensembles represent 100 year time series corresponding
to scenarios in which the 1961 - 1990 baseline climatic conditions persist un-perturbed

st Century. The availability of this baseline scenario allows the assessment of

over the 21

gully response to a continuation of current climatic trends, facilitating the identication
of the eects of perturbations in climate upon gully morphology over the next 100 years.
The 100-member NCEP-NCAR baseline climate ensembles were applied within the
Monte Carlo framework described in section 5.5 (gure 5.10), resulting in an additional
3420 model scenarios to represent the baseline climate.

6.2 Probabilistic projections of gully morphometry under
scenario of future climate change
To provide a quantitative means to assess the impacts of future climate change on the
evolution of incised coastal gullies, a series of metrics were taken from the nal outputs
of the MT-CHILD model runs to represent the landscape at 2100. These metrics include
the amount of coastal erosion (m), change in gully extent (m), the elevation of the gully

2

mouth (m) and the total area of the gully (km ).
It has been shown in section 1.4.1 that the Chines provide an extension of the soft cli
environment and thus an extension of the ecologically important habitat that soft clis
sustain (Howe, 2002; Norton

et al., 2006).

By combining the amount of coastal retreat

and headwards erosion simulated within MT-CHILD it is possible to dene the extent of
the gully (m), which is used herein as a proxy for the amount of habitat the gully is able
to provide, which in turn provides a basis for enabling the ecological impacts of climate
change and sea level rise to be assessed.
As with all modelling of future landscape response there are inherent uncertainties
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Term

Likelihood of the Outcome

Virtually Certain

99 - 100% Probability

Very Likely

90 - 100% Probability

Likely

66 - 100% Probability

As likely as not

33 - 66% Probability

Unlikely

0 - 33% Probability

Very unlikely

0 - 10% Probability

Exceptionally unlikely

0 - 1% Probability

Table 6.3: Likelihood scale as used in the IPCC fth assessment report (AR5). From

Mastrandrea et al. (2010).

associated with the model itself and the inputs used to drive the model (Beven, 1996;
Willgoose

et al., 2003; Temme et al., 2009; Caers, 2011).

The uncertainty associated with

the inputs has been addressed in chapters 4 and 5. By employing a Monte Carlo
approach (see section 5.5) it is possible to make probabilistic statements about possible
future changes in the landscape. In doing so, the terminology to be used in the IPCC
fth assessment report (AR5) (see table 6.3) will be used (Mastrandrea

et al., 2010)

throughout this chapter.

6.2.1 Coastal erosion
Figure 6.2 depicts the cumulative distribution functions (CDFs) of outputs from the
MT-CHILD model for each of the four GCM/emissions scenario groupings. As can be
seen, there are signicant dierences in coastal erosion projections between the GCM
and emissions scenario used (highlighted in table 6.4). Specically, HadCM3 GCM
inputs result in larger values of coastal erosion than their CGCM2 counterparts, with a
maximum of 517.5 m of predicted retreat, compared to 267.7 m, respectively. Mean
values of retreat also vary signicantly between the four GCM/emissions scenarios (table
6.4), with the HadCM3 A2 forced runs displaying a mean projected retreat of 92 m by
2100, compared to 70.2 m under the B2 emissions scenarios. In contrast, the CGCM2 A2
emissions scenario produces mean retreat values of 42.6 m which compares to the 43.9 m
of retreat projected under the CGCM2 B2 scenario. These results for the climate change
scenarios may be compared to the baseline value of mean coastal retreat of 53.5 m at
2100. Thus, coastal erosion to the year 2100 is projected to increase by 172% and 131%
under the HadCM3 A2 and B2 emissions scenarios, respectively, but to decrease by
between 21% (A2 emissions scenario) and 18% (B2 emissions scenario) under the
CGCM2 runs.
Kolmogorov-Smirnov tests suggest that the distributions of the results obtained are

p < 0.05).

non-normal (

As such, the use of mean values as discussed above may be

unrepresentative, since the distribution of coastal retreat values projected in the
simulations are likely to be highly skewed by extreme values. Focusing the discussion on
the most probable values (i.e., the modal value) of future rates of coastal erosion (ma

−1 ),
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Gully Extent (m)

0.103

0.64

GME (m)

0.007

0.33

Mean
0.18

0.33

0.43

1.48

49.99

-6.10

36.45

33.61

13.73

110.16

0.94

0.70

0.78

0.17

0.80

0.79

0.20

0.19

0.20

0.03

0.19

0.33

(km )

Standard Deviation
0

Retreat (ma

2

37.68

67.47

0.31

0.33

Gully

0.53

0.58

−1 )

0.38

0.52

Coastal

Mean

-27.54

85.32

of

Standard Deviation
0.11

0.36

Rate

Mode

Baseline

66% Lower Bound

Mode
0.54

66% Upper Bound

66% Lower bound

CGCM2 A2

66% Upper bound

66% Lower bound

Mode

Standard Deviation

Mean

0.56

0.03

0.20

0.33

0.44

46.48

-6.33

47.41

32.77

6.21

1.00

0.71

0.83

0.15

0.91

0.16

0.14

0.15

0.01

0.15

CGCM2 B2

66% Upper bound
Mean

0.70

0.92

71.98

-54.36

0.85

1.01

0.34

1.21

0.11

0.12

0.01

0.12

HadCM3 A2

Standard Deviation

-79.84

-13.3

0.12

0.12

0.04

1.41

0.43

40.42

Mode

1.14

0.35

1.18

66% Lower bound
66% Upper bound

53.31

-23.35

0.01

0.53

0.12

0.70

0.11

Mean

0.96

HadCM3 B2

0.84

Standard Deviation

-40.65

19.97

0.13

0.05

1.37

0.30

42.10

Mode

0.88

66% Lower bound
66% Upper bound

Area

Table 6.4: Values for metrics extracted from MT-CHILD for the end of the simulation period (2100).
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Figure 6.2:

Cumulative Probability Density functions of MT-CHILD model outputs

of coastal erosion (m). The dierent GCMs and baseline scenario are shown in dierent
colours; HadCM3 = blue, CGCM2 = red, Baseline = black. A2 emissions scenarios are
depicted by solid lines and the B2 emission scenarios are depicted by dashed lines.

may therefore provide a more representative gauge of future coastal erosion. The modal
values are found to vary signicantly between the GCM/emissions scenario groups (table
6.4, gure 6.3). Runs within the HadCM3 A2 group have a modal coastal erosion rate of
0.43 ma

−1 at 2100, compared to a modal value for the HadCM3 B2 group of 0.3 ma−1 .

The CGCM2 model modal values are less than their HadCM3 counterparts, with the A2
and B2 scenarios both exhibiting a mode of 0.18 ma

−1 . The baseline modal value is 0.35

−1 , indicating that only the HadCM3 A2 scenarios force an increase in projected

ma

future modal rates of coastal erosion.

To better communicate the uncertainties associated with the spread of the CDFs
displayed in gure 6.2, it is possible to present the model results in terms of likely (table
6.3) ranges of rate of coastal erosion, within which 66% of the data lie (Mastrandrea

et al., 2010).

As these data are non-normal, the likely range was identied using the

Bayesian Highest Posterior Density (HPD; Chen and Shao, 1998) region. The HPD
region is the shortest interval in the parameter space that contains a user-dened
amount (in this case 66%) of the probability (Chen and Shao, 1998). Applying HPD, the
likely range of future projected rates of coastal erosion within the HadCM3 A2 group of
runs extends from 0.04 ma

−1 to 1.14 ma−1 , compared to 0.05 ma−1 to 0.88 ma−1 for the

HadCM3 B2 group. For the CGCM2 A2 group the likely range is 0 ma
compared to 0.03 ma

−1 to 0.54 ma−1 ,

−1 to 0.56 ma−1 for the CGCM2 B2 scenarios These highlight the

wide spread of the data and distributions produced, demonstrating that there are large
uncertainties involved in the climate modelling and climate downscaling undertaken
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Figure 6.3:

Probability density functions of MT-CHILD model outputs for rate of

−1

coastal retreat (ma

) highlighting the shift in probability distribution from baseline

climates (solid black) under future scenarios of climate change. The dierent GCMs and
baseline scenario are shown in dierent colours; HadCM3 = blue, CGCM2 = red. A2
emissions scenarios are depicted by solid lines and the B2 emission scenarios are depicted
by dashed lines.The dashed line at x = 0.5 represents the current observed rates of erosion
along the south west Isle of Wight coastline.

herein. By amalgamating the ranges described above, it is possible to summarise that

−1 and 1.14 ma−1 . This

the likely range of rate of coastal retreat by 2100 is between 0 ma

is compared to the likely range at 2100 associated with the baseline climate of between
0.11 ma

−1 and 1.48 ma−1 .

If the above results suggest that there is no clear impact of climate change on projected
average and likely rates of coastal retreat by 2100 (gure 6.3), there is nevertheless a
clear shift in the extreme rates of coastal erosion predicted by the dierent
GCMs/emissions scenarios, versus baseline conditions. For the baseline scenarios,

th

extreme rates of coastal erosion ('extreme' throughout this chapter is dened as the 95

−1 . Under the

percentile; Frei and Schär, 2001) are dened as rates in excess of 1.38 ma

CGCM2 A2 and B2 scenarios, the exceedance probability of this baseline rate occurring
drops from the dened value of 5% to only 2%, suggesting that such extreme events are,
under the scenarios projected, to become signicantly less likely in the future. However,
the HadCM3 GCM runs project more extreme rates of coastal erosion by 2100 as
compared to baseline, with the exceedence probability of the (baseline) extreme rates
rising to 21% and 11% under the A2 and B2 emissions scenarios, respectively.
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6.2.2 Change in gully extent
By combining the results described in section 6.2.1 with corresponding rates of
headwards erosion, it is possible to obtain CDFs that estimate the projected changes in
future gully extent (gure 6.4). As with the coastal erosion projections in section 6.2.1,
large variations exist between the respective input groups. Looking at the modal (most
probable) values, only the HadCM3 B2 group projects a loss of future gully extent (table
6.4). The tighter distribution of the CGCM2 inputs is reected in their comparatively
small HPD regions. The likely range of change in gully extent as predicted by the
HadCM3 GCM is -79.8 m to 40.4 m under the A2 emissions scenarios, and -40.7 m to
42.1 m under the B2 emissions scenarios. In contrast, CGCM2 GCM inputs are
constrained to a much smaller likely range of -6.1 m to 50.0 m under the A2 emissions
scenarios, versus -6.3 m to 46.5 m under the B2 emissions scenarios. Taking all the
inputs together it is possible to bound the likely range of change in gully extent to
between -79.8 m and 50.0 m. Comparison to baseline scenarios shows that scenarios of
future climate change result in a shift towards loss in extent. Modal values of change in
gully extent under the baseline scenario suggests a growth in gully extent of 85.3 m. This
is consistent with previous evidence (gure

??) which shows that Grange Chine is

currently in a growing phase. Similarly, the likely range of change in gully extent as
projected by the baseline scenario is -27.5 m 110.2 m.
Although modal values provide an idea of the most probable values of change, it may be
more meaningful to understand the probability that gully extent will increase or decrease
by 2100. In a similar vein, it is potentially of great benet to understand the possible
changes in extreme loss of gully extent, which will have tangible eects on habitat
provision and ecosystem stability. For the baseline scenario, the probability of a loss of
gully extent by 2100 is

∼7%

(gure 6.4), but under all the scenarios of future climate

change investigated herein, the overall probability of gully extent loss increases.
Specically, for the CGCM2 forced runs, the probability of loss of gully extent increases
to between 27% (A2 emissions scenario) and 36% (B2 emissions scenario), this is
intriguing as it shows loss of gully extent is more probable under the lower B2 emissions
scenario. It may be that under A2 emissions scenarios, changes in precipitation are
greater than under B2 emissions, promoting greater headwards erosion and,
consequently, lower likelihoods of loss of gully extent. This point is considered further
below in section 6.3. Under the HadCM3 forced runs, the probability of loss of gully
extent increases even further, to between 76% (A2 emissions scenario) and 60% (B2
emissions scenario). Figure 6.4 also shows that the likelihood of extreme loss of gully

th

extent, which under baseline conditions equates to a loss of 15 m (as dened by the 95

percentile value), increases from the dened value of 5% in the baseline scenarios, to 12%
and 18% under the CGCM2 A2 and B2 scenarios, to 61% and 42% under the HadCM3
A2 and B2 scenarios, respectively. As such it can been seen that there is a signicant
shift in the distributions of projected gully extent under future climate change which
suggests that extreme losses of Chine habitat are more likely in the future.
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Figure 6.4: Cumulative Probability Density Functions of MT-CHILD model outputs

for change in gully extent (m).

The dierent GCMs and baseline scenario are shown

in dierent colours; HadCM3 = blue, CGCM2 = red, Baseline = black. A2 emissions
scenarios are depicted by solid lines and the B2 emission scenarios are depicted by dashed
lines. The dashed black line at x = 0 represents no change in gully extent, where coastal
retreat and headwards erosion are equal over the 100 year period.

6.2.3 Gully mouth elevation
The gully mouth elevation (GME) provides an indication of the extent to which the gully
has incised, which itself is a proxy of the gully's ability to evacuate deposited sediment
from its system. Thus, as GME increases, it follows that the gully is less eective at
removing sediment from its base. Conversely, if GME decreases, the gully is eciently
removing deposited material as well as incising through the bedrock, thereby lowering
the gully mouth.
Figure 6.5 shows that the distributions of projected GME are signicantly more
clustered than those projected for coastal erosion and gully extent. For GME, the 2100
modal value for the baseline scenario is 0.58 m, which may be compared to the currently
observed GME of 0.96 m, meaning that if current climatic conditions were to persist, the
gully will continue to incise over the next 100 years, reducing GME. Under the climate
change scenarios, modal values of GME for the CGCM2 projections are higher than for
the baseline scenario, with values of 0.78 m and 0.83 m under the A2 and B2 emissions
scenarios, respectively (table 6.4, gure 6.5). Similarly, the HadCM3 A2 and B2
projections also show an increase in GME when compared to baseline predictions, with
modal values of 1.01 m and 0.96 m, respectively. These results suggest that, under
climate change, gully incision may slow over the coming century, implying that the gully
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Figure 6.5:

Probability Density Functions of MT-CHILD model outputs for gully

mouth elevation (m).

The dierent GCMs and baseline scenario are shown in dier-

ent colours; HadCM3 = blue, CGCM2 = red, Baseline = black. A2 emissions scenarios
are depicted by solid lines and the B2 emission scnearios are depicted by dashed lines.
The dashed line at x = 0.9 represents the current observed gully mouth elevation (m).

system would become less ecient at removing sediment.

An interpretation of a slowing in gully incision rates under climate change is further
enforced by the HPD region bounding the 66% likely regions. For the baseline
projections the likely range is between 0.52 m and 0.79 m, but for the CGCM2
projections the likely ranges fall between 0.70 m and 0.94 (A2 emissions scenario), and
0.71 m and 1.00 m (B2 emissions scenario). Similar results are obtained for the HadCM3
GCM projections, for which likely ranges suggest higher GME values are likely, with the
A2 emissions scenarios displaying giving a likely range of 0.85 m to 1.41 m, versus a
likely range of 0.84 m to 1.37 m for the B2 emissions scenarios.

The simulations also show that large increases (relative to the baseline projection) in
GME may be experienced under all future climate projections. For example, there is a
10% chance that under the A2 emissions scenarios GME will exceed 1.69 m and 1.3 m,
whereas under the B2 emissions scenarios GME will exceed 1.62 m and 1.14 m, for the
HadCM3 and CGCM2 GCM runs, respectively. It is therefore possible that the gully
system may experience a large decrease in incision rates by 2100. If this were to occur,
then such a response would be indicative of an increase in sediment delivery to the gully
mouth through headwards- and gully sidewall erosion. As more sediment is delivered to
the gully mouth, the gully would become clogged by deposited material and become
unable to incise through the colluvial inll to reach the underlying bedrock material.
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Figure 6.6: Probability Density Functions of MT-CHILD model outputs for gully area

2

(km ). The dierent GCMs and baseline scenario are shown in dierent colours; HadCM3
= blue, CGCM2 = red, Baseline = black. A2 emissions scenarios are depicted by solid
lines and the B2 emission scnearios are depicted by dashed lines. The dashed black line
at x = 0.07 represents the currently observed gully area.

6.2.4 Gully area
PDFs of simulated gully area (gure 6.6) show that there is a clear dierence between the
climate change projections in the GCM forced runs and the baseline scenarios. Under

2

baseline conditions, gully area is projected to display a 2100 modal value of 0.33 km .
Comparatively, for the CGCM2 forced runs, gully area is projected to display modal
values of 0.2 km

2 and 0.15 km2 under the A2 and B2 emissions scenarios, respectively.
2 under both

Similarly, for the HadCM3 projections, gully area modal values are 0.12 km

the A2 and B2 emissions scenarios (table 6.4). It is evident that under the scenarios of
future climate change explored here, modal gully areas are projected to become smaller
than under the baseline scenarios. These decreases equate to a reduction in gully area of
40% and 45% under the CGCM2 A2 and B2 emissions scenarios, respectively, when
compared to the baseline scenarios. For the HadCM3 A2 and B2 emissions scenarios the
reductions in gully area relative to the baseline projections are in the order of 63%.

Application of HPD regions to the data in gure 6.6 suggests that likely ranges of gully

2 to 0.2 km2

area under for the CGCM2 forced runs projections range between 0.19 km
and 0.14 km

2 to 0.16 km2 for the A2 and B2 emissions scenarios, respectively, whereas

for the HadCM3 projections the likely ranges of gully area are 0.11 km
0.11 km

2 to 0.12 km2 and

2 to 0.13 km2 under the A2 and B2 emissions scenarios. By means of
2

comparison, the current area of Grange Chine is 0.07 km , so for all the model
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projections, including the baseline scenario, gully area is projected to increase by 2100.
However, the future climate change scenarios project lower increases in gully area
(relative to current conditions) than the baseline scenarios.
Extreme changes in gully area may result in a doubling of the currently observed gully
area (gure 6.6). However, extreme changes in gully area projected by the CGCM2 and
HadCM3 forcings are almost half those projected by the baseline scenario. Both the

2

HadCM3 set of runs suggest there is a 5% chance that gully area will exceed 0.13 km .
Comparatively, under the CGCM2 runs, there is a 5% chance gully area will exceed 0.19

2 and 0.16 km2 under the A2 and B2 emissions scenarios, respectively.

km

6.3 Drivers of change in gully morphometry
In this section the climate drivers responsible for the changes in gully extent are
elucidated. Gully extent is the focus in this analysis because it acts as an important
proxy for the amount of ecologically valuable habitat the gully is able to provide. As
such, identifying the climatic drivers aecting this parameter enables a clearer
discrimination of the possible factors driving ecological change to be identied. A better
understanding of this relationship will facilitate better management of these systems by
allowing land managers to project responses from observed variations in climate.
As discussed in chapter 2, changes in gully extent are driven by two competing processes;
knickpoint recession and coastal erosion. These processes are, in turn, controlled by
three climatic variables; sea level rise, wave height and (hydrologically eective)
precipitation. It is therefore tentatively assumed that model runs which are characterised

2 in wave climate, which display large rises in sea level, and which depict

by large changes

scenarios of low intensity precipitation, would result in the largest projected losses of
gully extent seen in gure 6.4. This is because increases in wave height and sea level
result in increased coastal erosion (Walkden and Dickson, 2006; Nicholls and Cazenave,
2010), whilst low intensity precipitation may not generate sucient runo to sustain
headwards erosion of knickpoints at a rate sucient to match or surpass the increased
coastal erosion. The resultant imbalance in coastal erosion versus knickpoint migration
rates would result in the truncation of the gully, leading to a loss of gully extent. In
contrast, for scenarios characterised by low rises in sea level, low level changes to wave
climate and high intensity precipitation it is tentatively assumed that gully extent would
increase, as a result of the increased knickpoint recession induced by the higher
precipitation levels and the decreased rate of coastal erosion.
To explore the above ideas, changes in gully extent were plotted in relation to a

th percentile

3-dimensional phase-space indicating the (i) rate of sea level rise, (ii) 95
value of precipitation intensity and (iii) 95

2

th percentile signicant wave height value

Changes in wave climate, sea level and precipitation are dened relative to baseline scenarios.
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(gure 6.7). The 95

th percentile precipitation intensity and signicant wave height values

were selected for consideration on these plots to provide an indication of the role of
precipitation and wave climate extremes in controlling changes in projected gully extent.

th percentile used herein to represent extreme values (Frei and Schär, 2001),

The 95

therefore the higher a model run's 95

th percentile value, the more extreme the future

climate. A focus is paid here to extremes as it frequently recognised that extreme values
of wave height and precipitation key drivers of coastal and uvial erosion, respectively
(Ruggiero

et al., 2001; Sallenger et al., 2002; DiBiase and Whipple, 2011).

Accordingly

such values will likely control changes in coastal gully morphometry. As can be seen in
gure 6.7, the largest projected losses of gully extent (points coloured red in gure 6.7)
coincide, as expected, with simulations in which the input climate series are
characterised by larger wave heights and low precipitation intensities. Interestingly,
however, it appears that simulations with larger rises in sea level do not necessarily
result in the largest losses in gully extent.
In gures 6.7a and c there is a clear distinction between those simulations which project
a growth in gully extent (points coloured dark blue) and those which depict a loss in
gully extent (points coloured light blue, yellow and red). This transition occurs along the
plane of the axis representing extreme wave height, specically at a value of the 95
percentile signicant wave heights of

∼3

th

m. Below this threshold all runs project a

growth in gully extent, however, once the

∼3

m threshold is passed, a reduction in gully

extent ensue, independent of the sea level and precipitation forcing. Similar ndings are
evident in gure 6.7c (for the HadCM3 A2 projections), albeit with a threshold wave
height of

∼1.5

m, but the dominant forcing of the extreme signicant wave height is not

so clearly evident in gures 6.7b (CGCM2 B2) and 6.7d (HadCM3 B2). Nevertheless,
the presence of such a dened wave height threshold clearly implies that wave climate
acts as a key control on changes in gully extent, and that if future extreme wave heights
were to surpass a threshold in the range 1.5 m to 3.0 m, signicant losses of modelled
gully extent would likely ensue. The lack of any dened thresholds in any of the three
planes in gures 6.7b and d suggests that there is no dominating control on gully extent
under B2 inputs, regardless of the GCM forcing. However, a slight clustering of runs
predicting a large loss in gully extent in gure 6.7b towards higher sea level and wave
height values suggests these are required to force large losses in gully extent.
To assess the role of each of the individual climate parameters on gully extent, each
parameter was plotted against projected change in gully extent (m). Figure 6.8 shows
that no clear relationship [no signicant linear, or non-linear (power law), relationship
exists between sea level and change in gully extent (for all input groupings

>

r2 < 0.001, p

0.1, tested for linear and non-linear (power law) regressions)] emerges between rates of

sea level rise and change in gully extent under any of the climate forcings explored here.
This reinforces the evidence provided in gure 6.7 which suggested that sea level rise has
only a minor impact on projected changes in gully extent over the next

∼100

years.

As no relationship has been shown to exist between sea level and change in gully extent,

th
−1
percentile signicant wave height value (m) along the x-axis, sea level rise (ma
) along the y-axis and
th
−1
95
percentile precipitation intensity (ma
) along the z-axis for a) CGCM2 A2 inputs, b) CGCM B2 inputs, c) HadCM3 A2 inputs and d) HadCM3

B2 inputs. Points are coloured by their respective change in gully extent (m). Note all scales change between each gure.

Figure 6.7: 3-dimensional scatter plots of 95
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Figure 6.8: Change in gully extent (m) against associated sea level rise (ma

−1

).

it follows that coastal erosion and hence changes in gully extent are likely to be
determined by the wave climate used to force the model simulation. To test this
assumption, the 95

th percentile of each model run's wave climate is plotted against the

respective measure of change in gully extent (gure 6.9). As can be seen in gure 6.9,
the more extreme the wave climate the greater the reduction in gully extent. It can be
seen that a clear, non-linear power-law relationship is evident under the A2 emissions
scenarios (gure 6.9,

p < 0.0001).

Under the B2 emissions scenarios, the response curves

are less clear, although a statistically signicant power-law relationship is present under
the HadCM3 GCM forcing (gure 6.9,

p < 0.0001).

Under the CGCM2 GCM forcing, no

signicant linear or non-linear relationship is present. However given that three of the
four inputs display power-law relationships, it is reasonable to assume that such a
relationship would be present if the level of noise in the response was reduced. It is clear
that dierent levels of noise exist between the various emissions scenarios, with the B2
emissions scenarios displaying a much noisier response than the A2 emissions scenario.
This may represent the high end nature of the A2 emissions scenario (see chapter 5 for
details) which may result in a clearer signal being produced within these model outputs
(Armitage

et al., 2011; Whittaker and Boulton, 2012).
th percentile signicant wave height exceeds

Figure 6.9 shows that once the 95

∼1.5

m,

under the HadCM3 A2 emissions projections a marked increase in the rate of coastal
erosion (resulting in a signicant loss of gully extent) occurs, following a power-law
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Figure 6.9: Change in gully extent (m) as a function of extreme signicant wave heights

th

(m). The larger the value of the 95

percentile signicant wave height, the more extreme

the model runs representation of future wave climate.

relationship. This threshold was also picked up in gure 6.7c. Similarly, under the
CGCM2 A2 emissions projections, once a threshold of

∼3

m has been crossed,

considerable loss of gully extent is experienced. Again, this threshold value matched that
identied in gure 6.7a. The presence of these power-law relationships within gure 6.9
is striking. However, Gelinas and Quigley (1973), Quigley and Zeman (1980) and
Sunamura (1992) have previously shown that rates of retreat are related to wave height
following power-law relationships. Furthermore, recall from chapters 3 and 4 that coastal
erosion is calculated from the excess energy of a combined sea level and wave height data
set via Eq. 3.3. Eq. 3.3 calculates energy based on the square of the combined sea level
and wave height, a power-law formulation. Therefore, as wave heights increase steadily,
the energy delivery to the cli foot increases non-linearly as a function of Eq. 3.3, forcing
a non-linear response in cli erosion. For this to be a valid interpretation, the exponent
of the power-law functions in gure 6.9 should not be less than two (as the exponent in
Eq 3.3 is two). As can be seen, where statistically signicant power-law relationships are
present, the exponent observed is greater than two. Given that the values of retreat
calculated within MT-CHILD are a function of the energy exceeding a threshold, as
extreme wave heights increase (as depicted in gure 6.9), the increase in energy over the
threshold value will rise at an ever increasing rate, therefore the exponents observed in
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th
percentile value of
−1
th
precipitation intensity (ma
). The larger the value of the 95
percentile precipitation

Figure 6.10:

Change in gully extent (m) as a function the 95

intensity, the more extreme the model runs representation of precipitation.

gure 6.9 (depicting extreme wave heights) may be larger than two.
Given that the energy delivery to the cli foot is a function of sea level and wave height,
were these two parameters equally important in determining coastal erosion non-linear
signals should be present in both (i.e. in both gures 6.8 and 6.9). As no linear or
non-linear relationships are present with respect to the sea level response curves (gure
6.8) and yet clear non-linear signals are present within the signicant wave height
response plots (gure 6.9), it follows that signicant wave height is a key determinant of
coastal erosion at this location. The signicance of this result is discussed later, in
section 6.5.2.
Levels of extreme precipitation intensity may aect the gullies ability to erode inland via
the process of knickpoint retreat. Therefore, it may be that higher levels of extreme
precipitation intensity result in lower losses in gully extent. However, as can be seen in
gure 6.10, there appears to be no relationship (linear or non-linear) between extreme
precipitation intensity and gully extent. Under all four input groups it does not follow
that scenarios depicting lower extreme precipitation intensity facilitate greater losses in
gully extent, whilst scenarios with greater extreme precipitation intensity do not appear
to promote gully growth (gure 6.10).
From the above analysis, wave climate appears to be the dominant climatic variable
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controlling future changes in gully extent. Figure 6.9 suggests than a non-linear
relationship exists between the future extreme wave climate and resultant change in
gully extent. The lack of relationships displayed between sea level rise, precipitation
intensity, and change in gully extent (gure 6.8 and 6.10) suggest they are not dominant
controlling factors. However, gure 6.7 highlights the importance of the interaction
between the three climatic variables in determining which combinations of change
actually promote extreme reduction/growth in gully extent. For example, it appears that
low intensity precipitation and extreme wave climates are required to drive an extreme
reduction in gully extent, whereas sea level rise may be less important in determining
gully response, at least over the (approximately) centennial time scales considered in this
study. Considering the highly complex relationship which has emerged with regards to
the interactions between climate variables and changes in gully extent, it can be seen
that the relationship between climate and gully response is not straight-forward.

6.4 Trajectories of change in gully extent over the 21st
Century
In section 6.2 details of the morphodynamic response of incised coastal gullies to
projected changes in future climate were described. These results focused on
understanding the state of incised coastal gully systems in 2100. However, the results
presented in section 6.2 fail to highlight potential variations in the trajectories of change
across the 100 year modelling period. Although describing the nal state of the incised
coastal gully systems is useful for understanding system response to meso-scale changes
in climate, inter-decadal variations in climate and geomorphological response are
observed, and have been projected, under past and future climates (Hurrell and von
Loon, 1997; Brooks and Spencer, 2010; Donat

et al., 2011).

Therefore, understanding

how gully systems will change over these decadal time scales will allow greater insight
into the processes and responses of these systems; allowing for more focused and
informed management practices.

st Century, a

To obtain a detailed view of the decadal changes in gully extent over the 21

more focused set of model runs was conducted, in which outputs were stored every ten
years. These model runs were again focused on Grange Chine, using the same set up as
previously (see section 6.1 for details. To identify the runs to be compiled at the higher
temporal resolution, the coverage of model results for each input group (as displayed in
gure 6.7) was used as an indication as to the spread of model uncertainty. By bounding
the spread of the outputs within a hypothetical cube (gure 6.11), it was possible to
identify the upper and lower bounds of uncertainty associated with each ensemble input
group. The points which plot close to the eight corners of the cube, as measured by
Euclidean distance, represent the scenarios at the extreme upper and lower bands of
plausible uncertainty surrounding the three climatic variables. These are the eight points
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Figure 6.11: Example depicting the selection of the high resolution model runs. Model

runs as depicted in gure 6.8 are bounded by a cube, within which all results are contained. The runs which lie closest to the eight corners of the cube are selected (circled
black) as well as the mid-point of the model cluster (circled red). The numbers relate
to the identication of each point in gure 6.14 and 6.15. Numbers 1 - 8 are the eight
corner points, whilst point 9 is the mid-point.

which were selected to be run at a higher temporal resolution. This selection process is
similar to the selection of 'star points' within a Central Composite Design (CCD; Box

et al., 1987; Wu and Hamada, 2000) methodology.

CCD is an experimental design used

to estimate the main eects of parameter variation whilst maintaining economical
simulation requirements. As such it relies on the identication of points which represent
the range of uncertainty to model the response of the whole system. CCD has previously
been used in numerical modelling studies to assess the uncertainty surrounding the
Holocene development of incised coastal gullies (Leyland, 2009). In addition to the eight
corner points (circled black and numbered one to eight in gure 6.11), the point located
in the centre of each inputs groups model results cluster (circled red and numbered nine
in gure 6.11) was also chosen. This centre point was chosen as it represents the modal
value of the input group, providing an estimate of the `most likely' trajectory of change
in gully extent under that input group. Using these selection criteria, a total of nine runs
for each input group were re-run at higher temporal resolution; a total of 36 additional
runs.
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The results of these additional model runs are depicted in gure 6.12. In gure 6.12
decadal changes in gully extent across the 100 year model period can be seen, with some
decades displaying a growth in gully extent, whilst others display considerable losses. For
example, a growth in gully extent is seen under the CGCM2 A2 scenarios between 2020
and 2030 (a growth of

∼50

m), followed by considerable losses of gully extent under some

of the A2 scenarios during 2040 and 2100 (a loss of

∼80

m). Several of the HadCM3 A2

runs display a systematic loss of gully extent up until 2060, when small uctuations
occur and an occasional growth in gully extent is projected. This pattern is also
replicated in the HadCM3 B2 runs, although the overall loss of gully extent is, in
general, considerably less. CGCM2 runs display a greater degree of uctuation than
their HadCM3 counterparts, suggesting that gully systems may respond in a more
variable fashion to CGCM2 forcings. It appears that the changes in climate projected by
the HadCM3 GCM may be too large to encourage growth of the gully systems, except

st Century, when several runs forced with B2 inputs show

towards the end of the 21

increases in gully extent. This suggests that changes in marine climates (wave height and

st

sea level) may overwhelm changes in precipitation, at least in the rst half of the 21
Century, under HadCM3 inputs. The uctuations towards the second half of the 21

st

Century indicate that HadCM3 inputs either predict an increase in the level of
precipitation towards to the end of the century, inducing increased headwards erosion, or
a decrease in wave heights or sea level after 2060 which would act to slow rates of coastal
erosion and allow the gully to extend inland.
By looking in more detail at each input group in gure 6.12 and linking changes in gully
extent to underlying patterns in climate it is possible to elucidate what may drive the
change observed in gure 6.12 and described above. Figure 6.13 displays changes in gully
extent and the associated changes in climate for the CGCM2 driven scenarios. Under the
A2 emissions scenario it can be seen that gully extent is projected to increase to a
maximum around 2030 (gure 6.12). After 2030, gully extent plateaus o before, under
some scenarios, a marked reduction in gully extent is projected between 2040 and 2070.
Under some scenarios, gully extent remains stable after 2030. Under the A2 emissions

st

scenario, extreme precipitation intensity remains fairly constant throughout the 21

Century (gure 6.13). This implies that rates of headwards erosion will also remain
constant, suggesting that temporal changes in gully extent in this period must be driven
by uctuations in marine climate. As can be seen in gure 6.13, under the A2 emissions
scenario the period 2010 to 2030 is projected to be characterised by stable sea levels,
however this period also sees a decrease in extreme wave heights, suggesting that as the
inuence of the marine climate variables on coastal erosion decreases, headwards erosion
continues and drives gully extension. From 2030 to 2070 sea level undergoes slight
uctuations, falling to a minimum at 2060, before rising continuously until 2100. This is
coupled with a sustained rise in extreme wave heights over the same period. These
post-2060's increases in wave height and sea level drive increased rates of coastal erosion
which begin to outpace headwards erosion and drive a marked reduction in gully extent.
After 2070 extreme wave heights begin to fall whilst sea level continues to increase. This
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Figure 6.12: Decadal variations in change in gully extent (m). A2 emissions scenarios

are represented by the solid lines, whilst B2 emissions scenarios are represented by the
dashed lines. The runs are coloured to identify their respective point locations on gure
6.12, where point 1 = Purple, 2 = Orange, 3 = Magenta, 4 = Yellow, 5 = Cyan, 6 =
Red, 7 = Blue, 8 = Green and 9 (the modal run) = Black.

shift acts to slow the loss of gully extent towards the end of the century, by which time
the new climatic regime promotes stable gullies, with rates of headwards gully retreat
and coastal erosion that are similar, explaining the uctuations in some runs at the end
of the 21

st Century.

Under the B2 emissions scenario, gully extent remains stable up until 2040 (gure 6.13),
after which increases in gully extent are observed until 2050. After 2050, however, the
model runs diverge with two runs (yellow (corner point eight) and orange (corner point
two); gure 6.13) displaying marked, rapid loss of gully extent until the end of the
century, whilst three runs (blue (corner point 7), black (modal point nine) and magenta
(corner point 3); gure 6.13) remain stable displaying slight growth in gully extent until
2100. As with the A2 emissions scenario, extreme precipitation intensity remains fairly
constant throughout the 100 year simulations, again suggesting the major uctuations in
gully extent are driven by shifts in marine climate. It can be seen in gure 6.13, that
under the B2 emissions scenarios sea level and extreme wave heights are projected to
undergo large uctuations across the 100 year period. The period of stability predicted
up until 2040 coincides with a period of marked sea level rise and a marked drop in
extreme wave heights (gure 6.13). It therefore appears that the drop in extreme wave
heights is eectively cancelled out by the rise in sea level, implying that rates of coastal

th
−
percentile precipitation intensity (ma 1), mean
th
sea level (m) and 95
percentile signicant wave height (m) for CGCM2 A2 and B2 input groups. The runs are coloured to identify their respective
modal run) = Black.

point locations on gure 6.12, where point 1 = Purple, 2 = Orange, 3 = Magenta, 4 = Yellow, 5 = Cyan, 6 = Red, 7 = Blue, 8 = Green and 9 (the

Figure 6.13: Decadal variations in gully extent (m) and associated 10 year moving averages of 95
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erosion remain similar to the rates of headwards erosion. After 2030 sea levels begin to
fall, and combined with lower extreme wave heights during this period, headwards
erosion begins to outpace coastal retreat, permitting an extension of the gully network.
Extreme wave heights being to rise after 2040, however, and when coupled with the lower
sea levels at this time, headwards erosion is allowed to continue. After 2050 sea levels
begin to rise once more and a marked increase is seen in extreme wave heights. This
increase in energy in the marine climate promotes an increase in coastal erosion under
some model runs, resulting in a marked and rapid loss of gully extent (∼100 m in 50
years as depicted by the yellow (corner point eight) and orange (corner point 2) runs).
After 2070, extreme wave heights again begin to fall allowing rates of headwards erosion
to increase and the gully systems to remain stable until 2100. This helps explain the
reduction in loss of gully extent after 2070 in all model runs depicted in gure 6.13.

Figure 6.14 displays changes in gully extent and the associated changes in climate for the
HadCM3 driven model runs. Under the A2 emissions scenario it can be seen that gully
extent is projected to decrease at a constant rate until 2060. This corresponds with
relatively stable levels of extreme precipitation intensity; however, it must be noted that
these levels are lower than projected under the CGCM2 forced runs (gures 6.10 and
6.14). These lower levels are unable to stimulate headwards erosion capable of matching
rates of coastal erosion, resulting in a consistent loss of gully extent up to 2060. Over the
same period sea level rise displays a small increase (from

∼2.7

m to

∼2.9

m) whilst

extreme wave heights remain approximately constant, implying a slight increase in the
energy delivered to the cli and thereby resulting in increased rates of coastal erosion
and subsequent loss of gully extent. After 2060, projections of gully extent begin to
diverge and display greater variability (gure 6.14). The period 2060 - 2100 coincides
with a marked rise in sea level (∼2.9 m to

∼3.3

m) and a slight drop in extreme wave

heights. Given that a decrease in extreme precipitation intensity is experienced over the
same period, yet increased headwards erosion is evident, the rise in sea level does not
counterbalance the decrease in extreme wave height, allowing headwards erosion to
outpace coastal erosion and continue despite the small fall in extreme precipitation
intensity.

When compared to runs forced by the A2 emissions scenario, the runs forced with the B2
emissions scenario have slightly higher levels of extreme precipitation intensity over the

st century, helping to explain the smaller losses in gully extent seen in gures 6.12 and

21

6.14. This is further highlighted in gure 6.10, where the HadCM3 B2 runs plot towards
the higher end of precipitation intensities than their HadCM3 A2 counterparts. Over the
period 2000 - 2060, sea level rises gradually from

∼2.7

m to

∼3.1

m. Coupled with a

slight fall in extreme wave heights and the higher levels of extreme precipitation, this
helps to explain the fairly stable gullies projected under the B2 emissions scenario. The
increased losses in gully extent projected by the magenta (corner point 3) model run
(gure 6.14) are associated with relatively lower levels of extreme precipitation intensity
and relatively higher sea levels. These combine to increase the impact of coastal erosion

th
−
percentile precipitation intensity (ma 1), mean
th
sea level (m) and 95
percentile signicant wave height (m) for HadCM3 A2 and B2 input groups. The runs are coloured to identify their respective
modal run) = Black.

point locations on gure 6.12, where point 1 = Purple, 2 = Orange, 3 = Magenta, 4 = Yellow, 5 = Cyan, 6 = Red, 7 = Blue, 8 = Green and 9 (the

Figure 6.14: Decadal variations in gully extent (m) and associated 10 year moving averages of 95
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on gully extent, and thus drive a reduction in gully extent. Between 2060 and 2100,
model runs project a slowing of the loss in, and in some cases increases in, gully extent.
This period coincides with low extreme wave heights and a stabilisation of sea level,
reducing the levels of coastal erosion experienced, and allowing headwards erosion to
outpace coastal erosion and increase gully extent.
As can be seen, there appears to be clear links between the climate drivers and the
response of the gully system (gures 6.13 and 6.14), however these relationships may not
be linear and the response of gully systems is not clearly dened by one climate driver
(gures 6.8, 6.9 and 6.10). It appears that it is the interactions between the three driving
climate parameters which controls the response of incised coastal gullies (as identied in
gure 6.7). In particular, as demonstrated by gure 6.13 and 6.14, the relationship
between levels of extreme precipitation and extreme wave heights appear to result in
visible changes in gully extent. Each of the model runs analysed in gures 6.13 and 6.14
highlight that the response of the gully is highly dynamic across the 100 year period;
with periods of loss being interspersed by small periods of gully extension. The response
of incised coastal gullies of the Isle of Wight to future changes in climate is not simple,
and temporal variations in response may very well occur across the next 100 years.

6.5 Discussion
6.5.1 Large scale changes in gully morphometry
The A2 and B2 emissions scenarios used to force the GCMs selected in chapter 5 were
developed for the IPCC third assessment report in 2000 (Nakicenovic

et al., 2000).

Recent observations of greenhouse gas emissions suggest that many of the scenarios

et al. (2000) have underestimated the observed rate of
greenhouse gas emissions over the decade since their development (Rahmstorf et al.,
2007; Füssel, 2009). Subsequently, it has been suggested that the Nakicenovic et al.
developed by Nakicenovic

(2000) emissions scenarios may therefore also underestimate future greenhouse gas
emissions (Rahmstorf

et al., 2007; Füssel, 2009; Held, 2012; Rowlands et al., 2012).

Recent studies have suggested that the higher end emissions scenarios, such as the A2
scenario used in this chapter, may be more realistic (albeit nevertheless conservative)
than the middle-to-low end scenarios, such as the B2 scenario also used above (Held,
2012; Rowlands

et al., 2012).

Considering this, the following discussion will focus upon

the results pertaining to the A2 emissions scenario only.
Additionally, increasing focus is recently being paid to the role of extreme events, in
acknowledgement that they may drive large changes in geomorphic systems (e.g.
Easterling, 2000; Goudie, 2006; Callaghan

et al., 2008; Field et al., 2012).

It has been

argued that extreme events (for denition, see section 5.2.3) are more important that
averages when considering impacts assessment (Katz and Brown, 1992). The frequency
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of occurrence of extreme events has been predicted to change under future climate
change scenarios (Easterling, 2000; Alexander and Jones, 2001; Flather

et al., 2006).

et al., 2001; Frei

Of particular note is the change in distribution of a climate variable under

future climate forcing; for example, the mean climate may remain constant, but
dierences may occur in the tails of the distribution (Field

et al., 2012).

Therefore

understanding the predicted extreme response of incised coastal gullies to climate change
is important, not only in informing management strategies, but in understanding
complex system response to climate change. Accordingly, a focus is paid here to extreme
changes in gully morphodynamics projected in the model runs outlined above.

As can be seen in gures 6.3, 6.4 and 6.5, the A2 scenario runs conducted in this chapter
simulate more extreme variations in coastal retreat and, subsequently, gully extent than
the B2 emissions scenarios. This reects the higher-end nature of the A2 scenario. When
compared to the `no change' baseline scenarios, A2 emissions scenarios project a 172%
increase in the likelihood of extreme rates of coastal erosion (dened as coastal retreat

−1 , the 95th percentile value of erosion associated with the

rates exceeding 1.4 ma

baseline model runs) occurring and a 61% increase in the likelihood of extreme loss of
habitat, dened as a loss of greater than 15 m (the 95

th percentile value relating to loss

in gully extent associated with baseline model runs; section 6.2.2). Under the HadCM3
A2 inputs there is a 10% chance that coastal erosion will exceed 195 m by 2100 (gure
6.15), which represents a 367% increase over the mean rates of erosion projected by the
baseline scenarios (see table 6.4 for details). With respect to gully extent, HadCM3 A2
scenarios project that there is a 20% chance that Grange Chine will experience a loss in
extent of greater than 100 m. In this case, as can be seen in gure 6.15, the Grange
Chine system would eectively become two separate gullies, with the coast retreating to
a point where Grange and Marsh Chines become separate features. Comparatively, the
CGCM2 A2 scenarios project more extreme losses of Chine extent than the comparable
B2 scenarios, however both CGCM2 groups are more conservative than their HadCM3
equivalents. CGCM2 A2 scenarios project that there is only a 0.7% chance that loss of
gully extent will exceed 100 m. Furthermore, these inputs suggest a likely increase in
Chine extent, supported by the associated increase in gully area (gure 6.4). In this case,
the gully is likely to remain in a comparatively stable condition, with Grange and Marsh
Chines likely to remain as one coupled system.

Large variations in the model projections between the dierent GCMs exist within the
results. HadCM3 inputs produced lower levels of precipitation intensity than CGCM2,
suggesting headwards erosion may be less pronounced under HadCM3 scenarios.
Coupled with the larger increases in sea level and wave height predicted by HadCM3, a

st Century (gure 6.4).

likely loss of Chine extent is projected over the course of the 21

Conversely, the higher precipitation estimates of CGCM2 were not matched by the lower
rises in sea level and wave height, allowing the moderate increase in precipitation to
induce larger headwards erosion, and suggesting that a likely increase in Grange Chine
may be expected in the future (gure 6.4).

Chapter 6 : The morphodynamic response of incised coastal gullies to future changes in
212
climate

Figure 6.15: Projections and likelihood of amounts of coastal retreat as projected by

HadCM3 A2 inputs, the more extreme input scenario. The red shaded area represents the
likely range of coastal erosion, containing 66% of projections as determined by the Highest
Posterior Density region. The solid black line represents current cli toe position. The
dashed black lines represent cli positions at 2100 at dierent likelihood bands. Aerial
photo courtesy of the Channel Coastal Observatory.

There is also a possibility (albeit

<1%)

th percentile) A2

that, given highly extreme (≥ 99

scenarios, gully extent will decrease by greater than 320 m. In this case, it is likely that
the whole of Grange Chine would be eroded, with complete loss of the habitats it
supports (gure 6.15). In the case of Grange Chine, the likelihood of this occurring is
low (<1%), however in other gully systems along the south west Isle of Wight coast, such
occurrences may be more likely to happen as they may be less able to maintain rates of
headwards erosion due to their smaller drainage areas.
The geomorphic impacts of future climate change detailed above will impact upon the
biodiversity of the region. As discussed in chapter 1, the soft cli environment of the Isle
of Wight is a key habitat of a series of rare and endangered invertebrate species. Indeed,
Norton

et al. (2006) claim that the provision of bare ground in and around the Chines

and soft clis of the south west Isle of Wight is key to the continuation of invertebrate
communities. Bare ground is created and maintained through the reworking of colluvial
sediment, a process driven by incision and gully sidewall failure (Leyland and Darby,
2008). As detailed above, under extreme climatic change, there is a chance that rates of
incision will decrease, subsequently bank angles may stabilise at lower angles. This will
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allow the colonisation of bare soils by pioneer vegetation communities, reducing the
amount of bare soil habitat available within these features. Conversely, Natural England
(1997) claim that several species of rare insect found along the south west Isle of Wight,

Melitae Cinxia ), are reliant on the warm

including the Glanville Fritillary buttery (

sandy grasslands which develop in the terraces formed by soft cli slumps. If gully
sidewalls are to stabilise under scenarios of future climate change, then grasslands such
as those favoured by the Glanville Fritillary may become more common, providing an
increase in the availability of this habitat. Furthermore, although the results described
above portray a picture of reduced gully extent and loss of habitat, several scenarios
suggest that gully extent may in fact increase (gure 6.4), particularly under scenarios
driven by the CGCM2 GCM.

6.5.2 Climatic controls of gully morphodynamics
The relative importance of individual climate parameters in forcing the response of
incised coastal gullies has been assessed in sections 6.3 and 6.4. Figure 6.7 suggests that
change in gully extent is primarily forced by the extremity of the wave climate being
modelled. As can be seen in gure 6.7, clearly dened bands of change are apparent

th

under the A2 emissions scenarios (gure 6.7a and c) along the axis representing 95

percentile signicant wave height, whereas such bands are not visible along the sea level
or precipitation intensity axes. This implies that it is the degree of extremity in wave
climate which ultimately controls change in gully extent. Furthermore, similar
relationships are visible in gures 6.8, 6.9 and 6.10. As a clearer signal is discernible

th percentile of signicant wave height and change in gully extent than

between the 95

that displayed between rate of sea level rise and change in gully extent (gure 6.8), the
dominance of wave climate over precipitation intensity levels and sea level rise in
controlling levels of change in gully extent is promoted.
The apparent dominance of wave height in determining levels of coastal erosion and thus
change in gully extent is surprising given the focus on sea level rise as a driver of coastal
erosion (Bruun, 1962; Nicholls

et al., 1995; Walkden and Dickson, 2008; Nicholls and

Cazenave, 2010). Although studies have shown that wave energy is important in driving
rates of change in coastal environments (Ruggiero
Gervais

et al., 2001; Sallenger et al., 2002;

et al., 2012; Plecha et al., 2012), the importance of wave energy as a key driver

of coastal erosion has perhaps been over shadowed by the focus on rising sea levels. This
may be especially pertinent in clied environments, where some models which represent
cli erosion, such as SCAPE (Walkden and Hall, 2005), have been shown to be
insensitive to changes in wave height but highly sensitive to changes in sea level (Dickson

et al., 2007).

Given the ndings reported above (section 6.3), the insensitivity of these

models to variations in wave climate may inhibit their ability to accurately model rates
of coastal erosion under changing climates. Therefore there is a need to ensure that the
models used to forecast coastal change accurately represent the driving forces of change.
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By addressing the apparent imbalance in focus regarding drivers of coastal erosion, a
more detailed understanding of coastal morphodynamics may be achieved. Consequently,
by obtaining more detailed knowledge of the response of coastlines, particularly clied
coastlines, to changes in storminess and wave heights, the scientic community will be
better placed to inform defence and mitigation strategies in the face of potential changes
in marine climates over the next 100 years.

By representing the axes on gure 6.7 as percentage changes in each variable, relative to
baseline values, it is possible to see what degree of change in each climatic variable will
result in major losses, or growth, in gully extent (gure 6.16). As can be seen in gure
6.16, there is no clear pattern between changes in extreme precipitation intensity and
change in gully extent. However, it appears that positive changes in the 95

th percentile

signicant wave height result in losses in gully extent, whilst decreases relative to current
conditions promote gully growth (gure 6.16). A

∼50%

increase in 95

th percentile

signicant wave height results in major (∼250 m) loss in gully extent under the CGCM2
A2 forced model runs (gure 6.16a) and

∼500

m loss in gully extent under the HadCM3

A2 forced model runs (gure 6.16c). However, under the CGCM2 B2 forced runs, only
slight positive increases (∼4%) are needed to result in losses of

∼150

m (gure 6.16b).

Both set of model runs forced with the A2 emissions scenario (gures 6.16a and c)
suggest that decreases in 95

th percentile signicant wave height result in a growth in

gully extent, regardless of changes in precipitation and sea level. This does not hold,
however, under the runs forced with the B2 emissions scenarios (gure 6.16b and d).
These sets of run produce a mixed signal, suggesting that loss of gully extent is possible
under scenarios displaying a decrease of

∼20%

th percentile signicant wave height

in 95

(gure 6.16b), whilst growth in gully extent is possible under scenarios displaying
increases of

∼20%

th percentile signicant wave height (gure 6.16d). As the B2

in 95

emissions scenario is less extreme than the A2 scenario (see chapter 5 for details), and as
discussed in section 6.5.1, the A2 emissions scenario may be more realistic than the B2
scenario (Rahmstorf
increase of

∼50%

et al., 2007; Held, 2012; Rowlands et al., 2012), it appears that if an

in extreme signicant wave height is experienced along the south west

Isle of Wight coastline, signicant loss to the extent of the incised coastal gullies may
occur. Similarly, if decreases in extreme wave heights are experienced along this
coastline, then increases in gully extent may be seen.

By studying the decadal changes in gully extent, it is possible to identify key periods
when shifts in gully equilibrium state, or tipping points, may occur. Under CGCM2
inputs, a shift in state occurs around 2030 - 2040, when considerable loss of gully extent
begins (gure 6.12). Over the period 2010 - 2040 gully extent remains fairly constant, if
not growing, under CGCM2 projections. However, after 2040 gure 6.12 shows that
under CGCM2 scenarios losses of up to 200 m will occur. Indeed, greater divergence in
projected trajectories is visible after

∼2050,

particularly under the B2 emissions

scenarios, where two scenarios continue to project growth in gully extent, whilst three
scenarios display a considerable loss in gully extent. This dramatic shift in trajectories

th

percentile signicant wave height value along the x-axis, sea

percentile precipitation intensity along the z-axis for a) CGCM2 A2 inputs, b) CGCM B2 inputs, c) HadCM3 A2

inputs and d) HadCM3 B2 inputs. Points are coloured by their respective change in gully extent (m). Note all scales change between each gure.

level rise along the y-axis and 95

th

Figure 6.16: 3-dimensional scatter plots depicting percentage changes from baseline 95
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indicates that changes in climate may result in a shift from the equilibrium state of the
gully by 2050, tipping the gully from a previously stable state to one of considerable
decay.
Conversely, under HadCM3 inputs, it appears that a change in state is reached later,
around 2070. However, as can be seen in gure 6.12, this change in state may be one of

st Century,

new equilibrium. Figure 6.12 shows that in the early decades of the 21

HadCM3 inputs result in a consistent, linear loss of gully extent up until 2060. Under
the majority of runs forced by the A2 emissions scenarios, this loss is larger, however is
still apparent under the B2 emissions. As 2070 is approached, the signal of both the A2
and B2 inputs becomes noisier, and the rate of loss of gully extent is reduced and in
some cases, increases in gully extent are recorded. Towards the end of the 21

st Century,

some model runs suggest that gully extent may begin to increase, particularly under the
B2 emissions scenarios. It appears, therefore, that the projected climate towards the end
of the 21

st Century is more conducive to gully growth than that projected at the

beginning of the century. As a response, gully systems may shift to a new equilibrium
phase towards the end of the 21

st Century and the considerable loss in gully extent

projected for the beginning of the century may be halted.

6.6 Conclusion
The geomorphic response of Grange Chine to scenarios of future (next

∼100

years)

climate change has herein been assessed using the MT-CHILD LEM. A total of 21370
model runs (17950 climate change scenarios, and 3420 baseline scenarios) were
undertaken, forming the basis for projections of future changes in rates of coastal
erosion, gully extent, gully mouth elevation and gully area. Under future climate change,
rates of coastal erosion are projected to change by between -21% and +172%, relative to
baseline scenarios, dependent upon emissions scenario and GCM (section 6.2.1). Overall
gully extent is shown to produce complex responses, with CGCM2 A2 outputs
suggesting extension of 13.73 m as the most likely response, whereas HadCM3 outputs
suggest a mean decrease of 54.36 m in gully extent. However, all the scenarios
investigated herein suggest that there is an increase in the likelihood of extreme loss of
gully habitat, with the HadCM3 projections suggesting that extreme losses of gully
extent are 61% and 42% more likely, relative to baseline scenarios, versus the CGCM2
projections of extreme loss of gully extent becoming 12% and 18% more likely, under the
A2 and B2 emissions scenarios, respectively.
The geomorphic response of Grange Chine to changes in future climate will impact upon
the ecology and habitat provision of the south west coast of the Isle of Wight. The
potential changes described above may result in pioneer communities colonising areas of
bare ground, reducing the availability of vital habitats for many invertebrate
communities (Norton

et al., 2006).

However, the stabilisation of many slopes may
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increase the availability of sandy grassland, habitats vital for many endangered and rare
species of insect (Natural England, 1997). Therefore, the ecological response to changes
in these gully features may be complex.
Furthermore, the climatic drivers responsible for changes in gully morphodynamics have
been assessed. It appears that wave climate is the dominant control on changes in gully
extent. Figures 6.7 and 6.9 highlight that input group specic thresholds of wave heights
exist, which if passed, would result in dramatic losses of gully extent. It has been shown
that these thresholds are such that only slight increases in future wave height extremes
(4% relative to baseline values) are needed to generate some loss in gully extent, with

th percentile signicant wave

major losses in extent being experienced when future 95

heights display an increase of 50% or greater relative to baseline values (gure 6.16). It
appears that over the coming century, changes in extreme precipitation intensity or sea
level have little impact on projected gully extent (gure 6.7, 6.8 and 6.10); changes in
wave climate are, therefore, the key driver of changes in gully extent over this timescale.
Additionally, it has been shown that trajectories of change are likely to be highly
nuanced and variable over the next 100 years. Decadal resolution modelling was
conducted, suggesting that during the rst half of the 21

st Century, CGCM2 driven

models predict gully stability, with increased variability and the probability of loss in

st Century (gure 6.13). Conversely,

gully extent towards the second half of the 21

HadCM3 driven inputs suggest that the rst half of the 21

st Century is going to be

characterised by consistent, continuous, loss in gully extent. However, after 2070 it is
suggested that projected losses in gully extent will slow, and gully extension is even
possible (gure 6.14).
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