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Mass Movement Hazard in a Changing Climate

Abstract

The Rest and be Thankful pass is one of the most active sites of the UK consid-
ering mass movement. The pass has experienced frequent closure in the past years
and large investments are made to secure accessibility. Alterations of the hydrolog-
ical cycle through climate change will have strong consequences on the frequency,
severity and nature of mass movement. Naturally, this has implications for adap-
tation and mitigation measures to cope with future trends and the corresponding
costs. To understand future hazard, the main spatial and temporal implications for
mass movement through climate change are addressed. A hydrological threshold,
based on the daily precipitation and antecedent precipitation index, is derived from
precipitation data of historical mass movement events. This threshold is applied to
hydrological forecasts from the United Kingdom Climate Projections to determine
future mass movement frequency. Additionally, it is addressed whether daily or an-
tecedent precipitation is determent in various hydrological forecasts. Subsequently,
a selection of precipitation realizations is simulated in the CLiDE environmental
modelling platform, providing insight in the dominant source areas and the effects of
antecedent precipitation regimes on source areas and runout paths of precipitation
induced mass movement. In conclusion, 61.3 mm of daily precipitation will likely
facilitate mass movement and every mm accounted for in the antecedent precipita-
tion index reduces this threshold with 0.1527 mm when the antecedent precipitation
index is based on 8 days. Although an increase of days accounted for in the an-
tecedent precipitation index positively influenced the correlation between displaced
mass and antecedent precipitation, the resulting thresholds do not agree with values
applied in other studies (Ballantyne, 2004; Pennington et al., 2014). Furthermore,
mass movement frequency declines under most hydrological. Nonetheless, severity
likely increases as mass movement in dryer scenarios are largely driven by intense
daily precipitation, whereas wetter scenarios experience extension of source areas
and an increase in material entrainment due to persisting wetting. Additionally, the
simulations show that the main source areas, situated between 300 and 500 metres
altitude, extend upslope when antecedent precipitation regime has a late peak.
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1. Introduction Mass Movement Hazard in a Changing Climate

1 Introduction

1.1 Relevance and Social Context of Mass Movement

1.1.1 Global

Globally, mass movement has accounted for numerous casualties and socio-economic
damage in mountainous regions. Dilley et al. (2005) indicates that 3.7 million km2

of the world is exposed to landslides. Additionally, this threatens about 5% of the
world population (Kjekstad and Highland, 2009). The findings of Petley (2012) show
a number 2060 landslides, responsible for 32332 fatalities worldwide over the period
2004-2010. Similarly, Dowling and Santi (2014) denotes numerous fatalities, up to
25000, resulting from debris flows. The results put forward by Dowling and Santi
(2014) on the relationship between socio-economic factors and debris flows fatalities
emphasize the contrast between advanced and developing countries, where the latter
show to be susceptible to fatalities. Nonetheless, in advanced countries mass move-
ments cause huge economic damages. For example, Austria, Switzerland, Italy and
France have annual costs related to mass movement ranging from 0.8 to over 4 bil-
lion euros (Kjekstad and Highland, 2009). Besides direct economic damage, such as
clearance, also indirect consequence can be identified Schuster (1996). Examples of
which are: damage to transportation systems and mitigation costs. In perspective of
future trends, Schuster (1996) addresses three main reasons for increasing damages
and fatalities resulting from landslides:

• Urbanization of susceptible regions.

• Enduring deforestation.

• Increased susceptibility due to changing precipitation patterns.

As shown by Dowling and Santi (2014), debris flows are, similar to landslides, mainly
triggered by rainfall. Hence the effects of the aforementioned drivers for landslides
can be extrapolated to this type of mass movement as well.

1.1.2 Scotland

Large scale deforestation is an important driver for mass movement in the Scot-
tish Highlands (Ballantyne, 2008; Mather, 2004). In addition, its geological history
and climate have made the Highlands very susceptible to mass movement. High
annual precipitation, steep slopes and erosion of deglaciated sediment provide ex-
tensive hazard to humans, buildings and infrastructure. As a result, the Rest and

5



1. Introduction Mass Movement Hazard in a Changing Climate

Be Thankful pass has experienced frequent closure in the past years, about 11 times
since 2007 for a total of 34 days over the period of 2007 to 2012. This road, passing
through Glen Croe, is connecting the Kintyre peninsula, Argyll and Bute and the
Scottish Highlands to Glasgow and the southern parts of Scotland. Closure of the
pass, resulting from mass movement, has had a major impact on communities in
this area. Aside from large diversions, communities can get cut off from emergency
services. Moreover, the closures have a daily cost of approximately 52 thousand GBP
according to Macklin (2013).

Figure 1: Rest and Be Thankful hillslope with indications of past mass movement
flowpaths (BGS Landslide Team, 2018b).

The hillslope of the Rest and Be Thankful pass has been subject to various adap-
tation measures over the past couple of years as shown in figure 1. From 2007 to 2015
over 50 million GBP was invested to keep the A83 open. Measures such as catch pits,
boulder stabilizers and extra barriers were put into practice in 2012, 2013, 2014 and
2015, followed by 13.5 million GBP added in 2016. Although these adaptation mea-
sures have proven to be successful to some extent, more sustainable measures were
put forward by Macklin (2013). These measures, including constructing a viaduct
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1. Introduction Mass Movement Hazard in a Changing Climate

or a tunnel, ranged from 10 million GBP to 520 million GBP in costs. The constant
implementation of new measures, evidently shows that current measures are still not
sufficient or require constant maintenance. In light of climate change, this raises
the question whether such measures can be considered both sustainable and suit-
able. Consequently, the effects of various climate change scenarios, as specified by
the United Kingdom Climate Change Projections (Murphy et al., 2007; Christierson
et al., 2012), on mass movement activity at the Rest and be Thankful pass should
be evaluated. This will yield a better understanding of landscape dynamics in the
pass and its implications for local communities, governments and other stakeholders
in the near future.

1.1.3 Research Objectives

This study will evaluate the implications of changing precipitation patterns on
the spatial and temporal characteristics of mass movement hazard at the Rest and
be Thankful pass. Subsequently, this study is divided in multiple sub-questions:

• Which hydrological thresholds should be met to facilitate mass movement at
the Rest and be Thankful pass?

• How does the frequency of mass movement at the Rest and be Thankful pass
respond to climate change as described by United Kingdom Climate Projec-
tions?

• Is mass movement hazard in various climate change scenarios driven by daily
precipitation or antecedent precipitation?

• What are the main potential source areas for the dominant mass movement
types?

• Do different precipitation regimes activate different flow paths or source areas?

1.1.4 Research Approach

To determine what hydrological circumstances are able to facilitate mass move-
ment at the study site, the daily precipitation patterns preceding recorded mass
movement events are analyzed. Using a continuous precipitation dataset various
mass movement events from the period 2007 to 2015 are evaluated. Subsequently, a
daily precipitation threshold will be defined. This threshold is based on the precipi-
tation occurring on the day of the mass movement event as well as the precipitation
in a specified amount of days preceding the mass movement event.
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Consecutively, the derived threshold will be applied to various scenarios of daily
precipitation ranging to 2050, based on United Kingdom Climate Change Projections
and calculated by the HadRM3 regional climate model under various model configu-
rations. This allows the recurrence time of mass movement facilitating hydrological
conditions at the Rest and be Thankful pass to be calculated, which yields insight
in future mass movement frequency. Additionally, it is aimed to distinguish whether
the analyzed precipitation scenarios mainly facilitate mass movement by stand-alone
days or rather by days of consecutive precipitation.

A selection of threshold exceeding days, and the days considered influential pre-
ceding the day of interest, are simulated in the CLiDE environmental modelling
platform. This modelling platform allows to quantify the hydrological dynamics,
resulting from the precipitation selections, that govern mass movement such as soil
water levels and overland flow. Consequently, the resulting hydrological dynamics
reveal where dominant source areas and runout paths for mass movement are situ-
ated in the pass. In addition, by simulating selected day series from a wide range of
mass movement facilitating circumstances, the response of the dominant source areas
and subsequent runout paths to changing precipitation patterns can be determined.

To generate meaningful results, the modelling platform should be extensively
parameterized. Consequently soil depths and soil textures at the study site are
obtained from literature and past field studies. The originating soil textures will serve
as input for various pedotransfer functions to compute hydrological and mechanical
properties of the soil, which are required as input for the modelling platform

8
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1.2 Theoretical Framework

1.2.1 Definitions of Mass Movement

To place the geomorphic processes within perspective, the widely applied classi-
fication by Varnes (1978) and Cruden and Varnes (1996) as shown in table 1 is con-
sidered. As indicated in table 1, the study area is characterized mainly by flow- and
slide-type mass movement of unsorted and varying compositions that are commonly
triggered by excessive precipitation, especially in the study area. When considering
the slide-type mass movement in the area, it possible to focus mainly on translational
slides. As the study area consists of mostly shallow soils situated on steep bedrock,
rotational slides are hence uncommon as those generally have a deeper and curved
sliding plane (figure 2).

Table 1: Classification scheme of mass movement, adapted from Cruden and Varnes
(1996). Red marked section indicate the predominant types of mass movement in
the study area.

Translational slides occur mainly along rather straight failure planes (figure 2
B). These planes can be defined by distinct features such soil-bedrock boundaries,
pre-existing faults or soil horizons. Furthermore the displaced material often shows
little deformation during movement such as rotation or backward tilting (Cruden and
Varnes, 1996). Failure along these planes is mainly a result from the reduction of
gravity-driven stabilizing forces due to wetting and subsequent buoyant effects on the
potentially mobilized soil. This destabilizing process is in need of a continuous supply
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of water that exceeds the outflux of water from the soil, thus increasing the pore
pressure that contributes to the buoyant forces. Consequently, slides are commonly
induced by either prolonged periods of precipitation or high intensity precipitation,
both exceeding the soils drainage capacity. The length of these periods is mainly
dependent on the characteristics of the soil.

Figure 2: Types of mass movement. Note the distinction between the uncommon
rotational slide, A, and the common translational slide, B. C denotes the commonly
present debris flow. Adapted from United States Geological Survey (2004).

As mentioned, debris flows are a complex interplay between sediment and water.
Consequently, they differ from fluid flows and avalanches or falls as these are governed
by either water or solids. Debris flows can merely exist due to a combination of the
two, but with at least 50 % sediment (Iverson, 1997). Due to this interplay, debris
flows can transport extremely large boulders at high speeds. The suspension of
smaller particles in the fluid prevents larger particles to settle, as shown in figure
3, emphasizing the importance of both fluids and solids. Furthermore, debris flows
can either emerge from rigid sediments that get increasingly saturated with water
(Iverson, 1997) or from overland flow entraining material (Coe et al., 2008; Berti and
Simoni, 2005).

When applying the aforementioned classifications it already becomes apparent
that flow- and slide-type mass movements are not autonomous phenomena. They
can have similar sources and triggering mechanisms. Therefore, falls, topples, slides
and spreads can be converted into, or initiate, slide- or flow-type movements if enough
water is involved or entrained (Crozier, 1986). Explanatory for this complex interplay
are the findings of Pierson and Costa (1987) on rheologic behaviour of sediment-
water flows and their associated flow velocities. These show that water and sediment
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interact in a continuous spectrum of movement types, depending on the ratio of
water and sediment, which can vary over the flows’ trajectory.

Figure 3: Particle-fluid interaction (A) and particle-particle interaction (B) in sus-
pension within a debris flows. From Iverson (1997).

1.2.2 Mass Movement and Hydrology

As shortly introduced in section 1.2.1, hydrological factors largely govern the
type of mass movement and are responsible for the initiation of mass movement. As
discussed by Van Asch et al. (1999), various types of mass movement are triggered
by different hydrological mechanisms. Debris flows are mainly triggered by surface
runoff increasing the debris internal pore pressure. The water influx is resulting from
high intensity precipitation on rather short timescales, minutes to hours. Shallow
landslides are mainly triggered by infiltration and subsequent increasing pore pres-
sures or weakening of the soil strength. Similarly, deep-seated landslide are mainly
triggered by rising groundwater levels and the subsequent increase in pore pressure,
thus acting on larger timescales, days to months, as groundwater often responds
relatively slow to hydrological trends.

The summarized mass movements are mainly triggered by increasing pore pres-
sure at their failure planes. Shown in figure 4 are the effects of this process when
considering its relation to the normal stress and shear stress on a portion of soil.
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Figure 4: Effect of pore pressure on failure mechanisms in landslides, adapted from
Sassa et al. (2017).

Climate change often implicates hydrological changes as well. Consequently, the
process depicted in figure 4 can either be enhanced when climate change imposes
persistent wetting of a catchment or be diminished when continual drying occurs.
Additionally, changes in precipitation patterns can influence the frequency of different
mass movement types. More intense precipitation patterns would imply more debris
flows and shallow landslides whereas prolonged precipitation will likely trigger more
deep-seated types of mass movement. Therefore, climate change can alter the nature
of mass movements both though long-term and short-term processes.

12
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1.3 Geomorphological Setting

The current geomorphology and climatic conditions are considered key in the cur-
rent mass movement activity at the Rest and Be Thankful pass. Consequently, the
parameterization of the proposed modelling framework CLiDE should resemble the
study site properly. Thus, insight in the geological history and current geomorphol-
ogy is essential in understanding the current landscape dynamics and the associated
mass movement.

The study site is characterized by glacigenic sediments, overlaying the Beinn
Bheula Schist Formation. This formation consists of well bedded metagreywacke of
Neoproterozoic origin, which is somewhat feldspathic and includes bands of phyllitic
metamudstone and metasiltstone. The material is ought to be deposited as strata of
siliciclastic turbidites on submarine fans (Tanner et al., 2013). The original struc-
tures responsible for the relief of the area are mainly extensive nappe folds which
were subsequently reformed by upright folding in various directions (Stephenson and
Gould, 1995). The present geomorphology is mainly governed by a recent history of
glaciation. During the late Devensian, Scotland was largely covered by ice-sheets,
extending to the Atlantic shelf. The subsequent retreat, mainly between 12.9-11.5
kyr, resulted in the onset of extensive reworking and redistribution of the remain-
ing sediments by strong erosion, as shown in figure 5. Consequently, little amounts
of the original drift can be traced back in such valleys as different sediment trans-
port processes superseded glacial transport, such as debris flows (Ballantyne, 2002,
2004). These sedimentary processes caused the present geomorphology to be mainly
characterized by extensive gully systems, incising the sediments.

Figure 5: Development of valleys after deglaciation. Left: the onset of gullies forma-
tion. Middle: the deposition of eroded material at gully outlets. Right: established
drainage patterns that expose bedrock. From Ballantyne (2002).

These processes often result in a complex and poorly sorted stratigraphy as pre-
sented in figure 6. Accordingly, these stratigraphies can comprise of sediments that
can vary strongly in their characteristics over short distances, including texture and

13
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sorting. These factors are influenced by the origin of the glacier, its path and glacial
remnants such as moraines. Consequently, glacial history has a significant impact
on the current geomorphological dynamics.

Figure 6: Schematic overview of a possible composition of a valley subject to various
geomorphological effects attributed to glaciation. From Ballantyne (2002).

Aside from the nature of the sediments, excessive precipitation is the main driver
for geomorphological dynamics and is hence a major contributor to the increased
susceptibility of the area to mass movement. Figure 7 indicates that the Rest and be
Thankful pass is among the wettest parts of Scotland, experiencing over 2000 mm
of precipitation per year or more.

14
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Figure 7: Annual average precipitation (MetOffice, 2018).

15
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2 Methods

2.1 Hydrological Analysis

2.1.1 Threshold: Antecedent Precipitation Index

As discussed in sections 1.2.1,1.2.2 and by Iverson (2000), mass movement is
largely initiated by excessive precipitation. Following catchments characteristics,
such as soil- and lithological properties, topography, landuse and meteorology, the
water entering the system has a certain residence time in the catchments stores.
Consequently, it is estimated to what extent the antecedent precipitation and daily
precipitation influence mass movement initiation using the antecedent precipitation
index (Bruce and Clark, 1966; Glade et al., 2000). Following Bruce and Clark (1966),
the antecedent precipitation index (API) is defined as:

API0 =
n∑
i=1

ki · ri (1)

WhereAPI0 represents the antecedent precipitation index on day 0, k is an iteratively
found decay factor representing the water outflux from the regolith and n indicates
the amount of antecedent days accounted for in the API. The next aim is to deduct a
hydrological threshold line using the combinations of daily rainfall and the API that
are known to have initiated mass movement in the study area. Hence the calculated
API, for n = 4, n = 8 and n = 12, are plotted against the daily precipitation data of
the study area, which includes days of known mass movement events. Subsequently,
the line fitting through the lowest data points that have experienced mass movement
is considered to be threshold. This will result in a threshold in the from of equation
2.

T = −α · API0(n) +R0 (2)

Where T is the daily rainfall needed to initiate mass movement in mm as function
of the API0 in mm on the day on interest based on n days and R0 being the rainfall
in mm needed to induce mass movement when no antecedent precipitation has been
present. Furthermore, the unitless decay factor α accounts for the reducing need of
daily precipitation to initiate mass movement when the API increases.

2.1.2 Forecasting: United Kingdom Climate Projections

In order to draw conclusions with respect to the frequency and severity of mass
movement activity at the Rest and be Thankful pass under climate change, the
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aforementioned threshold value, T , is applied to realizations of daily rainfall from
the United Kingdom Climate Projections (UKCP) spanning to 2050, based on SRES
A1B emission scenario.

Subsequently, a selection is made from threshold exceeding events, which will be
simulated in the modelling framework CLiDE to gain insight in the spatial dynamics
of mass movement following various precipitation patterns. The selection of events
should be representative for the largest possible variation in rainfall and API that
can trigger mass movement at the study site. Consequently, the selection is based
on the convex hull (Weisstein, 2018) of all events exceeding the calculated threshold
line T . This method narrows the scenarios to be evaluated down to a comprehensive
selection realized extremes.

To quantify the impact of climate change on mass movement, the recurrence time
of exceedance of threshold T in all scenarios is calculated by dividing the number of
days that exceed the established threshold by the total amount of days. Furthermore,
when deriving the recurrence times, the recurrence times for the associated APIs and
daily precipitation, grouped in 10 millimeter intervals, are also calculated. When
plotting these independently their relative spread indicates the principal driver of
mass movement within this realized RCM scenario. Additionally, applying an one-
way ANOVA (Daniel, 1990) to the API values and daily precipitation of the days
from each RCM scenario that meet the established threshold, allows to differentiate
between the RCM scenarios, based on either the daily precipitation or the associated
API.

2.1.3 Hydrological Correlation to Mass Observations

As mass approximations of the cleared material from the recorded events are
available, it is possible to find a correlation between displaced mass, rainfall and an-
tecedent precipitation of historic mass movement events. The relationship between
those factors is useful to determine in what situations more mass can be expected
to be displaced and thus in the identification of scenarios that will experience more
severe mass movement, based on the amount of antecedent- or daily precipitation.
Moreover, it allows to test whether the statistics of the simulated run out is an ac-
curate resemblance of the observed run out. Hence, the hypotheses of significant
correlation will be tested for two types. Firstly, Pearson’s linear correlation coeffi-
cient, which is given by:

Pρ(p, r) =

∑n
i=1(pi − p)(ri − r)(∑n

i=1(pi − p)2(ri − r)2
) 1

2

(3)
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Where n is the amount of observations, p is the predictor variable and r the re-
sponse variable. However, the linearity of both variables might not be of the same
magnitude. Consequently, Spearman’s ρ, based on the rank of the observations, is
calculated as well using:

Sρ(p, r) = 1− 6
∑
d2

n(n2 − 1)
(4)

Where d is the difference between the ranks of the predictor variable and its corre-
sponding response variable. Furthermore, the significance level can be tested using:

Pval =
r
√
n− 2√

1− Cr
(5)

Where Cr defines the correlation coefficients retrieved from either equation 3 or 4.

18
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2.2 CLiDE Framework

2.2.1 Modelling of Mass Movement in CLiDE

To study the patterns in mass movement emerging from hydrological drivers, the
CLiDE modelling platfrom is used. Originally, the development of the CLiDE mod-
elling platform aimed to integrate various well established models that all quantify
different parts of geomorphological and hydr(geo)logical systems and their interac-
tions through models based on cellular automata. However, modelling landscape
dynamics acting on different temporal scales often face challenges concerning model
complexity, the extent of inter-connectivity of different components and the nature
of the applied model (Mulligan and Wainwright, 2004). Hence, driven by the DESC
(Dynamic Environmental Sensitivity to Change) project, the Cellular Automaton
Evolutionary Slope and River(CAESAR) model (Coulthard and Van de Wiel, 2006)
and Lisflood-FP (Coulthard et al., 2013; Bates et al., 2010) were integrated, forming
CAESER-Lisflood-DESC. According to Barkwith et al. (2015), the mere integration
of CAESAR and Lisflood-FP was not satisfactory in all aspects as it remains to
simplify some hydrological and hydrogeological phenomena. Barkwith et al. (2015)
specifically addresses the absence groundwater flow and the contribution of ground-
water to river discharge. Consequently, an additional hydrological module is imple-
mented in CLiDE, covering groundwater flow and governing the surface hydrology
that CAESAR neglects. The conceptual outline of CLiDE is depicted in figure 8

Figure 8: Schematic overview of the covered processes in CLiDE from Barkwith
et al. (2015). Note that the dashed line represents the start of a new timestep.
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2.2.2 CLiDE Setup

In CLiDE, water and material are redistributed through a von Neumann neigh-
bourhood scheme using interactions between adjacent cells that represent physical
phenomena, as shown in figure 9.

Figure 9: von Neumann neighborhood.

As shown in figure 10, rainfall that is not evaporated or contributes directly
to runoff and thus reaches the soil surface is partitioned through the systems stores.
Firstly, the influx from rainfall into the soil contributes to the near soil surface storage
and the reduction of the soil moisture deficit. When field capacity is reached, soil
moisture drains towards the soil-bedrock interface and is able to percolate into the
bedrock or form a saturated layer. Any excessive water reaching the soil, Ew[m3],
is now partitioned between runoff, Ro, and recharge to the ground water, Re, using
equations 6, 7 and the baseflow index parameter, BFI. This empirical parameter
is based on the classification of hydrological properties of soils by Boorman et al.
(1995).

Ro = Ew · (1−BFI) (6) Re = Ew ·BFI (7)

Though the BFI partly accounts for the catchments slopes, equations 6 and 7
are specified to account for local slope angles, S, and the average slope angle, S.
This leads to equations 8, 9 and 10.

Ro =
Ew · (1−BFI) · S

S
(for : S ≤ S) (8)

Ro =
Ew ·BFI · (S − S)

90− S
(for : S ≥ S) (9)

Re = Ew −Ro (10)
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Figure 10: Schematic overview of the partitioning of water through hydrological
processes at the soil surface within CLiDE, from Barkwith et al. (2015).

The subsequent runoff is redistributed through the system using Lisflood-FP
(Coulthard et al., 2013). Here the flow between adjacent cells is defined as:

Qx,y
sw =

Qx,y
sw (t− 1)− g · wx,yhf ∆t(∆(wx,yh + Zx,y)/∆Sg)

(1 + g · wx,yhf ∆tn2|qsw|/wx,y
10/3

hf )
∆Sg (11)

Where Qsw(t-1) is the flux from the previous timestep in m3 t−1, g the acceleration by
gravity in m t−2, n Mannings n, wh is the local water depth in m, Z is the elevation
in m, whf is the absolute difference between adjacent cells’ water depth in m, Sg the
gridsize in m and t being time as specified by the user. Following equation 11 it is
possible to calculate the new wh for each cell, using equation 12:

∆wx,yh
∆t

=
Qx−1,y
sw −Qx,y

sw +Qx,y−1
sw −Qx,y

sw

∆S2
g

(12)

The subsurface redistribution of water occurs both in a saturated layer at the
soil-bedrock interface and in a saturated layer at the bedrock base. Subsurface flow
is simulated similar in both these layers, which are considered unconfined. The
subsurface flow is governed by:

∇Tr∇wssh +W = 0 (13)
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Where W is a lumped source/sink term and transmissivity, Tr in m2 · t−1, is assumed
to be equal to the saturated hydraulic conductivity of the layer of interest times
the thickness of the saturated layer. Consequently, when considering flow in the
x-direction Qx,y

gw in m2 · t−1 is approximated by:

Qx,y
gw = −Trx,yw

x,y
ssh − w

x−1,y
ssh

δSg
(14)

Where Tr is the harmonic mean of the transmissivity of neighbouring cells, defined
by:

Tr =
2Trx,yTrx−1,y

Trx,y + Trx−1,y
(15)

Finally, the subsurface water head in a central cell is defined each timestep using the
discrete mass balance equation:

wx,yssh(t+ ∆t) = wx,yssh(t) +
1

Syx,y
Qx,y
gw

S2
g

∆t (16)

Change in the saturated water height in the bedrock, wgsh is calculated similarly to
equation 16 and using the corresponding tranmissivity and specific yield. Figure 11
shows an summarized overview of the aforementioned hydrological processes.

Figure 11: Schematic overview of the covered hydrological processes in CLiDE from
Barkwith et al. (2015). Note that non-linking arrows depict nodal interaction.
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Table 2 presents an overview of the input parameters for CLiDE, which are used
in the aforementioned equations.

Table 2: Relevant input parameters within CLiDE

Parameter: Property:
Z Elevation
Bi Bedrock depth
K1sat Saturated hydraulic conductivity of the soil
K2sat Saturated hydraulic conductivity of the bedrock
Sy1 Specific yield of the soil
Sy2 Specific yield of the bedrock
wssh Soil saturated water height
wgsh Bedrock saturated water height
SMDi Initial soil moisture deficit
NSSSi Initial near soil surface storage
PE Potential evapotranspiration
HOST Hydrology of soil type

2.2.3 SCIDDICA-Module Setup

Various studies (Shroder et al., 2011; Korup et al., 2010; Claessens et al., 2007)
address the role of mass movement as a key process in both short term and long
term geomorphological dynamics in a wide range of environments, including Scotland
(Ballantyne, 2018). Consequently, shallow landsliding and debris flows have been
included in CLiDE to improve the modelled geomorphological dynamics. On the
basis of the infinite slope model (Selby, 1982) shallow landslides and debris flows
are initiated. Subsequently, the transport of the mobilized mass is quantified using
the SCIDDICA-model as presented by D’Ambrosio et al. (2003) and Di Gregorio
et al. (1999). The CLiDE modelling framework links hydrological conditions to mass
movement through the infinite slope model (Selby, 1982). This model assumes slope
failure when the shear stress, τ , of a portion of soil above a failure plane exceeds the
shear strength, Ss, of that designated portion of soil. The shear stress is defined by:

τ = ρs · g · h sin β cos β (17)

Where ρs is the soil density in g· cm−3, g is the acceleration due to gravity in m·
s−2, h the soil depth in m and β the slope angle in degrees. Subsequently, the shear
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strength is defined as:

Ss = C + (ρs · h− ρw · wssh)g cos2 β tanφ (18)

Where, C is the cohesion of the soil in Pa, ρw the density of water in g· cm−3, wssh
the saturated soil water depth in m and φ the internal friction angle in degrees.
Substituting equations 17 and 18 in τ > Ss yields:

tan β >
C

ρsgwssh
+ (1− ρw · wssh

ρs · h
) tanφ (19)

This condition is linked to the hydrological component of CLiDE through the soil
moisture deficit, resulting in:

tan β >
C

ρsgwssh
+ (1− ρw

ρs · h
Ps − SMD

Ps
) tanφ (20)

Where Ps is the total pore space. Figure 12 shows a schematic overview of the forces
and effects described above.

Figure 12: Forces acting on a slope and the incorporation of hydrological effects.

When the aforementioned condition is met, the SCIDDICA-module is activated
for that cell. In the SCIDDICA-module, the conservation of energy of a failing cell
is the result of various parameters and cell states, shown in tables 3 and 4.
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Table 3: Cell states within SCIDDICA3−hex from D’Ambrosio et al. (2003)

Cell State: Property:
Qa Cell elevation
Qth Thickness of potentially mobilized material
Qe Potential energy of potentially mobilized material
Qd Soil depth
Qo Outflow to neighbouring cell

Table 4: Parameters within SCIDDICA3−hex from D’Ambrosio et al. (2003)

Parameter: Property:
Pa Cell apothem
Pt Timestep
Padh Adhesion of potentially mobilized material
Pf Height threshold, based on internal friction angle
Pr Relaxation rate (internal timestep)
Prl Energy loss due to frictional effects
Pmt Soil mobilization threshold
Per Progressive erosion factor

Consequently, mass movement within SCIDDICA can be defined by equation
21. Where R defines the cellular area, X defines the geometrical characteristics of
neighbouring cell, T being a transition function for the interaction between the cells
over time defined in R and both P and Q as previously defined.

MassMovement(R,X, T,Q, P ) (21)

Following the considerations opted by D’Ambrosio et al. (2003) regarding hy-
draulic behaviour, it is possible to calculated the kinetic head of a flow within a
cellular automaton environment (equation 22). The energy a flow can be quantified
using the supposed run-up, or height of the incoming flow, r.

hk =
v2

2g
(22) r = h+

v2

2g
= h+ hk (23)

Considering a cell, with soil depth h, area Ac and mass m, the potential energy
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is is calculated by formula 24:

U = ρgAc

∫ h

0

zdz = ρgAc

[
z2

2

]h
0

=
ρgAc

2
· h2 (24)

Consequently, h is increased by r. Conservation of mass results in a new expression
of ρ:

ρn =
h

r
ρ (25)

Hence, ρn and r are substituted in equation 24, forming:

Un =
ρngAc

2
r2 =

(
h

r
ρ

)
gAc

2
r2 =

ρgAc
2

hr (26)

From table 3, equation 26 and the assumption that ρgAc it is derived that r is
proportional to the potential energy of the material and its thickness by 2/ρgAc:

r =
2Qe

ρgAcQth

(27)

Table 5 shows overview of how the conservation of mass, momentum and energy is
achieved through the model framework.

Table 5: Transition functions, applied in SCIDDICA (D’Ambrosio et al., 2003)

Transition
Function:

Local Interaction:

1. Debris
outflow to

adjacent cells:
Q0
a ·Q0

th ·Qe · padh · pr ∗ pf −→ Q4
0

2. Calculating
debris

thickness and
energy:

(Q0
th ·Qe ·Q4

0)0 −→ Qth ·Qe

3. Calculation
of soil erosion

and
entrainment:

Qa ·Qe ·Qth ·Qd · per · Pmt −→ Qa ·Qth ·Qe ·Qd

4. Calculation
energy losses

due to friction:
Qth ·Qe · prl −→ Qe
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1. The outflow of debris to adjacent cells is computed by the algorithm as de-
scribed by Di Gregorio and Serra (1999), which eliminates neighbouring cells,
based on the angles between the central cell and the adjacent cells, βi, between
Q0
a + r and Qi

a + Qi
th. When βi < pf , the cell is eliminated from the possi-

ble flow path. Subsequently, the flow to a non-eliminated cell i is given by
f(i) = Aa− q(i), where Aa is the average value of the non-eliminated cells. As

a result, the normalized outflow is Qo(0 −→ i) = 2
ρgAc

(Q0
th)2

Q0
e

2. The updated thickness and energy are based upon the exchange of mass with
the adjacent cells through the flow, which is calculated in transition func-
tion 1. Consequently, the new thickness in a cell is defined as nQ0

th = Q0
th +∑6

i=1(Qo(i, 0) − Qo(0, i)). A similar method applies to the newly computed

energy: nQ0
e = (Q0

th +
∑6

i=1(Qo(0, i) · Q
0
e

Q0
th

) + (
∑6

i=1Qo(i, 0) ·Qo(i, 0) Q
i
e

Qi
th

)

3. Soil erosion due to the moving mass occurs when Q0
e > pmt, the amount of

entrained is defiend by ∆d = (Q0
e − pmt)per. Other substates are updated

accordingly: nQ0
d = Q0

d − ∆d; nQ
0
th = Q0

th + ∆d; nr
0 = r + ∆d and nQ0

e =
Q0
e +Q0

e
∆d

Q0
th

+ 2
ρgAc

(Q0
th∆d + ∆2

d).

4. Energy losses due to friction are applied through a reduction of the run up
height, thus the energy of the moving material Qe. Mathematically this results

in ∆r = prl when 2
ρgAc

Q0
e

Q0
th
− prl > Q0

th otherwise ∆r = 2
ρgAc

Q0
e

Q0
th
−Q0

th. Finally,

the energy of the moving material is updated by: nQ0
e = Q0

e − 2
ρgAc

∆rQ
0
th

Originating from the framework described above, prior identification of potential
source areas reduces computational time as less nodes require evaluation. Conse-
quently, potential source area are identified using the infinite slope model, applied
to the soil water levels originating from the simulated scenarios.
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2.3 Parameterization

As depicted in section 2.2, the CLiDE modelling framework requires extensive
parameterization, including mechanical and hydrological properties of the soil as
well as its depth, SCIDDICA-module parameters and initial hydrological conditions.
Consequently, the soil depth is derived from a small logging transect and subsequently
scaled over the study area. Furthermore, the soil texture is derived literature and
the results used as input for pedotransfer functions, which produce the required soil
properties.

2.3.1 Bedrock Depth

Limited borehole data is available from a relatively small logging transect per-
formed by the BGS in 2009, summarized in table 6. These boreholes cover only
an elevation range of approximately 7.5 metres. As detailed modelling of long term
hillslope evolution is not the aim of this research, the measured values are averaged
in order to serve as input for a simplified linear function. As discussed by Roering
(2008); Pelletier and Rasmussen (2009a); Heimsath et al. (2001) hillslope gradient
is critical in modelling hillslope evolution. Combining this with the assumption of
downslope transport of material and the measured soil depths, it is possible to ex-
trapolate the measured soil depth over the area of interest and generate a reasonable
initial bedrock depth.

Bi(x, y) = Z(x, y)− D1 cos β(x, y))

Z(x, y)D2
(28)

Where Bi is the initial bedrock depth, Z is the elevation in metres, D1 and D2 are
empirical scaling parameters and β is the slope angle. The empirical parameter D
is derived from solving 28 for the averaged values of the borehole measurements as
presented in 6. Consequently, during this study a value of 1257.9 metres is applied
for D1. Including parameter D2 is ought necessary as without this term, the soil
thickness tends to be overestimated. Moreover, this parameter causes a stronger
decrease of the soil cover upslope. Hence, this parameter is set at 1.12.

To make the generated bedrock more representative of an irregular bed overlaid
by soil, spatially correlated noise is applied to the generated bedrock depth, using
equation 29.

Bn(x,y) = Bi(x, y) + rn(x, y) (29)

WhereBn(x,y) is the newl bedrock, Bi(x, y) the originally derived bedrock and rn(x, y),
a random number from a normal distribution with mean 0 and standard deviation 2.
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Table 6: Borehole Data

Borehole Code: Soil Depth: Angle: Elevation:
NN20NW15 7.0 m 23° 225.3 m
NN20NW16 5.6 m 25° 222.5 m
NN20NW17 2.5 m 25° 224.2 m
NN20NW19 5.7 m 30° 220.3 m
NN20NW20 6.2 m 22° 217.9 m
NN20NW22 3.8 m 29° 217.8 m
Average 5.13 m 26° 221.3 m

To make the noise spatially correlated, the numbers in r are filtered using the moore
grid and fractional contributions shown in equation 30.

rn(x, y) =
∑r(x−1, y−1) r(x, y−1) r(x+1, y−1)

r(x−1, y) r(x, y) r(x+1, y)
r(x−1, y+1) r(x, y+1) r(x+1, y+1)

�
0.0251 0.1453 0.0251

0.1453 0.3183 0.1453
0.0251 0.1453 0.0251


(30)

The new bedrock is used to redistribute material through the system and generate
new soil on the basis of the model proposed by (Pelletier and Rasmussen, 2009a) that
aims to quantify soil thickness over time, whilst neglecting transport.

∂h

∂t
=
ρb
ρs

P0

cos β
exp

(
−h cos β

h0

)
(31)

Where t is time, ρb is the mineral bedrock density in g· cm−3, ρs is the soil density in
g· cm−3, h0 is characteristic soil depth of 0.5 metres after Heimsath et al. (1997, 1999,
2001), β is the slope angle in degress and P0 is the maximum potential production
rate of the bedrock in m· t−1. Based on the findings of Pelletier and Rasmussen
(2009b) for the maximum production rate for granite, shown in figure 13, combined
with a mean annual temperature of 9.5 ◦C and a mean annual precipitation assumed
at 2 metres would yield a value of approximately 0.00025 m· yr−1. However, due to
its schistosity, the bedrock likely weathers more easily. The schistosity causes water
to intrude more easily in microstructures, enhancing weathering and thus production
rates (Marui and International Research Society Interpraevent, 2006). This leads to
the assumption of a maximum potential production rate of 0.0003 m· yr−1.

To generate a representative soil cover, equations 32 and 33 are introduced to
initiate transport of soil over the area.
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Figure 13: Relationship between maximum potential production rate from gran-
ite and mean annual temperature and mean annual precipitation by (Pelletier and
Rasmussen, 2009b)

Qs(x) = −De
dZ

dx
(32) Qs(y) = −De

dZ

dy
(33)

Where Qs is the soil flux in m3 · t−1, Ds is the erosive diffusion in m2· t−1 and
dZ

dx,y
the change of elevation in the x- and y-direction. Within this study, the erosive

diffusion is based on the rate of soil creep as discussed by Kirkby (1967) and a rate
based on frequent landslide activity by Martin (2000) yielding an erosive diffusivity of
0.1002 m· yr−1. Following, the net flow of soil is calculated using forward integration
(equation 34).

Qn(x, y) =
Qs(x, y)−Qs(x+ 1, y) +Qs(x, y)−Qs(x, y + 1)

Ca
(34)

hn(x, y) = Qn(x, y) + h(x, y) (35)

Where Qn is the net flow per cell in metres and Ca the cell area in m2 and hn is the
new soil depth. Equations 31, 32,33, 34 and 35 are applied to the initial soil cover
and bedrock depth every timestep in a spin up time of 1 kyr. The resulting soil cover
and bedrock depth are used in this research.
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2.3.2 Soil Texture

Similar to the data availability regarding soil depth, indications of soil texture
were also very limited in their support to this research. However, based on findings
of Bown et al. (1982) and Rayner and Nicoll (2012) a representative soil texture can
be realized. Bown et al. (1982) classify the area, referred to as ’the area between
Loch Fyne and Loch Lomond’, as loam to silty loam with occasional sandy loam.
Furthermore, where relatively high silt contents are observed, 35% to 50%. Rayner
and Nicoll (2012) classifies the predominant soils as sandy silt to silt loam. in con-
clusion, the soil should have high sand and silt contents with strong variations in
their ratio, caused by the reworking of moraines. Shown in table 7 and figure 14 are
initial fractions of soil textures that are likely to be found in the area. These are
used to generate a realization of the soil texture, encompassing all these classes.

Table 7: Realizations of soil textures.

Soil Classification: Sand: Clay: Silt:

Sandy Loam 50 % 5% 45%

Silt Loam 20 % 15% 65%

Silt Loam 35 % 10% 55%

Based on the NRCS-USDA classification system, a standard deviation is defined
that allows the soil texture to vary within designated range that cover the aforemen-
tioned soil textures or their close proximity. Together with the predefined fraction
and a random number from the standard normal distribution, the assumed standard
deviation serves as input for equation 36.

Tf,i(x, y) = µi(x, y) + (σf,i · rn(x, y)) (36)

Where Tf,i(x, y) is the fraction of texture class i, µi(x, y) is the predefined fraction of
texture class i, σf,i is the standard deviation of texture class i and rn(x, y) a random
number from the standard normal distribution. The values applied to generate the
soil textures marked in figure 14 are depicted in table 8.
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Figure 14: NRCS-USDA soil texture triangle. The oval mark indicates the range
in which the majority of the soil texture should vary.

Table 8: Parameters applied in equation 36.

Soil Texture: Sand: Clay: Silt:

µi 35 % 10% 55%

σf,i 15 % 5% 15%

Similar to the soil depth, in the case of soil texture spatial correlation can be
assumed. Therefore, a similar disk-shaped filter is applied as shown in equation 37.
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rn(x, y) =
∑


r(x−2, y−2) r(x−1, y−2) r(x, y−2) r(x+1, y−2) r(x+2, y−2)
r(x−2, y−1) r(x−1, y−1) r(x, y−1) r(x+1, y−1) r(x+2, y−1)
r(x−2, y) r(x−1, y) r(x, y) r(x+1, y) r(x+2, y)
r(x−2, y+1) r(x−1, y+1) r(x, y+1) r(x+1, y+1) r(x+2, y+1)
r(x−2, y+2) r(x−1, y+2) r(x, y+2) r(x+1, y+2) r(x+2, y+2)


�

0.0 0.0170 0.0381 0.0170 0.0
0.0170 0.0784 0.0796 0.0784 0.0170
0.0381 0.0796 0.0796 0.0796 0.0381
0.0170 0.0784 0.0796 0.0784 0.0170

0.0 0.0170 0.0381 0.0170 0.0



(37)
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2.3.3 Soil & Bedrock Properties

To estimate the soil properties considered crucial in the analysis of the study
area, pedo-transfer functions formulated by Balland et al. (2008) are applied. An
overview of the properties that are to be computed and their corresponding functions
is shown below. The relevant bedrock properties are derived from literature.

ρB =
1.23 + (ρs − 1.23− 0.75 · Tf,s) · (1− exp{−0.0106 · hs}

1 + 6.83 · Tf,om
(38)

log10(Ksat) = −0.98 + 7.94 log10(ρs − ρb) + 1.96 · Tf,s (39)

FC = n(1− exp

{
−0.588(1− Tf,s)− 1.73 · Tf,om

n

}
(40)

PWP = FC(1− exp

{
−0.511Tf,cl − 0.865 · Tf,om

FC

}
(41)

SPv = 1− ρb
ρs

(42)

WHC = FC − PWP (43)

The properties shown above are calculated for three defined soil layers. These
range from 0 to 30cm, which includes organic matter, from 30 to 100cm, where an
exponential decrease in organic matter is applied and from 100 to 150 cm where little
to no organic matter is present. Note that these layers are absolute and thus will not
occur at locations where the soil depth is not sufficient. Additional soil properties
are relevant for slope stability analysis. These concern the angle of internal friction
and cohesion. Prellwitz (1981) constructed a function that yields the internal friction
angle on the basis of soil texture, as presented in equation 44.

cotφ′ = kφ1 − kφ2 ·Dr (44)

Where φ is the internal friction angle, kφ1 and k2 are adjustment parameters, whilst
Dr is the relative density of the soil. Dr is computed from equation 45 using the void
ratios following from equation 46, the porosity originating from equation 42, with a
minimum porosity of 0.26 and a maximum porosity of 0.6.
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Dr =
Emax − e

Emax − Emin
(45) ei =

ni
1− ni

(46)

Table 9: Parameters resulting in the effective angle of internal friction from equa-
tions 44 and 46 (adapted from Prellwitz et al. (1994))

Soil Texture: φ′(Dr = 100%) φ′(Dr = 0%) kφ1 kφ2

Sand 33° 43° 1.54 0.0043

Silt 26° 36° 2.05 0.0067

Clay 15° 37° 3.73 0.0240

The parameters, shown in table 9, serve as input for equations 44 and 45. Con-
sequently, the weighed average from the soil texture classes is the resulting effective
friction, φ′. Though the soils effective cohesion might be a result of interplay be-
tween the texture and geological history (consolidation, cementation and particle
attraction), for fine-grained soils, it can be assumed that the occurring cohesion can
mainly be attributed to the present clay particles. This results in the application of
equation 47.

C = 21.27 · Tf,c (47)

Where 21.27 kPa is an optimized value derived from the EUROSEM-model (Morgan
et al., 1998) and Tf,c is the clay fraction. Note that the mechanical parameters are
calculated for the soil the complete soil column. As some of the model parameters
in the proposed framework do not allow for distributed vallues, some of these are
applied in CLiDE and SCIDDICA using their weighed averages, where the layer
thickness determines the partitioning between the values.

2.3.4 Initial Hydrology

The hydrological conditions that require input are the initial soil moisture deficit,
the initial near soil surface storage, the potential evapotranspiration, the hydrology
of the soil type and the saturated water layers in both the soil and bedrock. Based
on the prevailing hydrological conditions in the study area, wet conditions are most
likely to occur. Hence, the soil moisture deficit is assumed to be 0 initially, indi-
cating that the soil is at field capacity. Similarly, the near soil surface storage is
assumed to be 0 too. This allows for some storage in the soil before drainage will
cause a saturated water layer to occur at the soil-bedrock interface. Furthermore,
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the potential evapotranspiration will be derived from FAO standard values. The
hydrology of the soil type will be classified according to Boorman et al. (1995). The
initial thickness of saturated water in the bedrock is derived by running a available
timeseries of rainfall of 180 days from 1960 with a completely saturated bedrock. It
is aimed to find a balance point where little change occurs in the groundwater levels,
which subsequently will serve as the initial saturated water layer in the bedrock. The
saturated water layer in the soil is assumed to be zero following the assumption of
the soil being at field capacity.

2.3.5 SCIDDICA

The input parameters used in the SCIDDICA-module are derived from the cal-
ibration as performed by D’Ambrosio et al. (2003). As this calibration is done for
a different catchment, some input parameters are expected to be altered iteratively
in an attempt to simulate the 2015 mass movement event, during which the amount
of mass displaced serves as a tool of comparisson. The values shown in table 10 are
therefore used as a starting point.

Table 10: Values calibrated by D’Ambrosio et al. (2003)

Parameter: Value:

Padh: 0.001m
Pf 0.1m
Pr 1
Prl 0.6m
Pmt 3.5m2

Per 0.015
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3 Datasets

3.1 Historical Data

The historical data available for this study spans from 2007 to 2017. This data
concerns 15 minute rainfall measurements, obtained by the Scottish Environmental
Protection Agency (James, 2017). However, measurement sites were only installed
in late April 2012 at the Rest and be Thankfull pass. Data prior to then, from 2007
to 2012, is measured at an operational site at Inveruglas which was the closest site
to the Rest and Be Thankful, approximately 10 km northwest of the pass. As the
CLiDE modelling framework operates on a daily time scale and the realizations of
the UKCP are generated on a daily basis, the 15 minute values are summed to daily
values to yield both adequate values for comparison and a proper data format.

Estimates of the amount of displaced mass during historical events, recorded
at the Rest and be Thankful pass, are derived from the BGS National Landslide
Database (BGS Landslide Team, 2018a) and summarized in table 11.

Table 11: Overview of the recorded historical events, available for this study.

Mass Movement Event Date: Displaced Mass (kg):

30-12-2015 250000

05-12-2015 1000000

28-10-2014 2000000

01-10-2013 100000

01-08-2012 1000000

01-02-2012 40000

08-09-2009 730000

28-10-2007 400000

3.2 United Kingdom Climate Projections

The realizations of future daily precipitation originate from 11 atmospheric pa-
rameterizations of the HadRM3 regional climate model (RCM), which aim to quan-
tify the implications of climate change for the United Kingdom, following a SRES
A1B emission scenario (Murphy et al., 2009). This has resulted in various datasets of
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hydrometeorological time series on a daily time scale and a 25 km2 resolution. The
climate sensitivity, the average temperature rise resulting from a doubling of the at-
mospheric carbon stock, of the configurations are summarized in table 12 (Christier-
son et al., 2012; Murphy et al., 2007; Hadley Centre for Climate Prediction and
Research, 2008).

Table 12: RCM identifications and corresponding resulting climate sensitivity in
HadRM3, adapted from Hadley Centre for Climate Prediction and Research (2008).

RCM ID: Resulting Climate Sensitivity (K): Average Daily Precipitation (mm):

x: 3.53 7.76

a: 2.53 7.77

c: 2.82 7.61

h: 3.44 7.87

i: 4.40 7.83

j: 3.90 7.56

k: 4.44 7.53

l: 4.88 7.85

m: 4.54 7.50

o: 4.80 7.35

q: 7.11 7.73
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4 Results

4.1 Hydrological Analysis

4.1.1 Hydrological Thresholds

Three realizations of the API for the Rest and be Thankful pass are calculated.
Within these realizations, a value of 0.92 for the decay factor, k, is applied. Here the
APIs for n=4, n=8 and n=12 and the forthcoming thresholds are shown respectively
for all months in which mass movement was recorded from 2007 to 2017.

When n=4, n=8 and n=12 are applied to the months in which mass movement
is recorded, it is evident that the applied method is able to largely separate the
data. However, the movement event from October 2007 fails to meet the established
criteria. On the contrary, the hydrological conditions considered sufficient for mass
movement are met several times without any recorded movement. Namely in October
2014 and August 2012.

Logically, n=8 and n=12 yield a wider spread of data points due to higher values
for the API. However, higher values of n seemingly cause slightly stronger grouping,
which is mainly evident in the December 2015 and October 2013 data . Furthermore,
it can be observed that increasing n from 8 to 12 causes less drastic change compared
to the shift from n=4 to n=8.

Furthermore, the intercept with the y-axis denotes the daily rainfall needed to
meet hydrological conditions that could initiate mass movement. These allow for
comparison with existing analyses of the study area. These values for n=4, n=8 and
n=12 are 71.2 mm, 61.3 mm and 57.1 mm respectively. When these values for n are
fitted to equation 2, they result in:

R = −0.3014 · API0(n = 4) + 71.2 (48)

R = −0.1527 · API0(n = 8) + 61.3 (49)

R = −0.0981 · API0(n = 12) + 57.1 (50)

As n =8 agrees best with the findings of Ballantyne (2004) and Pennington et al.
(2014), it will be applied in further analysis. Consequently, the hydrologic threshold
for mass movement is deducted from data presented in figure 15.
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(a) n = 4

(b) n = 8

(c) n = 12

Figure 15: Antecedent precipitation index, based on n = 4, n = 8 and n = 12 respectively, for all recorded mass
movement events from 2007 onward.
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Figure 16 shows the application of the threshold to the continuous time series of
daily rainfall data from 2007 to 2017. Henceforth, the recurrence time of the hydro-
logical conditions that are able to facilitate mass movement is substantially higher
than the recorded mass movements as it is found to be 51 days. When this threshold
is applied only to the time series, measured closer to the pass over the period of 2012
to 2017, the recurrence time is 67 days. Furthermore, it is evident that the hydrolog-
ical conditions are met more frequently than would appear from figure 15 compared
to the application the derived threshold to the continuous dataset. Consequently,
when the hydrological conditions are met, the mass movement probability is 7.46 %
when considering the data from 2012 to 2017.

Figure 16: Overview of daily rainfall and corresponding APIs for n = 8 from the
2007-2017 record relative to the threshold

4.1.2 Hydrological Forecasting

Using equation 49, the RCM realizations are analyzed. As shown in figure 17,
the realized RCM datasets show a wide variation in how they respond to climate
change and inherently the forthcoming hydrological conditions. Especially RCMs i,
j and l show a vast reduction in recurrence time. The other RCMs mainly show an
increase in recurrence time, presumably reducing mass movement hazard in terms of
frequency.
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Figure 17: Recurrence times for all RCM realizations and the records from 2012 to
2017 for the exceeding of the hydrological threshold.

Aside from the recurrence times, the variation in spreading of the one-way ANOVA
(Daniel, 1990) on the APIs and daily precipitations that exceed the threshold, shows
whether significant changes in mass movement triggering and subsequent intensity
will occur. According to figure 18, the realizations of daily rainfall from the RCMs
do differ significantly from observations of daily rainfall over 2007-2017. However,
it is evident that the observations show a bigger spread. Furthermore, the average
daily rainfall during exceeding of the threshold is relatively high with respect to the
RCMs. Furtermore, it seems that mainly RCM scenarios o, q and m are governed
by daily precipitation.
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Figure 18: Comparison of the mean ranks of daily rainfall for the RCMs with
respect to the 2007-2017 time series (indicated by P ).

Figure 19 shows that the reciprocal differences considering the API are very sim-
ilar to those observed in figure 18. However, in case of the API the are substantially
more datasets significantly different from each other. Nevertheless, the observations
from 2007-2017 only show significant differences with those realized in RCM i. Ad-
ditionally, it becomes evident that also RCM scenarios i, j and to some extent a and
h are mainly driven by antecedent precipitation.
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Figure 19: Comparison of the mean ranks of the API(n = 8) for the RCMs with
respect to the 2007-2017 time series (indicated by P ).

However, these results should be viewed in relation to the recurrence times shown
in figure 17 but also in relation to the interplay in the recurrences times of the an-
tecedent precipitation and daily precipitation. Shown in figure 20 are the recurrence
times for all threshold exceeding as subtracted from the RCM scenarios. Here the
daily precipitation is grouped using 5 mm intervals to discretize the limited amount
of data. Similarly, the API is discretized using 10 mm intervals. These results indi-
cate that under the different RCM scenarios, mass movement can either be largely
facilitated by the daily precipitation or antecedent precipitation. Distributions with
high recurrence times for low daily precipitation values imply that mass movement in
this scenario is largely initiated by antecedent precipitation, such as RCM i. On the
contrary, distributions with low recurrence for low daily precipitation values imply
that mass movement will mainly be driven by daily precipitation, such as RCM o.
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(a) RCM-a (b) RCM-c (c) RCM-h

(d) RCM-i (e) RCM-j (f) RCM-k

(g) RCM-l (h) RCM-m (i) RCM-o

(j) RCM-q (k) RCM-x

Figure 20: Recurrence times for all RCM scenario with consideration of the hydro-
logical driver.
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Based on the convex hull of the plotted data, shown in figure 21 b, 10 scenarios
are compiled from the realizations. The indicated scenarios are selected as they
cover most of the possible spread and extremes in hydrologic conditions, occurring
in the RCM realizations. Table 13 shows the selected events and their hydrological
characteristics.

(a) Overview of daily rainfall and corresponding APIs for n = 8 from the RCM
realizations and the computed threshold

(b) Overview of daily rainfall and corresponding APIs for n = 8 from the RCM
realizations and the selected scenarios

Figure 21
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4.1.3 Mass Correlation

In figure 22 some similarities in shown trends for mass, API and rain can be dis-
tinguished. Especially the API and recorded displaced mass show a resembling trend,
whereas the daily rainfall only little similarities to the trend of recorded displaced
mass.

Figure 22: Correlation between mass, API and daily rainfall

Hypotheses were tested for linear correlation and linear rank correlation. As
shown in table 14, the Pearson type correlation between daily rainfall and recorded
displaced mass is rather negative. However, as Pval > 0.05, the hypothesis that the
correlation is significant can confidently be debunked. Similarly, this is the case for
the Spearman type correlation between daily rainfall and recorded displaced mass
as well. A weaker negative correlation is found, whereas the p-value is even higher.
Undoubtedly leading to rejecting the hypothesis of correlation. In the case of the
API and recorded displaced mass, the rather high Pearson type correlation coefficient
indicates a strong relationship. Moreover, the low p-values for n=8 and n=12 lead
to conclude that the correlation between the API and recorded displaced mass is
stronger and more significant with respect to daily rainfall and recorded displaced
mass under increasing values of n. Even though the p-value would imply stronger and
more significant relationship at n=12, for further analysis n=8 is applied, as this is
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more in line with the previously discussed findings of Pennington et al. (2014); Berti
et al. (2012); Ballantyne (2004).

Table 14: Correlation coefficients of different types, based on equations 3 and 4

Type: Pearson Spearman

Mass

Pρ Pval Sρ Pval

Rainfall: -0.1533 0.7170 -0.0359 0.9453
API(n = 4): 0.6045 0.1124 0.1317 0.7605
API(n = 8): 0.6465 0.0832 0.3114 0.4505
API(n = 12): 0.7940 0.0186 0.5629 0.1539
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4.2 Parameterization

4.2.1 Soil Depth

The initial soil depth computed for the area using 28 is shown in 23a.This soil
depth serves as the initial condition within the soil production and transport module.
Initially soils in the valley bottom range from as thin as 2m to an initial thickness
of 10m. Considering the hill slope, bare outcrops of bedrock to soils as thick as 6m
can be observed. Furthermore, 9.2% of the soils are rankers.

(a) Initial soil depth, using equation 28 (b) Soil depth after 1kyr, using equations 32, 33
and 31.

Figure 23: Overview of soil development over time.

The resulting soil depth after 1kyr of soil production and redistribution is show in
figure 23b. It is clear that material accumulates in the gullies on the hill slope and in
the valley bottom. Furthermore, subsequent formation of bedrock outcrops occurs up
slope. The calibration of parameter D2 to 1.12, has increased the occupation of the
hill by shallow soils to 12.27%. The realization, shown in figure 23b was used during
the calibration process for CLiDE and for further analysis of the area of interest. In
addition, figure 24 shows a cross-section of the area in a SW-NE orientation, which is
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parallel to the slope inclination. The cross-section shows the effects of the correlated
noise, applied to the calculated bedrock.

Figure 24: SW-NE transect showing the effects of noise application.
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4.2.2 Soil Texture

Figure 25 shows the spatial distribution of the realized soil textures in the topsoil,
0 to 30 cm, including organic matter. Shown in figure 26 is the realization of the
subsoil, in which organic matter exponentially decreases over depth. As a result of
the applied methods, no clear patterns in the distribution of a soil textural class can
be observed. The realized variation in percentage of the matrix is shown in table 15.

Figure 25: Realization of the topsoil texture used during this analysis, based on
equations 36, 37 and 7.5% organic matter .
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Figure 26: Realization of the subsoil texture used during this analysis, based on
equations 36 and 37 .

Table 15: Maximum and minimum realized percentages of the soil textural classes,
found in the study area

Soil Textural Class: Minimum: Maximum:

Sand: 12.53% 52.41%

Clay: 3.75% 15.26%

Silt: 36.81% 80.58%

As the figures indicate, strong heterogeneity in the spatial distribution of the soil
textural classes is realized. Moreover the table shows that a strong heterogeneity in
the numerical distribution occurs as well, resulting in wide variations of soil matrices.
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4.2.3 Soil & Bedrock Properties

Figures 27, 29, 30, 31, 32 and 33 show the realizations soil properties that are
used in the analysis. Note that the blank spots denote areas where either bedrock
is present at the surface or where the soil thickness is not sufficient for the depicted
layer.

Figure 27: Realization of the bulk density used during this analysis, based on
equation 38.

Figure 28: Realization of the saturated hydraulic conductivity used during this
analysis, based on equation 39.
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Figure 29: Realization of the volumetric moisture content at field capacity used
during this analysis, based on equation 40.

Figure 30: Realization of the volumetric moisture content at wilting point used
during this analysis, based on equation 41.
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Figure 31: Realization of the volumetric moisture content at saturation used during
this analysis, based on equation 42 (note that the volumetric moisture content at
saturation is per definition equal to the porosity of the soil).

Figure 32: Realization of the water holding capacity used during this analysis,
based on equations 41 and 42. Note that the water holding capacity is conditional to
the thickness of the layer. Consequently, the water holding capacity depicted should
be viewed in relation to the defined thickness.
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Figure 33: Realization of the internal friction angle and cohesion, used during this
analysis, based on equations 44, 45. 46 and table 9.

When considering the soil properties, it is evident that the water holding capaci-
ties and conductivity decrease over depth as a result of decreased organic matter and
lower porosity. This also implies an increase in bulk density. The friction angle shows
some patterns, mainly at higher altitudes. This can mainly be attributed to bare
bedrock, which is assigned the highest value observed in the study area. Contrarily,
the cohesion shows no patterns as its origin lays only with the random distribution
of the soil texture. In addition to the parameterization of the soil, the bedrock is
characterized by a hydraulic conductivity of 0.001 mm d−1 and a specific yield of
0.34 mm (Heath, 1983; Morris and Johnson, 1967).

4.2.4 Initial Hydrology

Following the FAO standards for potential evapotranspiration (Allen et al., 1998)
for temperate regions with annual mean temperatures around 10°C, a standard po-
tential evapotranspiration of 1 mm d−1 is applied. For the hydrology of the soil type
class 6 is opted in this study as it is mainly assigned to colluvium, loamy drift and
coverloam, according to the classification of Boorman et al. (1995). This class is
generally characterized by being unconsolidated, being microporous and experienc-
ing bypass flow frequently. The results of the spin-up for the initial saturation of the
bedrock showed that little drainage occurred from the bedrock. The observed de-
crease in groundwater levels was in the order of centimeters which can be attributed
to the low conductivity and specific yield of the aquifer. Consequently, a saturated
bedrock is used in the initial hydrological conditions.
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4.2.5 SCIDDICA

Table 16 shows the parameterization of the SCIDDICA-module as used during
the simulation of the scenarios selected in section 4.1.2.

Table 16: Parameterization of the SCIDDICA-module compared to the values cal-
ibrated by D’Ambrosio et al. (2003).

Parameter: Applied Value: Value (D’Ambrosio et al., 2003):

Padh: 0.01m 0.001m
Pf : 0.1m 0.1m
Pr: 0.1 1m
Prl: 9m 0.6m
Pmt: 5m2 3.5m2

Per: 0.25 0.015

Evidently, most parameter differ an order of magnitude in their values. This
is necessary as the values calibrated by D’Ambrosio et al. (2003) did not result in
anticipated runout distances as they initiated extreme amounts of displacement and
entrainment.
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4.3 Mass Movement Simulations

From figure 34a it becomes apparent that the critical soil water depth is rather
uniform but tends to increase downslope as a result of thicker soils and gentler slopes.
Nonetheless, figure 34b shows that critical soil water depths are appearing more fre-
quently in the areas below 500 m altitude in the centre of the slope. Moreover, the
time series of the simulations, presented in the appendix, show that the majority of
the source areas is situated below 500 m as well. This can be attributed to a small
concave to convex shape of the bedrock, see figure 24. As the slope angle decreases,
drainage slows down and water starts to accumulate. In addition, the strong con-
finement of these critical zones and their propagation upslope already indicate that
gully formation and subsequent drainage patterns play a vital role in triggering mass
movement in the study area. However, the occurrence of some hotspots at higher
altitudes suggests that subsurface drainage patterns and accumulation in bedrock
hollows can potentially mobilize material.

Subsequently, figures 34c and 34d show the average erosion and deposition and
its variance respectively, resulting from the simulated scenarios. Similar to the ob-
served drainage patterns, debris sources and subsequent runout of mobilized material
is largely restrained to gullies. Furthermore, zones with high variance indicate that
either only extreme events affects these zones or that a zone is experiencing highly
variable amounts of erosion and/or deposition. For instance, areas that are unaf-
fected during less extreme events are heavily eroded or serve as source areas during
more extreme events. This is clearly exhibited in the time series of the simulated sce-
narios, included in the appendix. Additionally, when considering the complete time
series of the simulated events with respect to the corresponding daily precipitation,
it is evident that different precipitation patterns during antecedent days of similar
absolute amounts of water can mobilize different zones or alter runout paths in the
study area. This effect is clear when comparing the simulations for 21-11-2032 and
18-12-2036. Although they have similar displaced masses and precipitation, longer
runout paths can be observed in the 18-12-2036 scenario, despite its lower API. Ex-
amining the precipitation pattern and soil water depths of simulations 23-01-2024 and
27-10-2037 (Appendix figure 49) is another example of how the antecedent precipita-
tion pattern can influence the spatial distribution of potentially mobilized material.
The antecedent precipitation is concentrated in the first 5 days for both scenarios.
However, the higher peak precipitations in the 27-10-2037 simulation caused more
water to drain downslope through the soil. Subsequently, the identified source areas
are relatively low due to accumulation and stagnation in bedrock irregularities.
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(a) Critical soil water depth, derived from the infinite slope model. (b) Amount of days during which the critical soil water depth is
exceeded during 90 simulated days.

(c) Average erosion and deposition, resulting from the simulated
scenarios.

(d) Variance of erosion and deposition, resulting from the simu-
lated scenarios.

Figure 34: Summary of the simulated scenarios.
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Figure 35 shows similarities to the historical events depicted in figure 22. Both
graphs indicate a strong correlation between the API and the amount of displaced
mass, whereas the daily precipitation seems to negatively influence the amount of
displaced mass. However, it is obvious that both correlations are stronger in the
simulated scenarios when compared to the historic events and their associated hy-
drological conditions.

Figure 35: Correlation between mass, API and daily rainfall for the simulated
scenarios.

These findings are confirmed by the derived correlation coefficients, as presented
in table 17. This suggests either that in the simulations the both the influence of the
antecedent precipitation as well as the direct precipitation is overestimated or that
effects tampering mass movement hazard are underestimated.
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Table 17: Correlation coefficients of different types, based on equations 3 and 4

Type: Pearson Spearman

Mass

Pρ Pval Sρ Pval

Rainfall: -0.4862 0.1542 -0.2 0.5835
API(n = 8): 0.9692 0.0 0.9394 0.0
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5 Discussion

The aim of this study was to evaluate how mass movement at the Rest and be
Thankful pass will be affected by climate change. In a temporal sense, it was aimed
to establish a hydrological threshold based historic events at the pass, which was sub-
sequently applied to precipitation scenarios originating from the UKCP, realized by
11 configurations of the HadRM3 regional climate model. Additionally, the principle
hydrological driver for mass movement, either the daily- or antecedent precipitation,
and recurrence time were identified for these scenarios. Furthermore, the main source
areas for mass movement were identified and it was assessed how their location is
influenced by antecedent precipitation patterns. To do so, a selection of day series
was simulated in the CLiDE modelling framework to monitor the hydrological con-
ditions and possible mass movement runout during periods in which mass movement
is expected, based on the established thresholds.

5.1 Hydrological Analysis

5.1.1 Hydrological Thresholds

The hydrological conditions that are able to facilitate mass movement at the Rest
and be Thankful Pass strongly depend on the amount of days accounted for in the
API. An increase in the amount of days accounted for in the API yields stronger
correlation coefficients between the API and the displaced mass in the historical
events. However, as shortly introduced in section 4.1.1, the intersect with the y-axis
was considered essential in evaluating the applicability of either n=4, n=8 or n=12, as
these are the daily precipitation values that should activate mass movement without
any antecedent precipitation. These values are 71.2 mm, 61.3 mm and 57.1 mm and
have associated decay factor based on the API of approximately 0.30, 0.15 and 0.1
respectively. In light of the findings of Ballantyne (2004), stating 24 hour thresholds
of 60 mm to 80 mm initiating mass movement, this leads to the assumption that
n = 4 n = 8 and the corresponding threshold seem more representative for the study
site. Moreover, the results of Pennington et al. (2014); Chen et al. (2018) state
strong correlation between mass movement in these environments for antecedent
precipitation based on n = 7. Hence, n = 8 and the associated formulation of
the threshold line, T , were considered representative for further analysis the study
site. In addition to the application of the threshold to calculate recurrence times
for the hydrological forecasts from the UKCP, these results can be considered when
designing low-demand early warning systems which can easily identify hazard based
on weather forecasts. Moreover, this method can easily be applied over a number
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of temporal scales (Dahal and Hasegawa, 2008) and has been applied widely in
numerous environments (Glade et al., 2000), which emphasizes its efficiency.

When n = 4, n = 8 and n = 12 are applied to segregate the mass movement
events from the continuous precipitation dataset based on the daily precipitation
and the API, it is evident that the recorded mass movement events can be sepa-
rated properly from the other data, as few other dates meet the established criteria.
However, the mass movement event from October 2007 fails to meet the established
threshold in all variations of n. A possible explanation for this could that the closest
weather station from 2007 until and including February 2012 was approximately 10
kilometers away. Due to the localized nature of precipitation and the rugged terrain
surrounding the study site, meteorological differences could be substantial on small
spatial scales (Cosma et al., 2006; Faurès et al., 1995). On the contrary, the hy-
drological conditions considered sufficient for mass movement are met several times
without any recorded movement. Namely in October 2014 and August 2012. For Oc-
tober 2014 the occurrences with threshold exceedance but without mass movement
can be explained by the fact that rainfall intensities were lower that day compared
to the mass movement occurrence on October 28th (Sparkes et al., 2017). Consider-
ing the occurrence of threshold exceedance but without mass movement in August
2012, these particular circumstances occurred posterior to the mass movement that
month. Consequently, it is plausible that material that, under these circumstances,
would have been mobilized, was already redistributed by mass movement earlier that
month.

Though methods of deducting the decay factor, applied in the calculation of the
API, from regional hydrographs exist (Klaassen and Pilgrim, 1975; Smakhtin and
Masse, 2000), these are not applied as this falls out of the scope of this research
and requires a gauged catchment for calibration purposes, which is not available
for the study site. Therefore, the decay factor is found by iteration. Additionally,
segregation of the data by an exponential or polynomial is possible as well. However,
the spread of the very limited data available would still cause those functions to
form a relatively straight line. This is due to the rather small difference in daily
precipitation of the two lowest points that indicate mass movement. Moreover, the
limited amount of data points would initiate errors, mainly when dealing with very
low and very high values for the API as the scarcity of data is most distinct here.
Moreover, extension of the available data would greatly improve the significance of
the conclusions that can be attributed to the derived correlation coefficients. Hence,
data availability regarding mass movement events and the associated precipitation
patterns will significantly improve establishment of threshold values for the Rest and
be Thankful pass.
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Furthermore, little information is available regarding the morphological charac-
teristics of the mass movement events at the pass, such as failure plane depth and the
initial type of mass movement. Even though the study experiences mostly shallow
mass movements their hydrological triggering mechanisms may differ significantly
and a threshold based on daily precipitation values might overlook events which are
induced by high intensity precipitation. Moreover, when putting this in perspec-
tive of the statement by Van Asch et al. (1999) that finding one threshold for mass
movements initiated at varying failure plane depths is very unlikely, it is clear that
regardless of the method, thresholds can only be extrapolated to nearly identical
situations. Nonetheless, to be able to identify hazard, for instance in early warning
systems, the least amount of precipitation and antecedent precipitation should be
applied.

When the defined threshold for n = 8 is applied to the continuous dataset, the
occurrences of threshold exceedance without any mass movement show that meet-
ing the established hydrological criteria is not the only factor in the identification
of mass movement hazard. This suggests that the availability of mass and rainfall
intensity are likely to have a considerable impact. However they are not accounted
for. Determining the availability of mass is rather impossible without extensive field
studies. Although, the rainfall intensity could have been determined, the rainfall
regimes from the predicted hydrological forecasts are realized on a daily scale. Con-
sequently, the defined threshold should function on the same temporal scale. Aside
from discrepancies in mass availability and precipitation regimes, the lack of record-
ing of mass movement in the area might be influential. Not all mobilized material
will interfere with human activities. This might leave some of these events unnoticed
and thus unconsidered in this research.

5.1.2 Hydrological Forecasting

As reported in figure 17, the found recurrence time for data available for the Rest
and Be Thankful pass is low for the hydrological conditions, likely of facilitating mass
movement, when compared to the recurrence times originating from the hydrological
forecasts. Only four hydrological forecasts yield lower recurrence times than the
observed 67 days for the historical data. This result indicates that the hydrological
conditions that are able to induce mass movement will occur more frequently under
forecasts i, a, l and j. The remaining forecasts show various extents of declination,
which suggests that a declining trend is more likely.

When examining figure 20, depicting the independent recurrence times, the closer
the the daily precipitation and API are in their distribution of recurrence times, the
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more mass movement in the area can be considered driven by antecedent precip-
itation. This shows that mainly RCM forecasts i, a and j are largely driven by
antecedent precipitation. RCM forecasts q, m and o show to be mainly governed
by daily precipitation, whereas the remaining forecasts c, h, k, l and x show less
expressive differences. Additionally, the positive correlation between antecedent pre-
cipitation and displaced mass observed at the pass and the calculated recurrence
times, which is in line the findings of Iverson et al. (2011) and Freer et al. (2002)
on the effects of antecedent precipitation on material entrainment, suggest that un-
der the forecasts i, a and j mass movement hazard at the pass will likely increase,
whereas the other forecasts tend show less frequent hazard when compared to the
historical data. These results emphasize the fact that future mitigation and adapta-
tion measures should account for the hydrological regimes that are associated with
likely climate change scenarios.

The ANOVA-test on the distributions of the APIs, associated with mass move-
ment events, indicate similar results. although they are not significant, the results
suggest a decline in hazard due to lower mean ranks values for the API for six out
of eleven forecasts. Namely forecasts k, l, m, o, q and x. Additionally, the results of
the ANOVA-test on the daily precipitation associated with mass movement events
show that seven out of eleven forecasts show increased mean ranks values. Namely
forecasts h, k, l, m, o, q and x. This suggests that under these forecasts, mass move-
ment hazard will decrease as they are more driven by daily precipitation rather than
antecedent precipitation with respect to the historical data. When evaluating the
significant differences of the APIs, a smaller spread can be observed for the recorded
datapoints. Contrary to the precipitation spread, the mean ranks of the datasets
are largely reversed. This can be attributed to the climatological differences in the
simulations, which define the precipitation regimes. These climatological differences
also cause the APIs to show a somewhat stronger spread and thus more significant
differences, implying stronger differences in rainfall regimes rather than daily precip-
itation.

The general reduction in mass movement hazard in the majority of the forecasts
coincides with drying of the study area and subsequent lowering of the observed
APIs. This is supported by trends that have been observed for other hydrological
applications using the UKCP datasets (Christierson et al., 2012; Sanderson et al.,
2012; Kay and Jones, 2012). The main findings of these studies additionally empha-
size the aggravating hydrological differences between the seasons as shown in figure
36.
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Figure 36: Projections for the percentual change in mean runoff up to the 2050’s
compared to 1961-1990, following from the UKCP. Note that the four possible shad-
ings of the colour indicate the extent of agreement between the RCM realizations
and the multimodel mean. Adapted from Sanderson et al. (2012).

Specifically for the study area, figure 36 depicts that, apart from winter, all sea-
son experience drying under most hydrological forecasts. This will not directly imply
that mass movement hazard should decline in this period. As showed by Sanderson
(2010), extreme precipitation events will clearly increase, especially during winter.
For summer periods the outcomes are less certain. However the suggestion is made
that precipitation will get more concentrated during the summer, implying more ex-
treme events but with a lower recurrence time Chan et al. (2018). Therefore, even
when the recurrence time of hydrological conditions meeting the established thresh-
old might decrease, the severity of mass movement might still increase as a result
of higher rainfall intensity, which is currently not considered in this study, over the
summer. In addition to the changing precipitation regimes and its aforementioned
implications, prolonging droughts can have significant effects on slope stability. As
discussed by Chertkov (2002) and Morris et al. (1992), extensive drying of soil can
alter its hydrological- and structural properties thoroughly, causing preferential flow
through formed fissures and cracks; additional driving force through water accu-
mulation in fissures; and facilitation of potential slip surfaces. As emphasized by
Van Asch et al. (2009), flow through fissures can be essential in identifying mass
movement hazards. Even though the occurrence of large fissures is not expected, mi-
crostructures can have similar effects (Sun and Cui, 2018) and thus can be enhancing
mass movement hazard as a consequence of drought.

The wide spread depicted in figures 18 and 19 for the 2007-20017 time series,
when compared to the hydrological forecast, limits the possibilities of drawing strong
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conclusions on strong differences between forecasts and historical data as little sig-
nificant results are observed. This can possibly be attributed to large storms such
as Desmond and Frank in 2015, who were both initiators for threshold exceedance
and subsequent mass movement occurring in the study area (Sparkes et al., 2017)
and are included in the historical data. Consequently, a significant portion of the
limited amount data points likely originates from rather extreme events, either by
events including high APIs or by events concerning massive downpours. As shown in
figure 16, the dataset from the newly installed station at the Rest and Be Thankfull
pass contributes less to the spread as all major outliers are mainly the datapoints
obtained from the old station. This could imply that the spread and average, based
on merely the Rest an Be Thankful station, would be lower.

Even though using the convex hull of the datapoints for the selection of the
scenarios is highly effective for the inclusion of a wide spread in combinations of an-
tecedent precipitation and daily precipitation, this criterion does not account for any
other characteristics that might influence the further analysis such as the spread of
precipitation over the days accounted for in the API. This limits the comparability,
based on the antecedent precipitation regime, of the selected events. Consequently,
effects of antecedent precipitation regimes on mass movement hazard could benefit
from the analysis of the effects of artificial regimes. Furthermore, this method se-
lects datapoints regardless of their temporal spread. This results in the selection
of both 18 December 2036 and 20 December 2036, which are both very extreme
datapoints. Consequently, the simulation of the second event, preceding the day of
interest, already includes a major event. Although both events experience relatively
different amounts of antecedent and daily precipitation it is questionable if the in-
terplay between these two events can considered representative for dual events of
smaller magnitude.

5.2 Mass Movement Simulations

The simulations of the mass movement events, selected from the hydrological fore-
casts, show that mobilization of material mainly occurs in areas between 300 and 500
metres altitude. Two major causes are identified, which cause the dominant source
areas to be largely restricted to this zone. Firstly, small concavity-convexity transi-
tions can cause water either to stagnate in the convex hollows or to be forced through
thinner soils, as shown in figure 37 b. Both processes are likely to increase pore pres-
sure and cause subsequent slope instabilities. Secondly, the confinement of water by
the present gullies and the coinciding subsurface drainage channels contribute to the
concentration of water, as depicted in figure 37 a, and the ensuing triggering of mass
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movement in this zone. Moreover, oversteepening of gully sidewalls and their result-
ing collapse, yields additional sources for erosive processes, including mass movement
(Istanbulluoglu et al., 2005).

Figure 37: Overview of the main causes of mass movement through surface and
subsurface flow on hill slopes covered by shallow soils. Adapted from Crosta and
Frattini (2001).

Furthermore, the simulations suggest that the spatial distribution of dominant
source areas is influenced by the precipitation patterns which mobilize them. Peak
precipitation in the first half of the antecedent regime resulted in mobilization in the
aforementioned zone between 300 and 500 metres altitude, whereas later peak pre-
cipitation in the antecedent precipitation regime, combined with an API well above
200 mm, mobilizes material above this zone as well, up to 800 metres. Under such
precipitation regimes only limited drainage can occur and the subsequent saturation
of the sediment can trigger mass movement. Hence not only the effects of antecedent
precipitation on the amount of mobilized material should be emphasized (Freer et al.,
2002), antecedent precipitation regimes should be considered, as they are influential
in mobilizing different sources areas, as discussed by Ng et al. (2001) and by Tsai
(2008). Consequently, wetter climate change scenarios, which will experience higher
APIs, are likely to mobilize more material further upslope than is currently the case
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at the Rest and be Thankful pass.
These findings can contribute to the cost-effective implementation of various

adaptation and mitigation practices. Especially environmental engineering practices,
such as revegetation, barrier placement and the installation of early warning systems
McQuaker et al. (2014); Bainbridge et al. (2018); Rayner and Nicoll (2012), can
benefit significantly from the identification of the main source areas. When viewed
in light of the hydrological forecasts used in this study and the found implications
of wetter climates for source areas, precautionary measures can be taken when the
expected implications of climate change for the Rest and be Thankful pass get more
indisputable through the improvement of climatological models. Furthermore, the
results could be utilized to bridge the gap between studies that focus on different
components of mass movement hazard such as: direct observations of the Rest and
Be Thankful pass and quatification of specific events (Sparkes et al., 2017; Bainbridge
et al., 2018; Balzano et al., 2016); the implications of climate change on hydrological
trends in the United Kingdom (Christierson et al., 2012; Murphy et al., 2007, 2009);
and adaptation and mitigation practices (Macklin, 2013; Rayner and Nicoll, 2012;
McQuaker et al., 2014).

Within this study, the landscape development in between the simulated events
and the run out of previous simulations is not accounted for in the subsequent sim-
ulation. Studies from Brayshaw and Hassan (2009) and Whipple and Dunne (1992)
indicate the importance of channel avulsion through past events for the future flow
paths. However, as established from the results and literature, climate and thus
hydrology are highly influencing such processes. As the simulated scenarios are the
extremes originate from different realizations of possible climate projections, they all
have differing precipitation patterns and thus different landscape dynamics. Hence,
the output from one simulation is not a suitable starting point for the subsequent
simulation. Therefore, the simulations should be regarded independently and their
implications of anterior events cannot accounted for. In a similar manner, the accu-
mulation of material in the gullies during the spin-up of the simulations, may cause
overestimation of soil depth in these gullies. As a consequence, large amounts of
material can easily entrained due to the accumulation and large grid size.

From a hydrological perspective, the infinite slope model might not be an accu-
rate predictor for one of the dominant mass movement types, namely debris flows.
The initiation of debris flows is not necessarily attributed to groundwater level rise.
However, initiation largely depends on surface runoff that entrains material following
high intensity rainfall peaks (Van Asch et al., 1999; Kean et al., 2013). Consequently,
mobilization and entrainment of material resulting from high intensity precipitation,
is currently overlooked. However, as the hydrological forecasts are on a daily basis,
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accounting for rainfall intensities would have required additional downscaling tech-
niques. Although this might have considerable advantages for the identification of
area that are prone to mass movement hazard, CLiDE does not allow for precipi-
tation input other than daily. Consequently, temporal dynamics on smaller scales
cannot be accounted for.

The initial hydrological conditions are assumed to be equal in all simulations.
This narrows down the amount of factors that could possibly influence the simulation
outcome, which allows for a valid comparison between the simulated mass movement
events. However, this also imposes disregarding several climatic circumstances that
could be influential. Especially the soil moisture deficit, near soil surface storage and
potential evaporation, will be effected by changing meteo-hydrological trends in the
Scottish Highlands (Thompson, 2012; Brown et al., 2011) and could influence mass
movement hazard. However, these implications vary strongly among the scenarios
Hence, accounting for these changes would imply substantially longer simulations
and a more segregated approach with respect to the different scenarios would be
beneficial.
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5.3 Limitations of CLiDE and its Implications

As the CLiDE modelling framework is merely an approximation of reality, various
components, that are important for the analysis of mass movement hazard, are not
sufficiently covered. In addition to those influential in the evaluation of the research
questions, as covered in section 5.2, other important factors and their implication
are discussed in this section.

A factor that could improve the simulation is the interaction between cells in
terms of load redistribution following failure and subsequent restabilization through
lateral bonds with adjacent soil columns. As shown by Fan et al. (2015), Fan et al.
(2016) and Lehmann and Or (2012), the interaction between soil columns is key is
sudden releases of mass on slopes through progressive failure of adjacent cells. This
could reduce the overestimation of source areas that originates from the application
of the infinite slope model. Moreover, incorporation of this method might prevent
premature mobilization of material during the simulations (as presented in the ap-
pendix). These studies show that such mechanisms have a strong impact on the
timing of slope failure. The issues regarding timing are reflected clearly in the time
series shown in the appendix as it becomes apparent that the simulations generate
untimely mobilization of material. It should be noted that some of the depicted
events contain antecedent days that on themselves should generate mass movement
according to the criteria established in this study. Nonetheless, similar errors are
observed during simulations in which the antecedent days not include such events,
indicating that this cannot fully be attributed to such causes. Besides the lateral
effects, premature mobilization could partly originate from the errors resulting from
the previously discussed lumped variables that are input for CLiDE. Such disparities
might combine underestimation of the internal friction angle with underestimation
of the specific yield, resulting in a very susceptible cell.

Although the drainage and runout patterns of the simulations coincide well, as
expected, with the gully patterns, prudence is required when considering the result-
ing deposition. The calculated deposited masses show little resemblance with the
values shown in figure 22. As indicated in section 4.3, the material deposited due
to mass movement in the area can accumulate to over 10 metres thick. When re-
lated to the recorded mass movements with the similar APIs, as shown in figure 22,
the simulations clearly overestimate the deposited material by one or two orders of
magnitude throughout the simulations. This discrepancy can attributed to various
causes. Firstly, the grid size causes one grid cell to comprise 25 m2, which can have
serious implications for the analysis of the study area. For instance, mobilization
of one cell with an average soil depth of 1 metre would already cause 40 tonnes of
material to be displaced. When compared to the amounts of mass shown in figure
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22 it becomes apparent that this amount of mass already represents large portion of
the material deposited on the road during some of the historical events.

5.4 Limitations of CLiDE’s Parameterization and its Impli-
cations

Similar to the CLiDE modelling framework, its parameterization and the as-
sociated methods are approximations of reality, which imposes discrepancies when
attempting to simulate natural systems. The most important limitations, discrepan-
cies and their implication are discussed in this section.

5.4.1 Soil Depth

The bedrock depth calculated in this study yields a fair representation of the
average soil depth on the hill slope if compared to the findings of Rayner and Nicoll
(2012) and Bown et al. (1982). Both denote a strong decrease in soil depth upslope
and identify numerous areas where soils are not deeper than 50 cm. Furthermore,
the increase in extent of rankers to 12.7 % after the spin up is a fair result as they
are predominantly established above 400 metres altitude, in line with statements
by Rayner and Nicoll (2012). However, based on the comments made on valley
fill accumulation in similar environments by Ballantyne (2002) and Edwards and
Whittington (2001), the soil thickness in the valley bottom is slightly underestimated,
as sedimentation rates of 4.5 m over the last 8000 years would imply that thicker soil
should be expected. Nonetheless, the valley bottom is not considered critical within
in the analysis of mass movement hazard in the study area.

The application of equation 29 to the calculated initial soil depth effectively
mimicked some of the ruggedness of the underlying bedrock, as would be expected
following Lowe and Walker (1997) and Ballantyne (2002) notes on the implications
of glacial scouring for the abutting bedrock. However, a pitfall lays with the spatial
scales of the localities such as gullies, bedrock ruggedness, outcrops and topographic
hollows. These features can appear at a variety of scales, ranging from tens of cen-
timetres to tens of metres, whereas the available digital elevation model had a grid
spacing of 5 metres. Although, the application of noise may produce are more rep-
resentative soil thickness, it is merely one of many representations of the bedrock
and, more importantly, the noise works on a larger spatial scale than localities would
normally occur. Consequently, features with a smaller spatial extent might be over-
looked or underestimated, having implications for the redistribution of water and
material through the system.

73



5. Discussion Mass Movement Hazard in a Changing Climate

Considering the soil depth after a spin up time of 1000 years, it is evident that
the gullies in the study area allow for colluvial and alluvial avulsion, predominantly
in low laying areas, such as the south-eastern channel. However, these accumulation
zones do not accurately represent the redistribution of sediment in the study area.
Both of these accumulation zones are larger drainage channels of their respective wa-
tersheds, the south-eastern channel being the Croe Water, draining into the valley.
As continuous fluvial erosion is not accounted for in the soil module, the avulsion of
these areas is not in line with the field circumstances. On a smaller scale, similar
processes occur in gullies, causing the accumulation of material up slope of the road,
causing thick soils in topographic hollows and the accumulation of potentially un-
stable material. As the transport of material in soil module is based on the erosive
diffusivity, it is unable to deal with transport on spatial scales larger than the grid
size and temporal scales smaller than the timestep taken. Even though the proposed
value for erosive diffusivity should account for frequent mass movement, it is unable
to reactivate gullies once they are have experienced severe accumulation.

5.4.2 Soil Texture

When considering the soil texture, Balzano et al. (2016) apply Tf,sa = 20%,
Tf,c = 35% and Tf,si = 37.5% in their analysis of the study area, this seems an
overestimate of the clay content as this would imply the occurrence of clay loam
in the area, contrary to the observations discussed by Rayner and Nicoll (2012)
and Bown et al. (1982). However, the proposed value of organic matter, 7.5%, is
considered representative and in line with Rayner and Nicoll (2012), which identified
limited heath vegetation and subsequent podzolization along the hill slope.

Due to Pleistocene glacial activity (Bickerdike et al., 2018; Bromley et al., 2018),
a strong variation in the soil textures was expected and was tried to generate by
means of the described methods. Although the glacial impact on the soil texture is
represented properly in the numerical distribution, the spatial distribution is prone
to some simplification due to its random distribution, which neglects possibly vital
spatial features. This includes the presence of lenses of aberrant materials, which
can have a significant influence on subsurface flow and thus mass movement hazard
(Kessler, 2012; Shao, 2017). The textural characteristics of these lenses logically
determine either enhanced or stagnating flow occurs with respect its surrounding.
These lenses develop as deglaciated areas received poorly sorted sediments and aber-
rant materials get deposed through glacial meltwater and debris flows, as discussed
by Easterbrook (1982); Bertran and Texier (1999); Eyles (2006); Evans et al. (2006);
Hart and Boulton (1991) and Boulton (1996). An overview of which, from Kessler
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et al. (2012), is shown in figure 38. In conclusion, the localization and characteri-
zation of lenses might be valuable in the identification of potential mass movement
source areas.

Figure 38: Overview of the influence of glacier dynamics on possible deposition
of specific sediments that create lenses of deviating textures. From Kessler et al.
(2012).

5.4.3 Soil Properties

The increase in bulk density over depth in the realization is attributed to the
absence of organic matter at lower depths (Adams, 1973). Similar trends could be
caused by the gravitational compaction of the soil under its own weight or glacial
pressure (Hedberg, 1936). However, the effects of compaction are not expected to
have a major impact as the study area consists mainly of strongly reworked shallow
soils, implicating relatively low gravitational effects and deteriorating of paraglacial
effects because of extensive weathering. Furthermore, the relatively high densities
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in the subsoil can be ought representative as the aforementioned limited amount of
organic matter and strong weathering of the bedrock.

As CLiDE does not allow for distributed values in the xyz-directions with re-
spect to soil properties, the assigned weighted averages reduce the effects caused
by distinct soil layers. This influences drainage rates. Especially at locations having
shallow soils, which would normally have a high hydraulic conductivity, the hydraulic
conductivity is strongly reduced to the average for the whole study site. Comparing
the weighed average of the soil, being 0.258 m day−1, to values observed in cells with
shallow soils with relatively high organic matter content and high sand content of 2 m
day−1 reflects this discrepancy. Nonetheless, Bear (2013) suggests that the realized
average values are in fair agreement with generally applied values. The volumetric
moisture content is affected in a similar fashion, resulting from the decreasing or-
ganic matter content and its effects on pore space and water accommodation (Gupta
and Larson, 1979; Boyle et al., 1989). Hence similar issues occur with respect to the
multi-dimensional distribution.

When evaluating the cohesion used in the infinite slope model, the calculated
values were extremely low, ranging from 0.80 kPa to 3.25 kPa. These values normally
should vary between 5 kPa and 25 kPa Lambe and Whitman (2008). However, as the
cohesion was solely a function of the clay content, the abundant low clay contents
initiate low cohesion values. Consequently, the slope stability of the study area
was heavily underestimated. Accordingly, 4 kPa was added to make the cohesion
values meet the aforementioned range. Although the additional cohesion did reduce
the extent of unstable areas, the cohesion values might still be underestimated as
high over-consolidation ratios can be expected, following glacial retreat (Skempton,
1984). Additionally, the over-consolidation of sediments can cause significant changes
in hydrogeological properties as well (Boulton, 1996), which suggests that the values
calculated from the applied pedo-transfer functions should be adjusted accordingly,
as they are merely based on the soils texture.

5.4.4 SCIDDICA

The calibration of the parameters of the SCIDDICA-module proved to be rather
complicated. To establish a representative parameterization, various simulation at-
tempts with increasing Prl, Pmt and Per by one or two the order magnitude were
performed, in attempt to accurately simulate the 2015 mass movement event. How-
ever, overestimation of mass deposited kept occurring. Hence, the parameterization
which yielded the best resembling amount of displaced mass was applied further.
Furthermore, the value for Per is substantially higher when compared to D’Ambrosio
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et al. (2003). When examining the results for lower APIs, this does not seem to pro-
duce large discrepancies. However, during events with more potential source areas,
the amount of mobilization causes extreme amounts of material to be deposited in the
valley bottom. This suggests that additional information is necessary for calibration
of the parameters as well as the degree and extent to which physical characteristics
of the study area are influencing these conceptual parameters. These include for in-
stance additional information on adhesive properties, soil entrainment and frictional
processes at the base of mobilized material. Only some information was available
regarding the source areas of the recorded events. Additionally, detailed calibration,
using an event with proper records of source areas and initial soil thickness, would
extensively improve the parameterization of the SCIDDICA-module.

Aside from the difficulties in runout parameterization, it can be argued that the
infinite slope model is prone to other misconceptions about the study area. As pre-
viously stated, the cohesion values based on the clay fraction did not yield represen-
tative results. However, another possible cause of the overestimation of source areas
is the disparity of the internal friction angles and bulk densities. Within CLiDE the
internal friction angle and bulk density are lumped variables, applied to the whole
study area, whereas in the calculations for the factor of safety and thus the identi-
fication of source areas, a distributed grid is used. Consequently, this might cause
cells to remain inactive although they should have been mobilized and vice versa.

77



6. Conclusion Mass Movement Hazard in a Changing Climate

6 Conclusion

Hydrological conditions are the main driver for mass movement in many envi-
ronments. Consequently, the alterations of the hydrological cycle through climate
change will have strong consequences on the frequency, severity and nature of mass
movement. Naturally, this has implications for adaptation and mitigation measures
to cope with future trends and the corresponding costs. To understand current and
future hazard, it is necessary to understand, quantify and evaluate the hydrological
components essential in mass movement hazard. Hence, this study addresses the
main spatial and temporal implications for mass movement through climate change
at the Rest and be Thankful pass.

The aim to define a hydrological threshold that is able to facilitate mass movement
hazard at the pass, resulted in a threshold formula, yielding the required daily precip-
itation based on an API. Based on historical data for known mass movement events
over the period of 2007-2017, it became apparent that a daily precipitation above
61.2 mm is likely capable of mobilizing material. Additionally, for every millimeter
calculated in the API, based on 8 antecedent days, this threshold value reduces with
0.1527 mm. Although the API calculated from the historical data and the associated
displaced mass estimates showed stronger correlation when 12 days were accounted
for in the API, the findings of Ballantyne (2004) and Pennington et al. (2014) sug-
gested that accounting for 8 days in the API was more suitable. Nonetheless, this
emphasizes the important role of antecedent precipitation in mass movement hazard.
Furthermore, the correlation between antecedent precipitation and mobilized mass
implies that increasing antecedent precipitation positively influences the mass dis-
placed following mass movement. In conclusion, the construction of this threshold
serves as a low demand tool to identify potentially hazardous precipitation regimes
and to some extent the expected severity.

The application of the threshold to hydrological forecasts, based UKCP scenarios,
shows that only 3 of the 11 forecasts result in lower recurrence times. Generally, this
implies that in terms of frequency, mass movement hazard is expected to decrease
under climate change as predicted by the UKCP. However, this is mainly due to
aggravating differences between seasons. Moreover, various studies emphasize the
concentration of precipitation in less events as a result of climate change. Hence,
recurrence times might imply ceasing mass movement facilitating hydrological con-
ditions, their severity might increase.

The evaluation of the one-way ANOVA on the daily precipitation and antecedent
precipitation associated with mass movement events, combined with the independent
recurrence times of these two hyrdrological drivers, allowed to roughly identify which
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one could be considered dominant in triggering mass movement at the Rest and be
Thankful pass. It appears that hydrological forecasts h, i and j are largely driven by
antecedent precipitation. As they show low recurrence times and high mean ranks
values for their APIs with respect to the other scenarios and the historical data.
Contrarily, in hydrological forecasts m, o and q mass movement is largely driven
by daily precipitation. They show, relative to the other forecasts and the historical
data, high recurrence times and a high mean ranks value for daily precipitation. The
remaining forecasts, a, c, k, and l, show could not be classified accordingly. Evidently,
these results show that the implications of climate change for mass movement hazard
are rather complex and can vary strongly among different realizations of climate
change. However, the differentiation of the forecasts yields a guideline for selecting
forecasts, used for further evaluation and analysis of mass movement hazard at the
Rest and be Thankful pass.

The predominant source areas for mass movement were found between 300 and
500 metres altitude, based on the simulation of 10 mass movement events from the
hydrological forecasts, which were selected by means of the previously defined thresh-
old. The locations of the dominant source areas are a consequence of confinement
of flow in gullies and subsurface drainage channels. Additionally, small concavity-
convexity transitions in the bedrock shape, reducing slope angles around 400 metres
can be seen as an extra contributor by causing slower drainage of the soil. The identi-
fication of potential source areas under various scenarios can contribute significantly
to more efficient implementation of mitigation and adaptation strategies and could
guide further research in effective analysis of the pass.

Different precipitation regimes have shown to activate different flow paths and
source areas. The simulations of the mass movement events from the hydrological
forecasts showed that peak precipitation in the first half of the the eight preceding
days resulted mainly in the mobilization of material in the zone between 300 and 500
metres altitude. However, antecedent precipitation regimes with peak precipitation
in the latter stages of the eight preceding days and APIs above 200 mm, seemed
to result in the mobilization of additional material from higher altitudes, up to
800 metres, due the exceedance of the drainage capacity of the soil and subsequent
accumulation of water.

From a temporal perspective it is possible to conclude that mass movement fre-
quency will cease under most UKCP based hydrological forecasts. Nonetheless, con-
clusions regarding the severity of mass movement require some prudence as rain-
fall intensity is neglected but it can be argued that wetter forecasts will experience
more severe mass movement, based on the correlation between mobilized mass and
antecedent precipitation. Additionally, the aggravation between seasons and the
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concentration of precipitation in less events might increase mass movement severity
whilst reducing its frequency. From a spatial perspective, it is concluded that the
main source areas are situated between 300 and 500 metres altitude and that late
peaks in antecedent precipitation regimes enhance mobilization of material at higher
altitudes, up to 800 metres. This leads to conclude that under wetter climate change
scenarios, the dominant source areas might propagate upslope.
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Appendices

A Simulation Time Series

(a) t = 1, precipitation = 0.1 mm (b) t = 2, precipitation = 0.1 mm (c) t = 3, precipitation = 0.0 mm

(d) t = 4, precipitation = 0.0 mm (e) t = 5, precipitation = 0.0 mm (f) t = 6, precipitation = 0.1 mm

(g) t = 7, precipitation = 0.0 mm (h) t = 8, precipitation = 3.0 mm (i) t = 9, precipitation = 81.3 mm

Figure 39: Time series for 28-11-2019.
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A. Simulation Time Series Mass Movement Hazard in a Changing Climate

(a) t = 1, precipitation = 0.4 mm (b) t = 2, precipitation = 0.9 mm (c) t = 3, precipitation = 0.0 mm

(d) t = 4, precipitation = 0.0 mm (e) t = 5, precipitation = 0.1 mm (f) t = 6, precipitation = 0.0 mm

(g) t = 7, precipitation = 0.0 mm (h) t = 8, precipitation = 0.0 mm (i) t = 9, precipitation = 66.6 mm

Figure 40: Time series for 05-03-2022.
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(a) t = 1, precipitation = 12.4 mm (b) t = 2, precipitation = 0.0 mm (c) t = 3, precipitation = 0.1 mm

(d) t = 4, precipitation = 6.3 mm (e) t = 5, precipitation = 20.8 mm (f) t = 6, precipitation = 12.9 mm

(g) t = 7, precipitation = 0.7 mm (h) t = 8, precipitation = 3.9 mm (i) t = 9, precipitation = 109.4 mm

Figure 41: Time series for 23-01-2024.
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(a) t = 1, precipitation = 5.8 mm (b) t = 2, precipitation = 26.7 mm (c) t = 3, precipitation = 17.2 mm

(d) t = 4, precipitation = 68.6 mm (e) t = 5, precipitation = 25.2 mm (f) t = 6, precipitation = 14.7 mm

(g) t = 7, precipitation = 15.5 mm (h) t = 8, precipitation = 12.9 mm (i) t = 9, precipitation = 37.4 mm

Figure 42: Time series for 24-09-2028.
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(a) t = 1, precipitation = 52.6 mm (b) t = 2, precipitation = 46.2 mm (c) t = 3, precipitation = 4.3 mm

(d) t = 4, precipitation = 1.5 mm (e) t = 5, precipitation = 2.3 mm (f) t = 6, precipitation = 6.4 mm

(g) t = 7, precipitation = 48.2 mm (h) t = 8, precipitation = 96.8 mm (i) t = 9, precipitation = 89.8 mm

Figure 43: Time series for 21-11-2032.
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(a) t = 1, precipitation = 4.1 mm (b) t = 2, precipitation = 3.6 mm (c) t = 3, precipitation = 36.7 mm

(d) t = 4, precipitation = 14.9 mm (e) t = 5, precipitation = 27.2 mm (f) t = 6, precipitation = 68.3 mm

(g) t = 7, precipitation = 7.8 mm (h) t = 8, precipitation = 73.6 mm (i) t = 9, precipitation = 96.1 mm

Figure 44: Time series for 20-12-2036.
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A. Simulation Time Series Mass Movement Hazard in a Changing Climate

(a) t = 1, precipitation = 36.7 mm (b) t = 2, precipitation = 14.9 mm (c) t = 3, precipitation = 27.2 mm

(d) t = 4, precipitation = 68.3 mm (e) t = 5, precipitation = 7.8 mm (f) t = 6, precipitation = 73.6 mm

(g) t = 7, precipitation = 96.1 mm (h) t = 8, precipitation = 34.3 mm (i) t = 9, precipitation = 21.2 mm

Figure 45: Time series for 20-12-2036.
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A. Simulation Time Series Mass Movement Hazard in a Changing Climate

(a) t = 1, precipitation = 12.9 mm (b) t = 2, precipitation = 43.8 mm (c) t = 3, precipitation = 9.7 mm

(d) t = 4, precipitation = 18.8 mm (e) t = 5, precipitation = 58.5 mm (f) t = 6, precipitation = 10.4 mm

(g) t = 7, precipitation = 4.8 mm (h) t = 8, precipitation = 2.5 mm (i) t = 9, precipitation = 51.4 mm

Figure 46: Time series for 27-10-2037.
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A. Simulation Time Series Mass Movement Hazard in a Changing Climate

(a) t = 1, precipitation = 22.5 mm (b) t = 2, precipitation = 12.8 mm (c) t = 3, precipitation = 31.3 mm

(d) t = 4, precipitation = 25.6 mm (e) t = 5, precipitation = 49.5 mm (f) t = 6, precipitation = 47.5 mm

(g) t = 7, precipitation = 89.7.2 mm (h) t = 8, precipitation = 61.8 mm (i) t = 9, precipitation = 60.5 mm

Figure 47: Time series for 21-10-2038.
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A. Simulation Time Series Mass Movement Hazard in a Changing Climate

(a) t = 1, precipitation = 0.1 mm (b) t = 2, precipitation = 0.0 mm (c) t = 3, precipitation = 0.0 mm

(d) t = 4, precipitation = 0.4 mm (e) t = 5, precipitation = 15.0 mm (f) t = 6, precipitation = 0.7 mm

(g) t = 7, precipitation = 3.7 mm (h) t = 8, precipitation = 3.6 mm (i) t = 9, precipitation = 59.5 mm

Figure 48: Time series for 31-12-2044.

101





B. Soil Water Depth Mass Movement Hazard in a Changing Climate

B Soil Water Depth

(a) 28-11-2019 (b) 05-03-2022 (c) 23-01-2024

(d) 24-09-2028 (e) 21-11-2032 (f) 18-12-2036

(g) 20-12-2036 (h) 27-10-2037 (i) 21-10-2038

(j) 31-12-2044

Figure 49: Saturated soil water depth at t = 9 for the evaluated simulations.

103


	Introduction
	Relevance and Social Context of Mass Movement
	Global
	Scotland
	Research Objectives
	Research Approach

	Theoretical Framework
	Definitions of Mass Movement
	Mass Movement and Hydrology

	Geomorphological Setting

	Methods
	Hydrological Analysis
	Threshold: Antecedent Precipitation Index
	Forecasting: United Kingdom Climate Projections
	Hydrological Correlation to Mass Observations

	CLiDE Framework
	Modelling of Mass Movement in CLiDE
	CLiDE Setup
	SCIDDICA-Module Setup

	Parameterization
	Bedrock Depth
	Soil Texture
	Soil & Bedrock Properties
	Initial Hydrology
	SCIDDICA


	Datasets
	Historical Data
	United Kingdom Climate Projections

	Results
	Hydrological Analysis
	Hydrological Thresholds
	Hydrological Forecasting
	Mass Correlation

	Parameterization
	Soil Depth
	Soil Texture
	Soil & Bedrock Properties
	Initial Hydrology
	SCIDDICA

	Mass Movement Simulations

	Discussion
	Hydrological Analysis
	Hydrological Thresholds
	Hydrological Forecasting

	Mass Movement Simulations
	Limitations of CLiDE and its Implications
	Limitations of CLiDE's Parameterization and its Implications
	Soil Depth
	Soil Texture
	Soil Properties
	SCIDDICA


	Conclusion
	References
	Appendices
	Simulation Time Series
	Soil Water Depth

