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1 LANDSLIDING AS A GEOMORPHIC PROCESS IN
MEDITERRANEAN ENVIRONMENTS

1.1 Context

The work presented in this thesis is part of the research program Hierarchy of Land
Degradation Processes in a Mediterranean Environment and started in 1995. Funding
was obtained from the Netherlands Geosciences Foundation of the Netherlands
Organisation of Scientific Research (GOA-NWO, contract 750.294.03). The research
program has the overall objective of developing a “new process-oriented methodology
that will improve understanding of land degradation processes and patterns at different
hierarchical levels...” (Imeson et al., 1994). The proposed methodology consists of a
model framework that hierarchically links key processes operating at different spatial and
temporal scales. The research program is a combined effort of Utrecht University and the
University of Amsterdam within the Netherlands Centre for Geo-ecological research
(ICQG).

Different land degradation processes and their relationship to environmental factors have
been investigated at different scales. De Wit (2001) studied the controlling influence of
environmental factors on runoff on hillslope to catchment scales. Prinsen studied the
relation between vegetation patterns and surface hydrology on a plot scale. Both studies
were carried out in the semi-arid Guadelentin basin (Province of Murcia). Cammeraat (in
press) addresses the hierarchical linkage of the fluxes of water and sediment across
different scales.

The basis of this study was included as the project Temporal Frequency of Landsliding
as an Integrated Subsystem in the Process of Land Degradation in a Mediterranean
Environment (Van Asch in Imeson et al., 1994). The research was carried out in the
humid to subhumid area of the Valles de Alcoy (Province of Alicante, Valencian
Autonomy). In this area, La Roca (Department of Geography, University of Valencia)
has carried out detailed research on mass movement activity from a geomorphological
perspective. In the urbanised area of Alcoy, mass movements pose a potential risk and
have been the subject of inventories made by the IGME and ITGE (1981, 1990).

1.2 Problem definition
1.2.1  The role of landsliding within the hierarchy of erosion processes

Mediterranean environments are characterised by the erratic distribution of high intensity
rainfall events and the development of a soil moisture deficit over summer. Where
neotectonics are coupled with a high-energy relief, the propensity of the system to
erosion is high and determined by complex interactions between soil and vegetation. In
these environments, water is the most important agens in the process of erosion. Human
interference potentially disturbs the dynamic equilibrium between the biotic and abiotic
components of the landscape and may result in continued deterioration or land
degradation.
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Within the system of erosion processes, landsliding may play an important by its
capability of removing and exposing large soil masses in relatively short timespans.
Although landslides are highly localised in space in time compared to the more
continuous process of surface wash, landslide activity can have a profound impact on the
sediment budget on the hillslope and catchment scale when medium temporal scales (10
— 100 years) are considered (Benda & Dunne, 1997).

The rate of erosion may be limited by the incidence of significant rainfall events and by
the rate by which erodible soil is produced (Dietrich et al., 1984; Crozier et al., 1990;
DeRose et al., 1991). Therefore, the hierarchy of hillslope processes can be envisaged as
a cascade in which the downslope movement of material or the conversion of potential
into kinetic energy is controlled by interlinked processes of surface wash, soil production
and mass movement (Van Asch, 1980).

1.2.2  Key processes

In humid to subhumid Mediterranean environments rainfall suffices to support a closed
vegetation cover. Under such conditions, landslides deliver a substantial share of the
sediment yield, either directly by discharging slid material into the channel network or
indirectly by exposing erodible material by the disturbance of the soil and vegetation
cover to surface wash. Landslide activity can be taken as a relative measure for its
contribution to erosion. On this premise, it is a key process and should be assessed on the
appropriate spatial and temporal scales.

Within the hierarchy of hillslope processes, landsliding and surface wash are intimately
linked through the hydrological system. Rainfall is the most common trigger of
landslides (Sidle et al., 1985. Crozier, 1986). Consequently, rainfall-induced landslides
can be considered as the most important type of landslides in terms of the geomorphic
work that they perform (Wolman & Miller, 1960; Gallart, 1995; Crozier, 1996).

1.2.3  Landslide activity and hydrological triggering

The term landslide is used here to describe movements by which material, either rock or
soil, is displaced more or less coherently over a discrete slip surface by disturbing
gravitational forces (shear stress).

Landslides are the manifestation of the inertia of the landscape to adapt to changes in the
intrinsic or extrinsic factors that affect slope stability. Intrinsic factors are those that
directly influence the stress distribution above the potential slip surface. Extrinsic factors
influence the stress distribution indirectly. It is often difficult to distinguish the true cause
of a landslide. The intrinsic factors change most times only gradually over time and can
be considered as preparatory factors whereas the extrinsic factors are transient and can
be regarded as triggers, i.e. the disturbance that initiates slope instability or failure.
(Crozier, 1986).

Movement is resisted by the shear strength that can be mobilised along the slip surface.
The shear strength consists of the cohesion and the total inter-particle friction. The
friction depends on the normal stresses at the particle contacts and increases with the
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weight of the soil. The cohesion is more or less constant and the resultant shearing
resistance is bound by a maximum. The ratio between this maximum of available
shearing resistance and the disturbing forces, or safety factor F, is a measure for the
stability of a slope and when the two cancel each other, F= 1, failure is imminent.

From a human perspective, landslides can also be considered as a hazard that that can be
defined as the likelihood of landslide occurrence within a given region over a given
period (Varnes, 1984). Landslide activity can consequently be quantified in terms of
frequency, duration and magnitude. This requires first of all that a thorough
understanding of the mechanisms that induce distinct landslides in Mediterranean
environments.

Rainfall-induced landslides are triggered hydrologically, i.e. by a rise in the groundwater
depth at the slip plane. This raises the pore water pressure that carries part of the total
weight that acts on the potential slip plane. The ensuing decrease in the frictional forces
between particles reduces the effective shearing resistance.

Hydrological triggering can be considered as the most common mechanism of initiation
and reactivation because fluctuations in the pore pressure affect stability on the shortest
time scale. Because of the dependence of the frictional component of the resistance on
the effective inter-particle stress, the rise in pore pressure or groundwater level that is
required for triggering is proportional to the depth of the landslide mass and can be
expressed by the pore pressure ratio (Bishop, 1954; Figure 1.1).

Pore pressure ratio
L= hy/Z

hy,
l l e — Figure 1.1: Relation, expressed as the

Shear plane pore  pressure ratio 1, between

groundwater height, hy, and soil depth, Z,
for rainfall-induced landslides

Figure 1.1 suggests that the threshold of slope instability can be expressed as a critical
increase in pore pressure, which depends on the local soil conditions and morphometry.
This local threshold that defines the critical magnitude of a trigger can be denoted as the
susceptibility (Carrara et al., 1995). On graded temporal scales (Chorley et al., 1984) the
local susceptibility to landsliding can be assumed to be constant as the soil properties and
the morphometry change over longer periods than the variation in rainfall events (Siddle
etal., 1991).

The absolute increase in pore pressures postulates that more rainfall must be accumulated
to trigger a deep landslide than to trigger a shallow one, all other factors remaining equal.
The amount of rainfall that is required to trigger a shallow landslides can be accumulated
over one or several events, whereas the larger amount for the triggering of deeper
landslides can only be amassed on a seasonal scale (Figure 1.2). The relevant
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hydrological processes that influence the amount of rainfall delivered to the potential slip

plane constitute the hydrological triggering mechanisms of the various landslide types
(Van Asch et al., 1998).

Many accumulated events
required for triggering

-'-“___"'""__..----'-'

Few events required Z>>

for triggering =
<<

Figure 1.2: Difference in accumulated rainfall required for triggering of landslides of different
depth

Due to the distinct response time of relevant hydrological processes, the hydrological
triggering mechanisms will be clearly reflected in the temporal frequency of landslide
types (Van Asch & Van Steijn, 1991). Combined, the susceptibility and the recurrence of
potential triggering events define the sensitivity of the landscape to landsliding, which
incorporates the spatial and temporal aspects of landslide activity.

1.2.4  Environmental conditions as controlling factors

Figures 1.1 and 1.2 imply that the activity of rainfall-induced landslides is controlled by
the local conditions that determine the critical groundwater level and the frequency by
which this threshold is exceeded. This frequency depends on the antecedent soil moisture
conditions and the recurrence of potentially triggering rainfall events (Terlien, 1998;
Crozier, 1999). In Mediterranean environments, the seasonal and interannual variation in
rainfall is high and evapotranspiration is as important as the gross event rainfall for the
exceedance of the critical groundwater level. Since vegetation primarily controls the loss
through evapotranspiration, both land use and climate are determining factors for
landslide activity. The importance of climate and land use has serious implications for
landslide activity in the near future as both are subject to drastic change in the
Mediterranean on moderate temporal scales of 10 to 100 years (Jeftic et al., 1992;
Coccossis, 1991).

Climatic change is forced by global warming as the result of the emission of greenhouse
gasses (Houghton et al., 1990). Potentially, it has a moderating influence on the
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incidence of potentially triggering rainfall events and may possibly modify the rate at
which geomorphic processes including landsliding operate (Eybergen & Imeson, 1984).
Within the hydrological cycle, land use is a mediating factor by which human
interference influences the activity of hillslope processes. It limits the availability of
water in the soil by means of interception, evapotranspiration and infiltration. In turn, soil
conditions and water availability may impose constraints on the potential land use. In
European Mediterranean environments, land use change is notable, as the traditional
agricultural base of sustenance has been in decline for most of the century. As a result of
mechanisation, intensification and globalisation, abandonment of cultivated fields is
widespread.

With respect to landslide activity, it is important to quantify it under the present and
changed environmental conditions as Mediterranean environments are extremely
sensitive to changes in land use and climate (Bull, 1991; Imeson & Emmer, 1992;
Mulligan, 1998).

1.3 Aims and objectives

The aim of this study is to evaluate the role of landsliding within the integrated system of
erosion processes in a quantitative manner. Hydrological processes that trigger landslides
have a strong temporal variation that is imposed on spatial variations in susceptibility.
Hence, landslide activity must be assessed in terms of its spatial extent and temporal
frequency. On medium temporal scales (< 100 years), environmental conditions and the
changes thereof influence the hydrology that controls landslide activity. The objectives of
this study are, therefore, to
e Evaluate the spatial and temporal variations in potentially triggering rainfall
events;
e Assess local variations in landslide susceptibility;
e Evaluate the role of the hydrology on landslide activity in the area;
e Assess the change in landslide activity under the impact of changes in land use
and climate on medium temporal scales (10-100 years).

14 Approach
1.4.1 Scale considerations

The Valles de Alcoy (SE Spain), where landslides in marl slopes occur frequently, has
been selected as study area.

The aim of this study to evaluate the role of landsliding within the hierarchy of erosion
processes in a Mediterranean environment calls for a regional assessment of the landslide
activity in which local variations in soil properties and slope conditions are incorporated.
Land use is delineated at the parcel scale and, consequently, the spatial scale considered
should encompass a representative part of the land use patterns. The hydrological triggers
of slope instability, combining the spatial and temporal distribution of rainfall events and
the redistribution of moisture, surpass the hillslope scale. To meet both demands, the
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catchment scale has been preferred and a suitable area has been found in the municipality
of Almudaina.

Transient hydrological conditions are the dominant triggers of landslides in the Valles de
Alcoy. Because of the erratic distribution of rainfall in this subhumid Mediterranean
environment, periods of considerable length should be considered (> 10 years). Land use
changes also occur on similar temporal scales whilst the moment of CO,-doubling is
commonly taken as the culminating moment of the envisaged climate changes.
Predictions project this moment around 2060 (Houghton et al., 1990). Consequently,
landslide activity will be evaluated over periods that are representative for the climatic
conditions (30 years) and the consequences of land use change will be related to the
expected trends of climate change (Le Houérou, 1992).

On the temporal scales considered, any seismic events are considered as disturbances and
will not be incorporated in the analysis.

1.4.2  Environmental change

Inferred changes in the environmental conditions are largely hypothetical and based on
extrapolations of current trends. These hypothetical conditions can be described by
scenarios of varying complexity. Climate change scenarios are nowadays based on the
results of general circulation models (GCMs) that are parameterised for the present
climate on a continental or global scale. These models are subsequently subjected to
increased concentrations of greenhouse gasses in the simulated atmosphere. The model
output under these perturbed conditions is treated as a forecast for the climate conditions
in the future. The model output usually consists of mean monthly or yearly statistics and
the spatial resolution is generally low. In order to apply it on more detailed scales,
downscaling is required. This technique has been applied for slope stability modelling at
various locations in the Alps by Buma & Dehn (1998), Dehn (1999) and Dehn et al.
(2000).

Land use conditions are usually extrapolated on the basis of social and economic
statistics and observed changes in land use patterns. Alternatively, purely hypothetical
scenarios of certain changes may be used to evaluate the consequences (Veldkamp &
Fresco, 1996; Rodda et al., 2001). In this case, land use changes are represented by
changes in land cover that are associated with fixed parameter sets. A direct
incorporation of the dynamics of land use change is not feasible and defies the means and
scope of this research. Furthermore, only the hydrological effects of land use change are
included in the land use change scenarios. Root reinforcement (Sidle et al., 1985;
Mulder, 1991) has been ignored as slip planes in the study area are usually located well
below the root zone.
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1.4.3  Modelling of landslide activity

The quantification of landslide activity under hypothetical conditions is hindered by the
fact that the relation between the effective rainfall and landslide occurrence is unknown.
For some time, analogue studies, in which process rates under different conditions are
compared, have been popular. However, analogue comparisons under different climates
or land use conditions are not necessarily representative for the expected changes.
Moreover, the expected vegetation covers are not necessarily present on the slopes liable
to landsliding. Given that the present climate has oscillated around a long-term mean, the
landscape that represents the expected changes will have adapted itself to some degree
and may deviate considerably from the inherited landscape under the true development. It
is, therefore, reasonable to resort to the alternative of physically based models that are
more flexible to incorporate hypothetical conditions. However, the model should be
modest in its scope and its appropriateness must be corroborated on the basis of field
evidence (Gleick, 1986). The disadvantage of detailed physically based models is that
their data requirements are large and that they must be run at a high model resolution.
These constraints limit their applicability to relatively small areas.

Because of the variation in rainfall, antecedent moisture conditions are extremely
important for landslide activity in Mediterranean environments, whether it concerns
shallow or more deep-seated landslides. The intended application of the model under
hypothetical climatic conditions demands that the model is capable of simulating the
transient hydrology under variable meteorological conditions (Brooks et al., 1993). This
contrasts it against the static approach that is often employed in more temperate regions
(Montgomery & Dietrich, 1994; Dietrich et al., 1998).

The hydrology is influenced by the vegetation and the application of different land cover
configurations necessitates a distributed approach. Embedding the model in a
geographical information system (GIS) has the advantage that the distributed model can
be linked to land use maps and datasets of the relevant parameters whilst the
topographical aspects of landslide activity are prescribed by the digital elevation model
(DEM).

The simulated hydrology has to be fed into a slope stability assessment to calculate the
safety factor or another measure of slope stability. Because of the dependence of the
stability assessment on the simulated hydrology, it is preferred to calibrate only the
hydrological component of this coupled hillslope model. Validation of the hydrological
and the stability components is possible by processing the rainfall data and by comparing
its results with the observed hydrology and with actual signs of slope instability.

The assessment of the coupled hillslope model is by nature deterministic, i.e. it predicts
failure or not. In reality, slope failure occurs due to spatial and temporal variations in the
capacity of mobilised shear strength in relation to the demand of the experienced shear
stress. Discrepancies, therefore, are likely to arise between the actual landslide
occurrence and simulated failure. Model performance will increase if the simulation
could incorporate some of the variability in the soil properties and the temporal variations
in the capacity and demand that arise from the hydrology (Ward et al., 1981; Christian et
al., 1994).
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In this case, the variability of the soil properties will be included in the analysis by means
of a probabilistic slope stability model. The uncertainty in the shear strength parameters
that define the landslide susceptibility will be considered.

On the basis of the validated hillslope model, changes in the temporal frequency of
landsliding can subsequently be assessed by employing the model to different scenarios
for land use and climate change (Scenario Modelling). The challenge is to find a concept
that describes such changes in landslide activity accurately. A possible solution is the use
of the sensitivity concept (Brunsden, 1999). The description of sensitivity of Section 1.2
conforms to the definition of Brunsden & Thornes (1979), that sensitivity can be
expressed as the ratio of the recovery time of a system or landscape over the recurrence
time of a significant disturbing event. Based on this definition, Brunsden (1993, 2001)
distinguishes several types of resistance and sensitivities. According to his definitions,
landslide activity can be interpreted in terms of the spatial and temporal sensitivity of the
landscape to disturbing events. On graded temporal scales the spatial sensitivity can be
assumed to be constant as the soil properties and the morphometry change over longer
periods than those considered (Chorley ef al, 1984). This reduces it to a local
susceptibility to landsliding, which is defined by the critical rise in groundwater height
for failure. This susceptibility reflects the likely recurrence of the worst case condition
and determines the long-term stability of a slope. Under this fundamental assumption, the
sensitivity to landsliding is basically the temporal sensitivity, in which the frequency of
potential triggering events determines the landscape response (Thomas, 2001). According
to the terminology of Brunsden (2001), the model evaluates sensitivity in terms of
strength resistance and filter resistance. The first is included through the variability in the
shear strength parameters whilst the second is included as the hydrological influence of
land use on the antecedent moisture contents and the net rainfall amounts.

The main disadvantage of the approach followed is its static nature, i.e. the simplifying
assumption that the susceptibility is constant over time. In reality, the action of gradual
processes implies that the susceptibility is constantly changing over time (De Boer,
1992). With respect to landsliding, these processes emerge as the preparatory factors may
lower the magnitude of the required triggering rainfall event (Van Asch, 1980; Crozier &
Preston, 1998). Although the approach offers an avenue to assess the changes in the
temporal frequency and spatial occurrence of landsliding, it is evident that forecasts of
changes in landslide activity must be treated with caution as dynamic change and
complex feedback mechanisms are not considered by the coupled hillslope model.

1.5 Thesis structure

Besides this introduction (Chapter 1), which sketches the outline of the work, this thesis
contains seven chapters. Chapter 2 gives a physiographic description of the study area
and the Valles de Alcoy. Chapter 3 presents the coupled hillslope model that forms the
basis for the subsequent modelling effort. Chapter 4 evaluates the spatial and temporal
variations in the climatic controls of rainfall and evapotranspiration on landslide activity
in the Valles de Alcoy. Chapter 5 describes the land use classification, which is used to
interpret the soil hydrological and geomechanical properties. This Chapter also presents
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the resulting parameterisation of the model. Chapter 6 treats the calibration and the
validation of the hydrological model component. Chapter 7 addresses the modelled
landslide susceptibility and the performance in comparison to the observed landslide
activity. Finally, Chapter 8 presents the Scenario Modelling by which the influence of
land use and climate change on landslide activity is assessed. The major findings and
suggestions for future research stemming from this study are summarised in the
concluding synthesis.
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2 PHYSIOGRAPHY OF THE STUDY AREA (VALLES DE
ALCOY)

2.1 Introduction

This Chapter provides a physiographic description of the study area and its surroundings
in relation to landsliding. The study area itself is situated in the municipality of
Almudaina, within the Spanish province of Alicante (Figure 2.1). It pertains to the
district of Alcoy, which, with 60,000 inhabitants, is the largest city of the upper basin of
the Rio Serpis (470 km?). This basin delimits a physiographic and cultural region referred
to as the Valles de Alcoy. North from the city of Alcoy, industrial and commercial
activities concentrate along the banks of the Rio Serpis and the parallel national road
N340 from Alicante to Valencia. At Muro de Alcoy, the Rio Serpis bends from its
northerly course to the east and continues along the mountain range of the Benicadell. At
the outlet of the basin, the reservoir of Beniarrés captures the waters of the Rio Serpis
after which the river continues its lower course to the Mediterranean.

-/M'\_ _Rio Serpis

ONTINIENTE N-340

——
e —

\...;" - e
COCENTAINA 1 \_\
N Ho O L S T
& ALCOYERA. ST ,
N ] Ve r—1 o Valencia
0 6 km

Figure 2.1: Location of the study area within the Valles de Alcoy (marked)
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The study area is located on the right bank of the Rio Serpis and covers the Barranco de
la Coloma. This catchment extends on the northface of the Sierra de Almudaina. After its
confluence with the Barranco del Mollo, the Coloma meets the larger Barranco de
Planes y Almudaina, which drains directly into the reservoir of Beniarrés (Figure 2.1,
Appendix 1). The catchments of both streams enclose approximately 4 km?. North of the
study area runs the secondary road from Muro to the Mediterranean coast (C3311),
which forms the main route of access.

2.1 Geology & Geomorphology
2.1.1  Structural geology

The upper basin of the Rio Serpis belongs to the Pre-Betic, the outer margin of the Betic
Cordillera. This outer rim connects this Alpine orogenic belt to the Hercynian basement
of the Spanish Meseta. In contrast to its core, the Pre-Betic is composed entirely of
autochthonous sediments of Mesozoic and Tertiary age. Because of the proximity of the
ancient landmass of the Meseta and the continuous shift in the position of the ancient
shoreline, distal and proximal sediments alternate.

The regional structural trend of the Pre-Betic is WSW-ENE and a zone of large-scale
folds and faults in this direction, the so-called franja de los grandes ejes, extends through
the region of Alcoy (IGME, 1975; Sanz de Galdeano, 1983). Within the Pre-Betic,
however, complications in the structural geology arise from the large-scale deformation
of the Mesozoic and Tertiary strata over the incompetent Keuper formation that covers
the Hercynian basement. Tectonic forces dislodged the plastic gypsiferous clays of
Triassic age that intruded along weaker zones into the younger strata. These diapyric
intrusions are generally associated with a secondary NS aligned fault-system. Although
the outcrops of Triassic rocks are limited, this fault system is widespread.

In the Alcoy region, both the ENE and the N aligned fault systems have been active
during most of the Tertiary (Pierson d’Autrey, 1987). At the transition from the
Cretaceous to the Paleogene, no clear break in lithology is observed, an indication that
the W Mediterranean basin remained distensive and the deposition of a deep-water facies
of limestone and flysch-type sediments continued. From the late Eocene onwards, a
shallowing-upward is present in the sequence of marine sediments. The change in facies
resulted from the falling sea level and involved a lateral extension of shelf conditions
(Rodriguez, 1977, Rebel, 1988). A hiatus in the marine sedimentation and a basal
conglomerate mark the transition from the Paleogene and Neogene (Pierson d’Autrey,
1987, Rebel, 1988).

The transgression that reclaimed the area for marine sedimentation at the beginning of
the Neogene coincides with a period of increased tectonic activity. As part of the foreland
of the Betic Cordillera, the area experienced a general lowering while towards the south
the topography was reversing under influence of the compressive NW movement. This
compression forced former rift faults to scale one another and ENE aligned folds arose
due to the shortening of the overlying deposits. Because of the NW compressive motion
and uplift in the south, most of these fold axes are overturned in this direction
(Rodriguez, 1977%).
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Figure 2.2: Simplified geological map of the Valles de Alcoy. Dominant lithology included in
brackets. Modified from IGME (1975)

As a result of the tectonic movement, the boundary between the Neogene and the older
substrate is unconformable. In the remaining basins, the increased input of eroded
material led to a higher rate of sedimentation. However, the rate of subsidence apparently
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matched the higher input into these basins. As a consequence, shelf conditions prevailed
most of the time and thick sequences of bioclastic material and marls were deposited.
These weakly consolidated sediments are similar to the deposits of the late Paleogene and
are referred to as Stage 2 and 1 of one lithostratigraphical unit, called 7ap. Because of the
insecure boundaries and their vast thickness, most times no distinction has been made
between the litho- or chronostratigraphy of the Miocene deposits on the geological map
but, instead, they are mapped as undifferentiated Miocene (IGME, 1975).

In the middle Miocene (14 Ma), the tectonic climax was reached and the resulting uplift
terminated the marine sedimentation in the area near the end of this series. From the
Pliocene onwards, locally derived debris was deposited in a terrestrial environment.
Tectonic activity decreased and was mostly vertical because of isostatic adjustment in the
Betic system (Sanz de Galdeano, 1983). The basin of the Rio Serpis has been
experiencing uplift up to recent times. This is witnessed by raised Pliocene and
Pleistocene terraces. Additional evidence of neotectonic activity in the area includes
inclined Quaternary fluvial terraces and travertine deposits (Moseley, 1990), the seismic
disruption of similar materials and the record of earthquakes in historical times (ITGE,
1990, La Roca, 19917). Besides isostatic adjustments, the authors attribute these signs of
neotectonic activity to the continued diapyric activity, the ongoing compressive motion
of the Betic Cordillera and the rejuvenation of the N-S aligned faults by distensive
movement since the Pliocene.

Because of the presence of large-scale folds and faults and the succession of more
resistant limestone from the Mesozoic and Paleogene by softer rocks of the Neogene, the
Rio Serpis follows the geological structure closely. Presently, the ENE aligned anticlines
stand out as roughly parallel limestone ridges that delimit the catchment of the Rio Serpis
(Figure 2.2). Such anticlinal structures form the Sierra de Almudaina, the Sierra del
Benicadell and the Sierra de Mariola. Towards the south, they connect to a continuous
chain of mountains from the Sierra de Menechaor to the Serella that separates the Rio
Serpis from the coastal plain of Alicante. All mountain ranges reach heights over 1000
m. The highest summits in the region are the Pla de la Casa (1379 m.a.s.l.) and the
Montcabré (1390 m.a.s.l.), in the Serella and the Sierra de Mariola respectively.

Within the upper basin of the Rio Serpis, the limestone crests alternate with worn-down
synclines in which the younger Tap formation is conserved. The dominant lithology of
this formation is the less resistant marl of Miocene age. In the south-east, such a syncline,
the Valle de Seta, forms a substantial sub-catchment in the upper Serpis Basin. In the
northern part of the basin, three such synclines form a large plain between the Benicadell,
the Sierra de Almudaina and the Mariola (Pierson d’Autrey, 1987). This plain is confined
by transverse faults along which diapyric activity occurs. In the north-east, a normal fault
runs through the Sierra del Benicadell. To the west, between Alcoy and Muro, such a
fault terminates the Sierra de Mariola, which consequently stands out against the adjacent
valley floor.
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2.1.2  The upper basin of the Rio Serpis

The resulting depression between the mountain ranges encompasses most of the course
of the Rio Serpis. Only where the fault through the Sierra del Benicadell meets the
continuation of the northern-most syncline, the Rio Serpis breaks through the confining
mountain chain and continues its course towards the Mediterranean. At this narrow
stretch, the course of the river has been dammed to form the reservoir of Beniarrés. At
the egress, the elevation of the 7ap is 320 m.a.s.l. and rises to 700 m.a.s.l. at the
unconformity with the Cretaceous limestone.

Along the mountain ranges scree slope deposits of different age cover the Tap formation.
The scree deposits connect to a pediment, of Plio-Pleistocene age, with a slope below 10°
(Plate 1). On this pediment paleosols have formed and towards the valley an alluvial
cover of increasing depth is present. This fluvial material covers a large part of the basin
because of the impartial drainage directly after its emergence in the Pliocene. During the
Pleistocene, raised terraces developed in this fluvial cover in response to the ongoing
uplift of the area and the eustatic fluctuations in sea level (Cuenca & Walker, 1995).
After this stage of aggradation in the Plio-Pleistocene, v-shaped ravines, or barrancos,
were cut into the pediment during the Holocene (Plate 1). This incision can be attributed
to different factors (Fumanal, 1990). First of all, the sea level rise but especially the
continued isostatic uplift increased the erosional gradient in the upstream parts of the
river systems. Secondly, the sediment supply decreased as a result of changes in climate
and vegetation. Higher temperatures and a less intense precipitation reduced the amount
of debris that was extracted from the mountain ranges. Thus, the erosion of the limestone
ridges decreased and the gradient between the limestone ridges and the erosion base was
maintained. Deprived of their usual sediment load, the scouring capacity of the streams
increased and they started to affect the older deposits. Once the older colluvial and
alluvial cover deposits were removed in the basins, more fine material was eroded from
the channel banks in the less resistant 7ap formation.

Nowadays, the difference between the recent valley floor in the barrancos and the
pediment is in the order of 50 m but locally heights in excess of 100 m can be found. The
drainage network of the barrancos is elongated and linear. Their orientation suggests that
they follow the structural geology of the area for many are aligned parallel to the ENE
and N fault sets. In the barrancos, channel deposits are limited and often reworked.
Larger alluvial deposits of Holocene age are only encountered along the Serpis and its
larger tributaries.

The walls of the barrancos are steep and protected by overlying nearly vertical cliffs of
calcreted fluvial terraces. The slopes suffer from severe erosion by surface wash and
mass movements. The high erodibility of the marl should be ascribed to its fine-grained
texture, the high carbonate content and the low degree of cementation and compaction.
These properties induce slaking when dry material is exposed to water and the
subsequent loss in strength is considerable (Section 5.7). Unloading of the material by
lateral erosion results in the opening of joints along which water is able to penetrate to
greater depths. Thus, the material weathers rapidly and produces a uniform and highly
plastic regolith. Except for these fissures, the permeability of the marl and its regolith is
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low what produces run-off during high-intensity rainfall and stagnating percolation after
infiltration.

Plate 1: The incised pediment between the
Sierra de Almudaina and the Benicadell

Erosion by surface wash is intense when a protective vegetation cover is absent. Since
growth conditions are particularly adverse on the insolated south-exposed slopes, shallow
soils with sparse vegetation develop here. On shady slopes, the higher water availability
and lower transpiration favour the development of a closed vegetation cover on a more
structured soil. Although the better soil structure and root density are advantageous to
slope stability, the higher water retention and the accumulation of water along the slope
may counter these benefits. This corresponds with the observed mass movement types in
the barrancos that are generally rainfall-induced slides and flowslides along the contact
between the regolith and bedrock.

In a survey of a barranco south-east of Muro, La Roca and Calvo-Cases (1988)
distinguished two types of mass movements: recent mudslides and older, deep-seated
landslides. Based on additional research on adjacent slopes, La Roca (1991°) observed
that the latter type of landslides concentrated on the more sensitive north-exposed slopes.
These landslides are seldom active as a whole but they seem liable to secondary
instability. During a period of landslide activity in 1990, 62% and 77% of the landslide
activity was connected to the older deep-seated landslides on the north-exposed slopes of
two barrancos (La Roca, 1991°). In contrast, the majority of mass movements on the
south-exposed slopes started as shallow slides high on the slope and continued as a flow
(La Roca & Calvo-Cases, 1988, La Roca, 1991°). The distinct landslide processes and
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intensity of surface wash results in an asymmetrical shape of the valley, which is more
marked when a dip slope is exposed to the north. Under those conditions, the shaded dip
slope has an inclination between 14 and 20° whereas the insolated back slope generally
exceeds the 20° (La Roca, 1991°).

Plate 2: Older translational landslide with secondary activity along its scarp and toe

As a result of mass wasting on the higher parts of the slopes, colluvial soils form near the
bottom of the valley. After prolonged rainfall, ephemeral streams may remove some of
this material. The erosional action of these streams is, however, limited to the base of the
slopes. In combination with slope instability, the episodic and localised removal of slope
deposits results in an immature drainage network with hanging secondary valleys and
blocked streambeds. The combined action of landsliding, surface erosion and
undercutting led La Roca (1990, 1991°) to formulate the following hypothesis for slope
evolution of the barrancos in the area:
1. Dip slopes and shaded valleys favour the development of landslides. These
landslides affect the entire slope, from the pediment to the valley floor. The
deposition of landslide material exceeds the erosional action at the toe and the
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Plate 3: Rota ioal landslide with deposit of slid material into the barranco
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shape will be only partly obliterated by secondary mass movements (Plate 2, Plate
3). Through this slope decline the concave valley side under the pediment
converts to a convex shape near the barranco;

On the insolated back slopes, shallower landslides remove material from headcuts
under the pediment. This material is removed as a mudslide after which the
exposed material is further eroded and transported by surface wash (Plate 4). This
results in gullies over the entire height of the slope with episodic periods of mass
movement in the headcuts and continuous surface erosion on its walls and
interfluves. Because of the constant down-wear, the transversal curvature of the
slope becomes concave;

Fluvial erosion at the base of the slopes accelerates the degradation of the slope.
Undercutting destabilises the slope and removes the older deposits, leading to
parallel retreat (Plate 5);

Through the initiation of landslides and the continuous reactivation topographical
depressions may form in the slopes that extend into the pediment. The
convergence of flow paths in these depressions leads to concentration of (sub)
surface water that, on its turn, stimulates the occurrence of landslides. Because of
the general influence of valley incision and the mutual reinforcement of the
hillslope processes, the slope in the barrancos tends to be rejuvenated in the same
manner over longer periods.
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Potentially, earthquakes provide a trigger for landslides as well. The impact of
earthquakes depends on the amount of released energy and the attenuation or acceleration
due to the topography (Price, 1992). The escarpments along the pediment and the slopes
in the barrancos are more vulnerable to earthquake triggered landslides because of the
break of slope and the steep inclination of the weakly consolidated and semi-impervious
strata (ITGE, 1990). Because of the neotectonic activity of the area, major triggering
earthquakes are probable (M.S.K. > VII on the Mercalli scale). In Alcoy, earthquake
damage was frequently reported with a largest recorded event with an intensity of IX on
the M.S.K. in 1645 (ITGE, 1990, La Roca, 1991%). A smaller event with an intensity of
VIII on the M.S.K. resulted in destruction and a loss of 33 lives in the city of Alcoy
whilst damage to property was reported throughout the Valles de Alcoy. On the basis of
an extreme value analysis of the historical record since 1700 (Gumbel distribution, see
Section 4.2), the recurrence intervals Tg for earthquakes with an intensity of VIII and IX
on the M.S.K. have been determined as 60 and 150 years respectively (ITGE, 1990).
However, since the end of the 19" century a seismic gap has opened over which only
smaller events are recorded that passed unnoticed in the pre-instrumental record. On the
premise that seismic activity can be judged as a disturbance of the continuous
hydrological processes in the area and the fact that major landslides (M.S.K. > VII) are
absent over the recent past, its role in landslide triggering will not be pursued here.

%

Plate 4: Scars of soil slips with assocted muslides
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2.1.3  Geomorphology of the study area

The study area of the Barranco de la Coloma near Almudaina fits well into the general
geomorphology of the upper basin of the Rio Serpis. Its catchment includes a portion of
the northface of the Sierra de Almudaina and runs roughly northwards until it meets the
Barranco de Planes y Almudaina of which it is a tributary. Just before this confluence, it
is joined by the Barranco de Mollo that intersects the Coloma due to its slightly oblique
northerly course (Figure 2.3). The Coloma crosses the boundary between the Cretaceous
limestone of the Sierra de Almudaina and the Miocene marl of the Tap formation. The
total drainage area is 2.7 km” of which roughly 45% is underlain by limestone. This area
is enclosed between the summit at 1013 m and the unconformity with the marl at 600 m.
From here, the Coloma continues in the marl until it reaches the confluence at an
elevation of 370 m. To the west, the Mollo covers an area of 1.1 km® in Miocene marl
only. Its summit reaches to 640 m.

In the marl, the Mollo and Coloma are confined to ravines cut into the Pleistocene
pediment. Because of the higher resistance of the limestone, the longitudinal profile of
the streambed of the Coloma shows a steepening towards the Sierra de Almudaina. In the
marl, the gradient along the channel decreases from 10° just below the limestone contact
to values below 3° near its junction with the Barranco de Planes y Almudaina. Below the
Sierra de Almudaina the marl is covered by scree originating from the limestone ridge.
The scree buries the ancient topography between the 600 and 500 m contour line and
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reaches a depth from a decimeter to several meters. This material is evacuated by dry-
grain flows and debris flows from the limestone ridge. Presently these flows are rare; the
last recorded debris flow occurred in October 1948. Yet, large debris cones testify of a
more active past. In the catchment of the Coloma, two dry valleys concentrate the debris.
The westerly valley connects to the main valley of the Coloma. The other valley connects
to a tributary of the Coloma, which is less pronounced in its upper reach beneath the
village of Almudaina (586 m). Both branches meet below the piedmont at an elevation of
420 m (Figure 2.3).

In the Sierra de Almudaina, the dry valleys coincide with transversal faults across the
densely jointed and karstified limestone. In addition, three faults can be recognised
parallel to the fold axis of this overthrust anticline as interruptions of the convex slope;
the average inclination of the convex slope is in excess of 20° but near-vertical cliffs
delimit the transversal faults. The channels of the dry valleys have been etched into the
limestone along the intersecting larger discontinuities. Notwithstanding the larger
tortuosity, the average inclination of the streambed remains high (15° against 6° when
underlain by marl). In the marl, the linear continuation of the Coloma and the similar, N
aligned course of the Mollo suggest that their shape is structurally defined by extensions
of the transversal faults in the Sierra de Almudaina. Such faults explain the spur of raised
marl at the summit of the Mollo. The existence of a large N-aligned fault along the Mollo
is likely because of differences in the dip of the Miocene strata. However, direct evidence
from the Barranco de la Coloma is lacking because few outcrops can be found and the
strata have a consistent NNE dip over the catchment.

In this study, scree deposits merge with Pleistocene fluvial terraces on the remaining
pediment. From the Sierra de Almudaina, the slope angle decreases to values of less than
1° on the terraces. In these flatter areas, the difference between the old aggradation level
and the recent erosional base is the largest. Near the confluence of the Coloma with the
Barranco de Planes y Almudaina, the old pediment has an elevation of 450 m whereas
the base of the present ravine is located some 80 m lower. Consequently, steep slopes
connect the remnants of the pediment to the erosion base. For the part of the area
underlain by marl, pediment and ravine alike, the average slope is 13°. Of this area, 33%
has a slope of less than 10° whereas 46% exceeds the average value. Hence, the
distribution of slope angles is positively skewed with the maximum slope angles in
excess of 40°. These steep slopes belong to those parts of the ravine walls that are
undercut by the barranco and on which no soil cover is present. These slopes are
relatively rare in the Coloma as less than 1% has an inclination over 34°, but more
frequent in the Mollo where marl outcrops occur along the stream (Figure 2.3). In total,
about 26% of the Coloma can be considered as liable to failure as the slope angle exceeds
the long-term stability threshold of totally saturated material (Skempton, 1964; Carson &
Kirkby, 1972).

The hillslope form in the Coloma is predominantly convex-concave from the base of the
slope towards the pediment. This is consistent with the evolution by slope decline as
proposed by La Roca when the upper reaches of the slope are protected by calcreted
fluvial material and colluvial deposits blanket the slope. In accordance to her hypothesis,
this form is truncated or obliterated by basal erosion resulting in the parallel slope retreat
(see also page 41). The resulting rectilinear barren slopes with a large degree of surface
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wash can be clearly recognised in the morphology of the area (Figure 2.3). Because of
the alignment of the barranco, the differences resulting from insolation are less marked
than postulated by La Roca (1991°). An additional discrepancy is found between the
general hillslope form in the marl and that in the area covered with scree between the two
branches of the Coloma. In the latter area, the overall form is convex from the base
onwards, over rectilinear to concave directly under the limestone cliff (Figure 2.3). Along
the two streams, the slopes are again undercut by basal erosion and straight banks
truncate the profile there. In the entire study area, a general hillslope form is a rather
abstract concept for most hillsides have been shaped by man into bench terraces because
of their steepness.

0.50
‘ ‘ o
040 4 - - - - r - oo
/é\ ]
£ ‘ 00
S 0304 - - - - I
‘é ! ! !
=
2 0207 SRR
3 o
~_ o
0104 - S | . |
| o ‘ Figure 2.4: Depth-length ratio vs. slope
RS L O 1 angle for the reconstructed slip surfaces of
0.00 ; ; ; 11 landslides in the Barranco de la Coloma.

The relative increase in depth corresponds
to a higher curvature of slides in steeper
tan(a) and undercut slopes.

0.00 0.25 0.50 0.75 1.00

Apart from surface wash by sheetflow, slope degradation occurs through rill and gully
erosion and through mass movements. Both gullies and landslides tend to concentrate in
topographical depressions on the slope. Gullies often start on the margin of the pediment
where overland flow from this surface is concentrated. During an erosion event, the gully
headwall itself often collapses what leads to the regressive expansion of the gully system
into the pediment. Of the mass movements, landsliding is the dominant type but small-
scale topples and falls have also been observed. Whereas the latter types are associated
with natural and man-made cuts in relatively fresh marl, the landslides are rainfall-
induced and affect the regolith underneath the root zone. Different degrees of complexity
can be observed. Simple soil slips, often changing towards a flow when the material loses
its coherence, are the most common. Their shear surfaces follow the contact of the
regolith with the bedrock what giving rise to planar slides. This contact forms a hydraulic
jump over which excessive pore pressures are generated that trigger these landslides.
This type of landslide is shallow, with depths of one to two meters, and of modest
dimensions as they do seldom occupy areas larger than a few tens of meters long and
several meters wide. They occur, however, repeatedly and destroy the protective
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vegetation cover after which barren material is subject to erosion. In this manner, these
shallow landslides often precede surface erosion that continues over a longer time. Only
once the vegetation has been re-established soil production recommences, but this can
take considerable time judging the conspicuous landslide scars of the area (Plate 4). This
type of landslide corresponds with the mudslides distinguished in the study of La Roca &
Calvo-Cases (1988).

The curvature of the shear surface increases when the slope profile is truncated, as is the
case for the undercut slopes and man-made terraces. The consequent rotational slides are
characterised by their high depth-length ratio when compared to the planar slides (Figure
2.4; Crozier, 1973). The largest values are found on the man-made bench terraces but
these rotational slides are extremely small and amenable to restoration. Natural rotational
slides are found in undercut slopes particularly where thicker colluvial materials can be
found (Plate 3). Their size and depth, however, are more similar to the planar slides and
they respond to identical triggering conditions.

Some larger landslides can be found in the study area. Their full extent is difficult to
recognise for they comprise older, inactive landslides that are locally reactivated on the
one hand and more complex assemblies of connected slides and flows on the other. To
the latter type belongs the large-scale movement between the Sierra de Almudaina and
the Coloma where the more permeable scree is sliding over the semi-impervious marl
base. As a result, blocks of weathered marl and scree alternate along the slope. These
blocks respond differently to rainfall and the unloading due to infrequent erosion by the
barranco. Depressions in this landslide complex concentrate water and the liquefied soil
flows between stiffer material towards the barranco. Such flows can be identified along
both branches of the Coloma that embrace this landslide complex. The movement of the
complex is slow, seasonal and widespread. Movement appears to be related to the
accumulated winter rainfall and damage to roads and buildings as well as the opening of
transversal fissures in agricultural land were observed in the spring of 1997 (Plate 6).

The other large landslides in the area are less active. Most times, their presence must be
inferred from the topography and the partial reactivation of the landslide bodies along the
scarp and toe. They cover topographical hollows with a concave shape along their
transversal and longitudinal profile. Although they function as tributaries of the main
channel, these subcatchments are raised above the erosion level of the barranco. The step
that connects these valleys to the main valley floor is subject to degradation by smaller
slips and gullying by which the infill of these depressions is exposed. Dependent on the
modification of the surface by terracing, the maximum depth of this colluvial soil cover
varies between two and four meters over the marl bedrock.

In the Barranco del Mollo, the landslide types are identical to those in the Coloma except
for the complex movement in the scree cover as this material is absent in this catchment.
Moreover, in contrast to the soil-mantled slopes in the Coloma, the presence of bedrock
along the channel of the Mollo limits the activity of its banks. In addition to the well-
defined landslides described above, large parts of both catchments are subject to a more
diffuse type of mass movement that degrades the man-made terraces and opens fissures
in the soil. The affected area is large and often associated with the more recognisable
landslides in the area (Figure 2.3). In the affected area, the humocky terrain is apparently
produced by creep and slow-moving, extensive sliding of the soil.
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Plate 6: Fissure opened by displacement
during the winter and spring 1996 — 1997

-0
T -

Between 1995 and 1999, in which period the field surveys were made, no soil slips were
initiated in the Mollo or Coloma and the activity of the landslide complex in the scree
slope was limited. Failure of the risers of bench terraces and road cuts, together with
extensive gully erosion on the agricultural fields in the area, was observed as a result of a
period of excessive rainfall in September 1997. For this month, 278 mm was recorded at
the station of Almudaina, which is roughly three times the average monthly total. The
maximum daily total was 122 mm on the 30™. No substantial landslides occurred,
however, on the natural slopes along the barrancos. Here, only small-scale flows were
observed. The mobilised material originated from thin soils on steep and bare slopes or
from gullies on the cultivated pediment. For the preceding period, the temporal activity
of the described landslide types is difficult to establish for no records of damage or
maintenance work are available and revegetation and degradation affect the scars
dependent on the local situation. The most recent periods of landslide activity in the
Valles de Alcoy that have been reported are the years 1972 to 1974, 1986, 1989 to 1990
and 1993. Aerial photographs witness these bursts of landslide activity for the smaller
landslides of which the newly formed scars are recognisable. For the larger, slow-moving
landslide, however, the activity can not be readily reconstructed in this manner. An
inventory of landslide activity over the period of interest is given in Chapter 7.
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Plate 7: Soil profile developed in weathered
%% marl with installed TDR-sensors

Apart from the alluvial cover of the pediments, all soil material in the study area is
locally derived. Weathered marl covers most of the marl bedrock in the area. Physical
weathering and dissolution of carbonate reduce the weakly cemented and compacted
marl to a silty loam. Except for the steepest and barren slopes where soils are absent,
typical profiles show a root zone with a maximum depth of about 50 cm below which a
layer of weathered marl is present. On cultivated slopes, this root zone consists of a
tillage layer of 20 cm depth. The best developed root zones are found under semi-natural
vegetation where a clear distinction between this zone and the underlying cambic horizon
is found. However, under all vegetation covers the content in organic material is
generally below 5%. The subsequent cambic horizon of plastic material contains a high
amount of precipitated CaCQOj;, which is present as mottles or concretions. This
secondary carbonate accretes under the influence of evaporating soil moisture. The
carbonate content, both primary and secondary together, exceeds values of 50% and is
similar to the unaltered marl but both horizons are distinct because of the differentiation
in CaCO; and clayey constituents in the cambic horizon. The accretion of secondary
carbonate satisfies the definition of a calcic horizon on highly calcareous materials as
specified by the USDA (1975). Because of the seasonal stagnation of water in this layer,
mottles of oxidised iron and manganese are found throughout. The thickness of this layer
varies from several decimeters on the top of the slope to a few meters at the foot of the
slope where a colluvium has been formed by mass-wasting. In the latter case, boulders
and pebbles from the alluvial cover of the pediments are mixed with the finer material.
Towards the marl bedrock, the material becomes firmer. The reduction of the marl into
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angular peds of several centimeters is the only sign of physical weathering. With depth,
the size of the peds increases whereas the accretion of secondary carbonate becomes
absent. Although the transition to bedrock is gradual, the lithological contact can be
recognised by the absence of penetrating roots and secondary carbonate, a spacing of
discontinuities exceeding the dimensions of individual peds that themselves do not show
any alteration or displacement, and the presence of macrofossils. The consistency of this
material is extremely firm and digging and augering into this material under normal soil
moisture conditions is cumbersome. On slopes covered with regoliths, this bedrock is
found within one to two meters below the surface (Plate 7). According to the USDA,
these soils should be classified as calciorthids (USDA, 1975).

On the pediments that have not been affected by erosion, alluvium covers almost directly
the marl bedrock. This alluvium of gravel and fines is sealed by a petrocalcic horizon
with a depth of a few centimeters. The observed maximum depth of this alluvial layer is
1’2 m. Along the barranco, recent deposits of fluvial material of limited size are found
lacking a petrocalcic horizon.

On the limestone range the soils are extremely shallow. In general, scree accumulated in
the debris cones is also sterile and void of any development. In contrast, scree slopes
overlying the marl possess a more differentiated soil profile. It consists of angular
limestone fragments of about 5 cm with etched and oxidised surfaces that are embedded
in a reddish brown matrix. The entire layer is positioned on top of the Cca-horizon of
weathered marl. Dependent on the depth and the weathering state of the marl, these soils
should be classified as one of the variants of the group of haploxerolls (USDA, 1975).

2.2 Climate

The climate of the Valles de Alcoy is continental and Mediterranean, displaying a strong
seasonality in temperature and precipitation (Table 2.1).

Table 2.1: Climatic statistics for the Valles de Alcoy (source: MAPA 1981)

Climatic variable Average
Mean annual temperature (°C) 12-18
Mean monthly temperature, coldest month (°C) 6-—12
Mean monthly temperature, warmest month (°C) 20-26
Length of frost period (months) 0-8
Potential annual evapotranspiration (mm) 750 — 1050
Annual precipitation (mm) 350 - 1000
Annual moisture deficit (mm) 350 - 450
Length of dry season (months) 4
Contribution of seasonal rainfall (%) Autumn 35
Winter 31
Spring 25

The mean temperature of the area falls within a range from 12 to 18°. The difference
between the summer and winter temperature is in the order of 16°. The lowest
temperatures occur in January but, because of the secluded position of the area, night
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frost is frequent in the higher parts from late fall until late spring. In winter, temperature
has the highest variance and the largest diurnal oscillation. In summer, the temperature is
not only higher but also more stable, as the conditions of Alcoy indicate (Figure 2.5).

Rainfall Temperature

35.0
30.0
25.0
20.0 ~
15.0
100 v - -
5.0 1

0.0 T T T T T T T T T T
Jan. Mar May Jul Sep Nov Jan. Mar May Jul Sep Nov

Temperature (°)

Rainfall (mm)

Occurrence (days)

1 Raindays —— Total —— Minimum —— Maximum Average

Figure 2.5: Mean monthly temperature, rainfall occurrence and rainfall totals for the station of
Alcoy (data: INM)

With the annual rainfall in the range between 350 and 1000 mm the area can be
characterised as semi-arid to humid. With these high values, the Valles de Alcoy form a
pluviometric island between the semi-arid regions of Valencia and Alicante and the
interior of the Meseta (Lautensach, 1964). The relative abundance of rainfall must be
attributed to the formation of local depressions over the western Mediterranean. This
weather system is often referred to as the temporal de Levante (La Roca, 1992, COPUT,
1994). It is generated by the penetration of cold air from the jet stream over the European
landmass that becomes separated from the Atlantic by the Iberian and Cantabrian
mountain ranges. Conditions for its formation are highly favourable in the autumn for
then the influence of the Azores high is still significant and the higher temperatures over
the Mediterranean warm the air and charge it with precipitation. The associated cyclonic
NE winds direct these saturated air masses to the Levantine coast where the moisture is
discharged by the relative difference in temperature and the orographic effects of the Pre-
Betic mountain ranges as intense and widespread rainfall. A particular situation occurs
whenever the cold air of this depression gets totally isolated and persists for several days
inducing a bifurcation of the jet stream. In this situation, the bifurcation results in the
development of a high over Central Europe and a low over Northern Africa that, with the
Azores high, keep the depression over the Mediterranean in a stationary position. The
enclosed cold air forms a convection cell in which more and more water from the
Mediterranean is absorbed and delivered on the Spanish coast. This system with
torrential rainfall, often exceeding daily rainfall depths of 200 mm and delivering over
50% of the total annual rainfall, is called the gota fria (Santos, 1991, La Roca, 1992).
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The prevalence of the temporal de Levante is demonstrated by the statistical analyses of
Romero et al. (1998, 1999) on the rainfall record of 410 rainfall stations over the period
1964 — 1993. They found that it was the dominant source of rainfall for the coastal area
between Valencia and Murcia. Although the same weather system occurs from autumn to
early spring, Romero et al. found that the activity of torrential rain was higher in autumn
than any other season. This is caused by the unstable atmospheric situation during
autumn what makes this season critical for the hydrological budget of the area. An
analysis by Esteban ef al. (1998) of the rainfall record of 40 stations covering the period
between 1880 and 1992 confirms these findings; independently, both researches
demonstrated that the extreme droughts in Spain during the 1920s and 1980s coincided
with an absence of autumnal rainfall rather than an overall decrease.

Because of the easterly orientation of the Pre-Betic mountain ranges, the NE rain-bearing
winds experience an orographic effect and deliver most of their rainfall on the exposed
mountainsides. In the Valles de Alcoy, the succession of parallel mountain ranges thus
produces an alternation of wetter northfaces and dryer leesides. Because of the projection
of the area around the Sierra de Aitana into the Mediterranean, an additional trend is
found of decreasing rainfall depths from the coast to the interior (La Roca, 1992). In the
highest areas, some of the winter rainfall is delivered as snow. Although snowfall is
frequent, the cover itself lasts seldom more than a few days. In spring, the conditions for
precipitation from the Mediterranean become less favourable. Instead, thunderstorms
develop along the mountain ranges and result in localised precipitation. In summer, the
stable atmospheric conditions obstruct precipitation and a dry period from half June until
the beginning of September is common (Figure 2.5). During this period, a soil moisture
deficit develops that is not eliminated until substantial rainfall has occurred.

For the study area of the Barranco de Coloma, information on daily precipitation is
available from the nearby meteorological station at Almudaina. This station, with a mean
annual precipitation of 700 mm, is positively influenced by its position at the foot of the
Sierra de Almudaina. The temporal distribution is similar to that of Alcoy as presented in
Figure 2.5. On average, a year has 38 raindays. The maximum observed 24-hour total
was 240.5 mm. This amount was part of an event that lasted 8 days and that delivered
553 mm out of an annual total of 967 mm. The theoretical recurrence interval of this
event lies in the range of 40 to 50 years (Section 4.2). Such events of extreme rainfall,
roughly in excess of 300 mm rainfall over consecutive days, could trigger small
landslides, especially if some antecedent rain balances the soil moisture deficit (La Roca,
1992). In the rainfall record from 1971 until 1998, this value was exceeded in 5 out of the
27 hydrological years.

Chapter 4 addresses the climatic conditions of the Valles de Alcoy in more detail.

2.3 Geohydrology

The alternation of permeable limestone ridges with basins in which the Tap formation is
preserved defines the geohydrology in the Valles de Alcoy. The succession of coarse and
fine-grained deposits of the 7ap formation in the synclines makes it to an aquitard that
seals the water in the aquifers formed by the overthrust anticlines of Mesozoic and
Paleogene limestone. These anticlines are bounded by large-scale transversal faults and
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result in dome-like structures into which the rainfall is trapped and concentrated.
Moreover, in the karstic massifs, the percolation is rapid and the losses to evaporation are
at a minimum. Thus, the recharge of these aquifers like the Sierra de Almudaina is high.
Notwithstanding the high recharge, the groundwater levels in these aquifers are deep.
Prospective drillings were undertaken at the foot of the limestone near Almudaina at the
end of the 1980s without encountering exploitable resources. Currently, a small quantity
of water is extracted from the aquifer formed by the Sierra de Almudaina and the
adjoining limestone massifs. Of an estimated recharge of 25 hm’ per year, Shm’ is
pumped to supply drinking and industrial water to the community of Alcoy (statistics
Diputacién Provincial de Alicante).

Only in the south of Alcoy, the discharge of some smaller aquifers constitutes the
baseflow of the Rio Serpis and its tributary, the Rio Penaguila. The difference between
the baseflow level and the peak discharge of the river system is marked because of the
insignificance of the former and the rapid contribution of agricultural and urbanised lands
along its banks after rainfall. Thus, the river system responds immediately what, in
combination with the erratic occurrence of extreme rainfall, makes its behaviour highly
unpredictable. Flooding occurs frequently in those areas where the river bed is confined
by the natural embankment and by man-made structures as is the case in the city of
Alcoy. Considerable damage following floods occurred in 1922, 1946, and 1986. In the
1990s, three smaller events of flooding occurred. In the Valles de Alcoy, the reservoir of
Beniarrés, was constructed mainly in order to regulate the water supply of the Rio Serpis
to the coastal area.

Along the limestone ranges, the scree deposits of the piedmont form aquifers of limited
depth and size in which local groundwater levels develop over the lithological contact
with the underlying semi-impervious marl. Springs occur where the concentration of
water in this deposit intersects the local topography or where the lithological contact
surfaces. Near Almudaina, several of these springs are found. Since old, these springs
provide the local water supply and nowadays two of them are captured as a source of
drinking water. Yet, their discharge is variable and insecure in periods of prolonged
drought. Even the spring with the largest outflow, discharging into the barranco east of
the Coloma, runs dry in years of below-average rainfall. Depending on the accumulated
rainfall during the wet season and the frequency of thunderstorms in spring, the yield is
more substantial and prolonged. Following the wet winter of 1996 — 1997, the discharge
of the larger spring was in the range of 15 to 20 litres per minute near the end of April
1997. It waned, however, rapidly after the rainfall ended. If not captured, the outflow
from these sources discharges into the barrancos, making them to ephemeral streams on
which the hydrological response of the marl is superimposed. Prolonged discharge of the
Coloma was inferred in the early spring of 1995 and observed following the winter of
1996-1997 and 1997-1998. Over this period, the discharge of the larger Barranco de
Planes y Almudaina was more secure and persisted during periods of varying length
between fall and late spring.

In the study area, marl deposits form the bulk of the 7ap formation. These strata are
semi-impervious and saturated flow is observed only in some coarser layers of
unsubstantial depth. Springs and wells are extremely rare. More frequent is the extrusion
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of water in topographical depressions contributing to the barranco following periods of
prolonged rainfall. This water stems from perched water levels that develop in the soil
over the marl bedrock and converge along the slope towards the barranco. The
infiltration capacity is often high on the well-developed soils of the natural slopes around
the barranco but limited on the pediment where the soils are shallower. This generates
run off on the agricultural lands of this pediment surface that, consequently, experience
ephemeral gully erosion. This run off is concentrated and delivered to the stream,
generating peak discharges during extreme rainfall events as that of September 1997.

24 Socio-economic development and land use

The name of Almudaina stems from the Arabic occupation of the area in the Middle
Ages but the density and continuity of human occupation in the area make it likely that
the settlement finds its origin in Neolithic times. After the fall of Alcoy to the Catalan
crown in 1278, civic rights were bestowed onto the 120 inhabitants of Almudaina. As
part of the administrative reform the village was brought under the newly established
county of Cocentaina. During the consolidation of the Christian conquest, this county and
the region of Alcoy were gathered under the sovereignty of Valencia. The thorough
christianisation of the area followed the insurrection of the Moriscos in Andalucia and
Valencia during the reign of Philip II.

Since the reconquest, the population of the area has risen until the 20" century.
Agriculture, which was the main source of subsistence, appears not to have been
impaired by the political changes. The increase in population led to an expansion and
intensification of agriculture on all suitable lands. This traditional type of agriculture
included the cultivation of fruits and cereals, partly as mixed crops, on bench terraced
slopes. Dependent on the fertility of the land, cultivation was repeated after one or two
years of fallow. On this fallow land and on the unproductive slopes, cattle were herded.
In addition to meat, sheep herded in this manner provided wool that was processed by the
textile industry that was developing in Alcoy since the 18" century. This industry and the
presence of paper mills provided a base for the expansion of this city. Together with
Cocentaina as a centre of administration, Alcoy became the largest concentration of
population in the area. This population was maintained by the agricultural produce of the
surrounding rural area that was to a large extent self-sufficient. Apart from cereals,
typical crops included olives, almonds and cherries as well as vegetables in horticulture.
As a result of the expansion of cultivated land and the slash-and-burn practices to achieve
the renewal of pasture lands , the natural climax vegetation of holm oaks (Quercetum
rotundifoliae) is nowadays nearly eradicated.

In the 20™ century, the developments break with this trend of general expansion. The
rural and urban population increased at an equal pace before the beginning of that
century, but after 1920 the rural population fell rapidly. In contrast, the population of the
urban centres of Cocentaina and Alcoy and the surrounding urbanised villages continued
to rise. Since 1900, the population of Alcoy for example roughly doubled to 60,000,
keeping pace with the national demographic trend of Spain. The total population of the
Valles de Alcoy also increased but at an attenuated rate as the rural population decreased
dramatically. For Almudaina, as for many of the rural villages in the area, the population
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was halved over a 40 year-period twice after 1920 (Figure 2.6). After an initial
population of 473 in 1900, the number of inhabitants fell to 118 in 1999, bringing it to
the level at the end of the 13" century. Although some of the migration is intraregional a
large part of it is directed to the larger cities of Valencia and Alicante. Because of this
interregional loss and the predominantly rural nature of the region, the net demographic
development of the Valles de Alcoy lags behind the national Spanish trend (Figure 2.6).
In spite of this difference, the average population density of 112 inhabitants per km?
exceeds the national density of 66 inhabitants per km”. The latter figure matches the
density of the rural area in the Valles de Alcoy, reflecting the relatively high population
density in the past. The present number of inhabitants is 89,000 compared to 66,000 in
1900. With exclusion of the urban populations of Alcoy and Cocentaina (60,000 and
10,000 respectively), this brings the approximate rural population to a mere 20,000
inhabitants.
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Figure 2.6: Demographic development of Almudaina, Valles de Alcoy and Spain during the 20th
century indexed for1900 (sources: MAPA 1986 & Generalitat Valenciana)

The processes explaining this dramatic drop in rural population are the decreasing family
size and the rural exodus of the active labour force to the industries and services in the
urban centres. Both processes are symptoms of the agricultural crisis that occurred in the
wake of the Industrial Revolution. In the Valles de Alcoy, this crisis was induced by the
ineptness of mechanised cultivation of cereals on the bench terraced slopes that reduced
the competitiveness of the traditional agriculture. In combination with the increase in
yield that could be achieved by the application of new fertilisers, pesticides and
ameliorated crop types, a reorientation of agriculture in the area was imminent. The
consequent smaller margins and the decreased demand of agricultural labour forced the
obsolete rural population to the employment of the industries in Alcoy. Although the
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change started already in the late 19" century, the effects of the Spanish civil war and the
geo-political situation afterwards delayed the shift. In particular the autarky imposed in
the early 1950’s under Franco impeded the agricultural reform but after its lift and the
entrance of Spain in the European Union, the developments occurred at a higher rate.
Basically, the agriculture in the area has been adapting itself to the new market
conditions by intensifying the production of marketable crops and the abandonment of
marginal fields. Since the climate restricts the cultivation of profitable citrus fruits,
present agriculture focuses on the traditionally grown permanent crops of cherries and
olives. These crops require a minimum of mechanised labour and by the plantation of
trees with varying harvest dates, agriculture is profitable under semi-traditional practices.
Moreover, these crops secure a reasonable yield under the sometimes adverse climatic
conditions for irrigation is only feasible on a limited scale. Of all agricultural lands, only
6% were covered by irrigated fields in 1981. The remainder of rain-fed crops took up
most of the 42% of the territory dedicated to agriculture (MAPA, 1986).

Olive trees provide still the bulk of the production, which is used for oil. However,
plantations of cherries are on the rise for climatic conditions ensure an early harvest and
consequent high earnings on the European market. At that time, the proportion between
the plantations with cherries and olives was roughly 1:1 (MAPA, 1986). Other permanent
crops (almonds, peaches) are only of secondary importance.

On the fields, typical plantation densities are 6 x 6 to 8 x 8 meters for cherry trees and
other drupes and 10 x 10 meters for olives. To optimise the water supply to the trees, the
area between trees is kept clear of weeds by ploughing and raking. The parcellation of
the area is small-scale. In the Valles de Alcoy, 58% of the parcels have a size smaller
than 0.5 ha and 82% of the parcels is smaller than 1 ha (MAPA, 1986). The risers that
separate these terraced fields are usually between 1 and 2 m high and

have slopes of 2:1. On them, weeds and brambles are left to grow to prevent erosion.
Because of the small field size and the low requirements for mechanised actions, the
degree of mechanisation is relatively low with a predominance of small motorised
cultivators (MAPA, 1986).

In addition to the preferred crop types, the parcellation and tenure are also very
traditional. This reflects the shift in the economic importance of agriculture in the area.
Nowadays, the number of full-time farmers is small. Of the employed labour in 1991,
only 10.4% was directly involved in the agricultural sector compared to 51.7% in the
secondary and 37.8% in the tertiary sector. However, although agriculture is no longer
the main occupation for many, a large number of people still cultivates some of the fields
in their possession. This is shown by the total number of small-scale exploitations: 75%
of the agricultural enterprises cover less than 5 ha and 90% of all taxed grounds were
held in ownership (MAPA, 1986). In 1981, the total number of exploitations was 6,798,
giving a ratio of one farm per 14 inhabitants or 1:3 if only the rural population is
considered. Based on these figures it should be concluded that agriculture continues to
provide an additional source of income for many. Agricultural co-operations support the
necessary investments and provide the infrastructure for these small-scale farmers. More
important for them, however, could be the social importance of agriculture. Many of the
small-scale farmers are no longer residents of the area but continue agriculture as a
pastime during the weekend and holidays.
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The present state of land use in the municipality of Almudaina complies well with this
general picture for the Valles de Alcoy. The total acreage of the municipality amounts to
895 ha. Of these, 424 ha were under cultivation in 1977 (MAPA, 1981). At that time,
olive groves formed the majority with 231 ha. The second largest crop consisted of
almonds. Almonds in single cultivation covered 64 ha while a mixed crop of almonds
and olives covered 22 ha. Of the remainder, 107, only 33 ha were planted with cherry
trees whereas vineyards covered 50 ha at that time. Since then, the share of cherries has
increased at the expense of all except the olives. At the start of this study in 1995, the
ratio was roughly 1:1 and vines and almonds had nearly disappeared. An inventory of
land use in 1998 showed that the cultivated land covered 63 ha out of the 154 ha under
consideration in the catchment of the Barranco de la Coloma. Most of this area was
located on the more accessible pediment surfaces (Figure 5.1). The remainder, 91 ha, was
abandoned or covered by semi-natural vegetation. These abandoned fields take up 54%
of the total area of the once bench-terraced land. Only a fraction of this was taken into
production again between 1995 and 1999. In all cases it concerned relatively large and
flat areas bordering the road on the pediments.

Through regeneration, a semi-natural vegetation develops on the abandoned fields.
Instead of the original oak forest, the climax is an open stand of Aleppo pine (Pinus
halepensis) with undergrowth of grasses and perennials. This full-stage development is
attained within a period of 20 to 30 years dependent on the local conditions. A different
type of semi-natural climax vegetation is found along the stream in the barranco. Because
of the higher water availability, deciduous trees like poplars and elms replace the pines.
This vegetation, however, is confined to the streambed of the barranco except for a small
patch of ash trees that grows in a zone of extruding water in the eastern tributary of the
Coloma.

If the conditions are more adverse, the vegetation develops towards an immature thicket
of perennials of the association rosmarino-ericion (pers. com. La Roca). In this
vegetation, the shrub Ulex parviflorus is the dominant type. The restrictive factor is often
the combined effect of shallow soils and limited water availability. Such conditions also
prevail on the limestone ridge south of the study area where the vegetation cover is
consequently sparse and underdeveloped.

In the study area, the most degenerated vegetation can be found on slopes with a high
insolation where the bedrock is constantly stripped from its soil or on the pediment where
a petrocalcic horizon seals the fluvial deposits. The vegetation that establishes itself here
is more patchy and consists mostly of woody herbs and heather (Thymus vulgaris,
Daphne gnidium, Erica multiflora). Because of the adverse conditions, these less evolved
types appear to be accomplished within a time span of 10 to 20 years whereas the
complete revegetation of abandoned land under favourable conditions takes generally
less than 10 years.

In the Valles de Alcoy, land abandonment has been symptomatic for the socio-economic
developments over the last century. With the ongoing globalisation and with the expected
decrease in total and agricultural population more agricultural land will probably be
taken out of production in the near future (Figure 2.7). The impacts, however, will be far
greater than mere abandonment for with the agriculture and the population also the
liveability of the area is on the decline. In response to these changes, the economies of
rural areas are reshaping themselves to remain profitable and sustainable. This process is
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not only spontaneous but is also guided by policies initiated by local, national and
international legislative bodies. This presents new conditions and opportunities for the
existing agriculture and some probable changes in land use for the near future are
discussed in Section 8.3.
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Figure 2.7: Expected development of the Spanish population. Agricultural population and labour
expressed as percentage of total population (source FAO statistics)

2.5 Summary

The Valles de Alcoy are a part of the Pre-Betic orogenic belt in which overtrhrusted
anticlines of resistant Cretaceous and lower Tertiary limestone alternate with synclines of
weaker Miocene marl. After the orogenic climax in the Pliocene, a stage of aggradation
persisted throughout the larger part of the Pleistocene when the connection of the
primeval basin of the Valles de Alcoy to the Mediterranean was still absent. Once this
connection was fully established, the incision of the existing pediments and terraces
started. Due to the continued uplift, this incision has persisted since the Pleistocene. As a
result, v-shaped barrancos have been forming that constitute a structurally defined
drainage network of ephemeral streams.

Since the summits of the drainage network are located on the resistant limestone, a strong
relative relief is maintained whilst steep slopes occur along the incisions of the barrancos.
On these slopes, relatively deep soils may be present or form rapidly through weathering
of the weakly compacted and cemented marls. These soil-mantled slopes have a strong
disposition to landsliding when the equilibrium between shearing resistance and shear
stress is disturbed. The neotectonic activity in the area can lead to seismic triggering of
landslides but most if not all recent landslides are rainfall-induced and caused by elevated
pore pressures on the lithic contact between the soil and the marl bedrock.
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Different types of landslides can be distinguished in the recent landslides. Planar slides
occur higher on the slopes where a regolith of weathered marl is present whilst rotational
slides occur along the channel of the barranco where more colluvium is present. Larger
landslide complexes occur on the slopes under the piedmont. The toe of these slopes are
destabilised by the barranco while the pore pressures are raised by the rainfall that is
accumulated in the more permeable scree slope deposits.

Although these types of landslides respond differently to rainfall, triggering rainfall
events can generally be said to be infrequent. Effective rainfall is strongly seasonal and
the rare extreme rainfall events that cause landslides prevail in the fall and winter. The
large rainfall amounts delivered by these events can to a large extent be accommodated
by the root zone and tillage layers on these slopes. The infiltration capacity of these
slopes can be expected to increase due to the recent abandonment of cultivated fields that
are deemed marginal.
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3 A COUPLED MODEL OF SLOPE HYDROLOGY AND
STABILITY

3.1 Introduction

As defined in the preceding chapters, this study aims to quantify the role of rainfall-
induced landslides within the hierarchy of hillslope erosion processes in a sub-humid
Mediterranean environment. This hierarchy can be envisaged as a cascade- in which the
downslope movement of material -or the conversion of potential into kinetic energy- is
controlled by related processes of surface wash, soil production and mass movement
(Van Asch, 1980).

Rainfall-induced landslides are triggered by a relative increase in pore pressure (Chapter
1). The triggering pore pressures develop often over a lithological contact, such as the
transition between the soil and the underlying bedrock. Because of their limited depth,
they can be triggered by rainfall that is accumulated over short periods. Thus, their
occurrence can be extensive and capable of mobilising considerable volumes of material.
Moreover, the destruction of the vegetation cover exposes barren material, which is the
onset for surface wash processes.

Mediterranean environments, subject to erosion processes, are extremely sensitive to
changing environmental conditions (Mulligan, 1998). This can be extended to include
those environments where landsliding interacts with surface wash processes. The impact
of environmental changes on landslide activity comprises changes in its frequency and
magnitude. Under hypothetical conditions, when the changes can not be evaluated a
posteriori, the assessment requires that the causal relation between the triggering rainfall
events and landslide activity be understood. This relation is complex as the net
precipitation and the antecedent moisture conditions control the triggering of landslides
(Chapter 1). As a result, the evaluation of the sensitivity of an area to landsliding in the
light of presumed changes in land use and climate becomes rather difficult. The use of a
model may assist in the analysis whether it is directed to test a predefined hypothesis or
to predict the changes in landslide activity under a presumed scenario.

The primary trait of such a model must be its capability to relate generated pore pressures
to a threshold of instability. This threshold can be defined for a single landslide or for
distinct type. It is either an observed pore pressure level or derived from a slope stability
assessment, in which it is defined as a critical pore pressure or as a measure of overall
stability (e.g. the Safety Factor; see Section 3.2.3). Irrespective of the type of threshold
used, it can be compared through the model with the generated ground water. This
coupling of hydrology and stability by the model makes it possible to express the
sensitivity to landsliding in terms of frequency and order of magnitude. The effects of
changing environmental conditions can be incorporated in the model by applying it to
different scenarios.

In the following sections, a coupled hillslope model is described of which the aim is to
simulate the pore pressure conditions adequately over time in order assess the activity of
rainfall-induced landslides. The intended application to hypothetical scenarios postulates
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that the model is physically based. Moreover, changes in the sensitivity to landsliding
will only emerge on a regional scale whilst local differences in topography and land use
must be considered. These requirements are the easiest accommodated by a distributed
model. Adaptations of the model parameterisation that arise from environmental changes
are readily accomplished when the model is embedded in a GIS environment.
Consequently, the coupled hillslope model is dynamic, distributed and physically based
and will be applied on a regional scale. It includes a hydrological model component
named STARWARS, an acronym for STorage And Redistribution of Water on Agricultural
and Revegetated Slopes. The stability analysis, PROBSTAB, is a limiting equilibrium
model based on the Mohr-Coulomb failure criterion by which the probability of failure is
assessed. The demands for the implementation of such a model are numerous and some
general aspects that underlie the development of the model are considered first.

3.2 Development of the coupled model of slope hydrology and stability
3.2.1  Scale aspects and model considerations

Awareness of the possible impact of changing environmental conditions like land use and
climate on the controlling pore pressures and the absence of long term observational
records has led to an increase in the use of physically based hydrological models to
evaluate the consequences for future landslide activity. These model approaches range
from simple 1-D tank models (e.g. Buma & Dehn, 1998), over GIS embedded static and
quasi-static 2- to 3-D approaches (e.g. Van Asch et al., 1993; Montgomery & Dietrich,
1994; Miller & Sias, 1998) to complex numerical solutions of 2- and 3-D saturated and
unsaturated flow (e.g. Brooks et al., 1995; Hattendorf et al., 1999). All model categories
include different levels of spatial and temporal detail.

Physically based models are favoured since they are capable of predicting alterations in
the hydrological behaviour by means of the constituent equations for the incorporated
processes (Grayson ef al., 1992). The applicability of these models for future scenarios is,
however, limited. Practical limitations are the related problems of spatial and temporal
resolution, numerical stability and computation time. A further limitation is the large
dataset that the more complex models require. Even if all model parameters can be
acquired, it remains doubtful whether the changes in model output are discernible against
the ensuing uncertainty (Nandakumar & Mein, 1997).

The uncertainty in parameter values derives from the natural variability and the
discrepancy model-, process- and sample scale. Because of the use of the constituent
physical relations, the model scale is inseparably bound to the scale at which the material
properties have been sampled and at which the formulae have been defined. It coincides
usually with a point scale and the support of the retrieved data is seldom larger than
volumes of 1 dm® or 1 m’ for soil properties that are taken constant over time. For soil
properties, sampled over time by automated equipment, this support may even be
smaller. This support may differ from the relevant process scale, often referred to as the
representative elementary area or volume (REA, REV), that determines the observed
behaviour (Bear, 1972; Wood, 1995).
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Partly because of the spatial resolution of the data, partly because of the natural
variability of the incorporated processes, the temporal scale of most models lies in the
range from seconds to days. In contrast, the scale of interest is usually defined by larger
natural or administrative entities (e.g. catchments and provinces) and by periods covering
many years. The tendency of reducing the model resolution to cover these larger scales of
interest leads to uncertainty in the estimation of parameter values (Heuvelink & Pebesma,
1999).

Further questions on the validity of these models are raised by the common practice of
optimising the model performance under present conditions. This means that the tacit
assumption is made that the importance and relations of the relevant processes in the
modelled system will not change. Many physically based models of rainfall-induced
landslides link the triggering groundwater level or matric suction in a deterministic
manner to a static stability model or an observed stability threshold. This implies that the
prediction of the groundwater level or matric suction as a measure of the pore pressure at
the potential shear plane gives the exceedance of the critical condition. The subsequent
changes after failure in the hydrological and mechanical behaviour of the system are not
considered and feedback mechanisms that influence the occurrence of landslides are
ignored. All in all, the model outcome gives an idea of the system response in terms of
landslide susceptibility to the changing environmental conditions, with all the other
factors remaining constant. For the 1- to 2-D approaches, the inferred changes in the
hydrological behaviour do not surpass the domain of the modelled slope. The variability
within the catchment and induced changes in the spatial and temporal distribution of
landslide activity are most times neglected altogether.

Under consideration of these limitations it must be concluded that in order to evaluate the
temporal and spatial alterations in landslide susceptibility under changing environmental
conditions simple, physically based hydrological models are needed. These models
should be modest in their aim and in their data requirements. This demand for modesty
originates from the trade-off between the model’s capability to simulate the real world
adequately on the one side and the uncertainty that is included in the model and in the
model input on the other (Hillel, 1986). All models should be applied with care and their
results interpreted with scrutiny. After all, no model can predict nor assess changes
beyond its original scope.

The validity of the model assumptions and boundary conditions determine the model’s
flexibility under the changing conditions. This excludes the use of entirely empirical
models because they are based on unspecified sources of variability within the present
system. In spite of this severe shortcoming of empirical models, no model can escape
from a certain amount of empirism. The simplification of the real world system leads to a
neglect of factors that will be compensated by adjustment of the parameters that are
included in the calibration of the model. For this reason, no model will be right in an
absolute manner (Konikow & Bredehoeft, 1992), but represents rather a possible
realisation of the actual system (Beven, 1989). This raises fundamental questions on the
possibility to predict the behaviour of geomorphic systems at all (Haff, 1996). This
limitation can be overcome by adopting a probabilistic approach in which deterministic
processes on the underlying scales are replaced by random variables.
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In its application, the coupled hillslope model unites partly contradictory demands on the
spatial and temporal scale. The aim is to predict landslide activity over relatively long
timespans and large areas. At this scale of consideration, the model must incorporate the
maximum of spatial and temporal detail at a minimum of costs in terms of
parameterisation and computation time. The required temporal detail of the model is
dependent on the rainfall characteristics. In Mediterranean environments, this rainfall
distribution is erratic and characterised by extreme rainfall events. Therefore, the
temporal resolution should comply with the present rainfall distribution and with the
inferred conditions from downscaled climate change scenarios. Because of the resulting
short-term fluctuations in soil moisture content, the model describes transient flow
instead of a static or quasi-static condition. Only for a limited number of special
boundary conditions can flow under transient conditions be described by analytical
functions. In the majority of cases, only numerical solutions, in which the process-
domain is divided in finite increments of space and time, provide the flexibility to cover
the constantly changing conditions. The hydrological component of the coupled hillslope
model is for this reason based on an explicit finite difference approximation of a forward
numerical scheme. The discretisation of the slope geometry has, subsequently,
implications for the numerical stability of the model. Within an explicit numerical
scheme, the travel distance of any flux can not exceed the distance of one spatial
increment for one timestep. Thus, the choice of the spatial resolution confines the
possible temporal scale at which the model can operate. A decreased spatial resolution
reduces the ability of the model to represent the topographical effects on the hydrology
and on the slope stability adequately (Zhang & Montgomery, 1994; Evans, 1998). In
contrast, a finely grained topography needs smaller timesteps to maintain numerical
stability (Bates ef al., 1998).

The demand for high spatial detail is based on the topographical control of the
convergence of subsurface flow and slope stability (Montgomery & Dietrich, 1994;
Carrara et al., 1995). At the same time, the spatial resolution should also represent the
spatial distribution of the important parameters —for example land use- with sufficient
detail (Grayson ef al., 1992). This means that a distributed model is required rather than a
local, 1- or 2-D approach. The detail that can be included in the 3-D model is defined by
the resolution of the available data. Therefore a compromise must be found between the
resolution of the digital elevation or terrain model (DEM or DTM), the spatial
distribution of soil and land use properties, the temporal resolution of the available
meteorological records or downscaled climate scenarios and the intended period over
which the model should be applied.

The issue of model parameterisation is also related to the spatial resolution of the DEM.
Distributed modelling assumes homogeneous conditions for every elemental area or
volume of the DEM. Because of the required homogeneity, parameter values must be
interpolated spatially. These homogeneous conditions can either be derived from a
generalised set of parameter values, from a Monte Carlo simulation, from geostatistical
interpolation or a combination of these. Regardless of the type interpolation, the
variability within the cell is ignored.
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For model scales that surpass the process scale of the original sample scale, it may be
necessary to increase the support of the sample artificially. A possible solution to the
discrepancy between the model scale and the sample support is to replace the field
measurements by effective values, which are obtained by optimisation of the model
performance. The disadvantage of this procedure with respect to predictive modelling is
that parameters might loose their physical meaning and, consequently, a part of their
predictive capability.

Ideally, the interpolated parameter values provide a priori knowledge with a minimum of
unexplained variance (Grayson et al., 1992). If parameters possess a strong spatial
correlation or depend on a spatial attribute like soil type or land use, this information
should be included in the interpolation. This improves the accurateness of the spatial
prediction on the one hand and avoids that it is lumped as white noise whilst aggregating
data at a lower resolution (Heuvelink & Pebesma, 1999).

Extensive testing of the model is a prerequisite for the use of any model as a predictive
tool. The discrepancy between the deterministic relationships for soils obtained under
controlled laboratory conditions and the highly variable processes in nature led Beven
(1989, page 161) to classify distributed physically based models as lumped conceptual
models. In spite of his criticism, the calibration of the model within the limits of the
natural variability of the parameter set provides an internal test for the adequacy of the
constituent equations that are applied in the model. Validation over a historical database
gives an estimate of the predictive quality of the model for future use and, with the
calibration, of the prediction uncertainty (Beven, 1989; Beven & Binley, 1992).

The exceptional and often catastrophic nature of landslide events stresses the need for
model validation: since the occasional triggering conditions are underrepresented in most
calibration sets, a calibrated model could represent the normal conditions adequately but
might fail as a predictor of the extreme events. The validation set, which, stretching over
a longer period, will include more extreme conditions, provides then an additional
benchmark for the performance of the calibrated model. It should be noted that, because
of the uncertainty in the parameterisation, which arises from the natural variability,
measurement errors and support of the field measurements, no physically based model
can provide absolute answers albeit its deterministic nature.

The uncertainty in the model performance stresses the necessity of a parsimonious
parameter set for which the values can be obtained from field measurements with a
certain feasibility (Hillel, 1986). It also avoids mutually dependent parameters (Beven,
1989). Their presence may result in non-unique solutions during calibration. Although
these solutions have the same goodness-of-fit between the observed and simulated
behaviour, their existence is in contradiction to the supposed singularity of nature.
Additionally, the predictive uncertainty associated with large parameter sets will dwindle
the possibility of discerning the response of the system under changing environmental
conditions (Nandakumar & Mein, 1997). The crux is to prevent over-parameterisation
and to reduce the indeterminacy in the process of calibration even if detail has to be
sacrificed to model robustness. Or, as Beven (1989, page 165) puts it: “It is surely easier
to use physical reasoning to calibrate the residence time parameter of a linear store than it
is to obtain a correct combination of interacting parameters.”
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Based on these considerations, the coupled hillslope model has been developed. The use
of simple and linear relations has been favoured when possible. The effects of land use
have been captured in static parameters that are attributed to the vegetation cover.
Although this excludes the dynamics in the interactions between soil, water and
vegetation, the approach is simple and finds it justification in the circuitous hydrological
relations between land use and slope stability.

All model parameters can be obtained from field measurements. The eventual values of
the parameters can be calibrated to optimise the model performance and validated to
determine its predictive ability. The exact procedure on the calibration and validation of
the model is treated in the chapters on model implementation (Chapter 6 & 7).

The resulting model is distributed but its intended spatial scale of operation is the
hillslope. The temporal scale of operation of the model is bound to the temporal rainfall
patterns and ranges from hours to days. In the following sections, time increments of one
day are used consistently.

The STARWARS and PROBSTAB model components use the embedded meta-language of
the PCRaster GIS package (Van Deursen, 1995; Van Deursen et al., 1996). This
language allows the development of dynamic models, or scripts, that simulate a process
or system over time but the overall structure is rather simple. It excludes, for example,
the use of iterations other than the main (time) loop so no complex numerical solutions
can be employed. In contrast with this disadvantage is the flexibility that the GIS
environment offers to accommodate spatial and temporal variable in- and output with
readily available commands. The GIS is raster-based what results in the use of cells of
equal horizontal dimensions. The dynamic model uses time increments of equal length.

3.2.2  Modelling of slope hydrology

A complication in the understanding of the causal relation between the triggering rainfall
events and landslide occurrence is the fact that it is obscured by the antecedent moisture
conditions. Percolation through the unsaturated zone attenuates the response of the
groundwater level to a large rainfall event. The importance of the antecedent net
precipitation increases when the rainfall distribution becomes more erratic in time, as is
the case in Mediterranean areas.

The aim of the hydrological model —simulating the spatial and temporal occurrence of
critical pore pressures- stipulates that the delay and loss of percolation in the unsaturated
zone are included in the model. Therefore, the model must describe the saturated and the
unsaturated transient flow in the vertical and lateral directions.

In the model, the response of the groundwater to the net rainfall is direct. The saturated
and unsaturated zones are taken as freely draining. Hence, the model describes only
unconfined groundwater levels. The response of the groundwater is imposed on a
constant groundwater level or generated over a semi-impervious lithological boundary
that restricts the direct loss of soil moisture into the deeper strata. In the latter case, the
resulting groundwater is a perched level, for example over the underlying bedrock.
Although in theory the model is capable of simulating the response of deeper
groundwater, only the latter case of perched groundwater layers is considered here. In
this case, vertical flow is stagnating over the lithic contact between soil and bedrock.
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The hydrological component describes the transient saturated and unsaturated flow as a
function of the elevation potential only, neglecting the matric potential for the flow in the
unsaturated zone. As a consequence, percolation is limited to gravitational vertical flow
only. Over the saturated zone, the piezometric head defines the lateral flow. The rationale
for the omission of the matric potential in the unsaturated flow is that it is generally
considered of small importance in those instances when freely drainable water is
available, i.e. when the soil moisture content is above the field capacity. When the
moisture content is below field capacity, the flux under influence of the matric potential
becomes negligible because of the sharply reduced unsaturated hydraulic conductivity at
low moisture contents. The same holds even more strongly for the unsaturated lateral
flow that is driven by matric potential only. Philip (1991) concluded on the basis of 2-D
analytical solution of the Richards’ Equation that, for a planar slope, the unsaturated
lateral flux is negligible for all inclinations below 30°. Even if the lateral unsaturated flux
is substantial, the large vertical gradient directs it effectively towards the saturated zone
(Jackson, 1992; Van Asch et al., 2001). Therefore, resulting fluxes under the gradient of
the matric potential are small when compared to those of the vertical and lateral
gravitational flows.
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Figure 3.1: Schematic representation of the
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Figure 3.4: Flow chart of the model structure of STARWARS (cont.) — lower boundary condition

In most soils, the soil properties decrease with depth because of the different intensity of
soil forming processes (Beven, 1982). These differences in the degree of weathering and
in biological activity will result in distinct soil horizons. In order to simulate the resulting
fluxes over such a differentiated soil profile above the semi-impervious lithic contact, it
has been discretised into several layers. In Figures 3.2 to 3.3, a simplified scheme and a

flow chart for the model are given.

For these layers, all storage and fluxes are given in units of waterslice. The advantage of
this approach is that it facilitates computation as it can be converted by means of the
maximum storage into the relative degree of saturation. The use of the relative degree of
saturation has the advantage that it is the basis for the calculation of the percolation in the
unsaturated zone. By definition, the relative degree of saturation, Og, is
— 9 _eres

esat _eres .

O
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In Equation 3.1, 6 denotes the volumetric moisture content, Oy, the saturated moisture
content and O, the residual moisture content, all in units of (m3-m'3). The saturated
moisture content is usually set to the porosity and the residual moisture content to a
fraction of this maximum. The relative degree of saturation varies by definition between
zero and unity when the soil is respectively at its residual and its saturated moisture
content.

In Equation 3.1, the numerator and the denominator represent the actual and the
maximum amount of drainable pore water. Consequently, the effective degree of
saturation can be expressed in units of waterslice if both are multiplied by the thickness
of the unsaturated zone above the groundwater table

0. = D,. 9-0,  StorMat 32)
: Dul’lsat estlt _eres Du"lsat (9 sat _el‘es ) ’ .

in which Dy, 1s the thickness in (m) and StorMat is the actual storage in (m-m3 m> ) of
the unsaturated zone. Once the initial relative degree of saturation is known, the actual
volumetric moisture content is not required any more but can be obtained at any time by
the formula

e :eres +6E(esat _eres)' (33)

For each model layer z, the vertical, unsaturated matric flow, Perc, is based on the
unsaturated hydraulic conductivity, k(6g). This unsaturated hydraulic conductivity is
calculated from the soil water retention curve (SWRC), and the saturated hydraulic
conductivity, k. Both the saturated and the unsaturated hydraulic conductivity are
defined in units of (m-d™).

For the calculation of the unsaturated hydraulic conductivity, the mathematical
formulation of the SWRC by Farrel and Larson (1972) has been used. This relation has
been preferred above the well-known Van Genuchten (1980) model for two reasons. First
of all, it reduces the number of parameters that describe the SWRC from three to two.
The goodness-of-fit of Farrel & Larson's model is in general as good as the more
complex Van Genuchten-model, especially if the number of parameters in the latter is
reduced for mathematical expediency (Nielsen & Van Genuchten, 1985). Secondly,
Farrel & Larson's relation is an exponential function. This can be considered as an
improvement in model robustness when compared to the more complex relation of Van
Genuchten. The model for the SWRC of Farrel and Larson is empirical, based on
analogies in thermo-dynamics. The original model was defined in terms of 0/O.
Rewritten in terms of O, it is given by

Ik = h, expla(1-0,)], (3.4)

where |A| is the absolute value of matric suction in (m), 44 is the absolute matric suction
that corresponds to the air entry value in (m) and a is the dimensionless slope of the log-
linear relationship between In(]4|) and (1-0g). This relation holds whenever the matric
suction exceeds the air entry value.

The unsaturated hydraulic conductivity is calculated from the capillary analogy of
Millington & Quirk (1959, 1961). According to their definition, the relative unsaturated
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hydraulic conductivity, k{(0g) is an analogous function of filled capillaries representing
the filled pores at different suction levels. Based on the SWRC of Farrel & Larson, the
relative unsaturated hydraulic conductivity becomes
k©,)=0 " [exp(200 ) — 200, —1]
PETTE T Jexp(200) = 200 — 1]

; 3.5)

with the parameter of the tortuosity, t, set to 4/3 (-). The k«(0g) ranges from zero at the
residual moisture content to unity at complete saturation and is dimensionless. The
absolute unsaturated hydraulic conductivity, k(Og), is subsequently obtained by
multiplying the relative unsaturated hydraulic conductivity with ke (m-d™).

Given the thickness of the unsaturated zone and the relative degree of saturation at the
beginning of the timestep, the percolation is proportional to the travel time of soil
moisture over the unsaturated zone. With the vertical gradient of gravitational flow set at
unity, the travel time is defined by the ratio of the depth of the unsaturated zone, Dynsat,
over the unsaturated hydraulic conductivity (m'm™-d= d) for each model layer. The
percolation is then set to the proportional loss of the unsaturated storage for layer z,
StorMat, over the time increment At

k@©,)- At

Perc = StorMat - (3.6)

unsat

The loss of percolation to the groundwater table or over the semi-impervious lower
boundary has consequently the dimensions of (m) waterslice and can be deducted
directly from the drainable storage in the unsaturated zone and used to recalculate the
resulting Og for the next timestep.

In the instances that the groundwater level does not reach into the model layer z, the
percolation is calculated over the total depth of the layer and passed to the underlying
unit. If the groundwater reaches the surface, the rate of percolation is zero and the
vertical input is directly given by the evapotranspiration or the net precipitation. If the
groundwater table reaches into the model layer z, the thickness of the unsaturated zone,
Dunsat, 1S given by the depth to the groundwater table. An ever-increasing groundwater
level will lower the thickness of the unsaturated zone and shorten the travel time for
percolating soil moisture. This increases the likelihood that the fraction of Equation 4.6
exceeds unity and, drainage of the pore space would be complete. To prevent this
unrealistic situation, the fraction is used to recalculate the degree of saturation first. This
degree of saturation is subsequently used to project the saturated hydraulic conductivity
at the end of the timestep. If the expected Og= 0, it is set to an arbitrary value. The new
unsaturated hydraulic conductivity is then used to calculate the average for the current
timestep as the geometric mean, ie. k(0g)= Vk(0g)-k(Op)”. This average of the
unsaturated hydraulic conductivity is then reused in Equation 3.6.

The use of the average unsaturated hydraulic conductivity also reduces the percolation
close to the phreatic surface and is a surrogate for the influence of the matric potential in
the vertical and for the effect of a capillary fringe. However, this conceptual approach is
much simpler and reduces the problem of numerical instability if the model has to be
applied over longer temporal scales. Moreover, since the model neglects the influence of
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the matric potential, it does not suffer from the discontinuity in hydrological behaviour
that arises from the air entry value of the SWRC of Equation 3.4.

The calculation of the percolation supposes that, for a raster cell, the percolation can be
represented by the unsaturated matric flow under effective parameter values. However,
for those cases that a clear dual porosity network appears to exist, an option is included to
transfer a fraction of the rainfall excess directly to the lithic contact within one timestep.
This will simulate the bypass flow through macropores or fissures in the regolith.

Currently, the model includes three layers that can represent the different strata over the
depth of the soil mantle. Based on available knowledge, the parameterisation of the
model can use spatial averages or use distributed values for the parameter values. If more
geological detail or a more gradual profile of soil moisture is required, the number of
model layers can be expanded. However, it must be realised that in the former case the
number of parameters will increase and that in both cases the time increments has to be
decreased to maintain numerical stability.

The problem of numerical stability also applies for the lateral outflow over the saturated
zone. This flux is determined by the piezometric head and the effective kg and the
condition must be satisfied that the flux density for a cell does not exceed the cell length
over the timestep (Equation 3.10). Since both are based on a simple, explicit numerical
solution, the saturated and the unsaturated flow the must comply to the Courant criterion,
i.e. Vy << Ax/At.

In the model, the numerical solution uses a forward finite difference scheme for the
discretisation of time, meaning that the fluxes in the present timestep are calculated from
the state variables as obtained at the end of the previous one.

The generation of a perched groundwater table is in nature dependent on the loss of
percolation across the semi-impervious lithic contact and is simulated in the model by
imposing a boundary condition. If the substratum is considered impervious, no water is
lost and a perched water table will form instantaneously. If this is not the case, an
alternative boundary condition must be applied: at the lithic contact water is lost into an
infinite fourth layer, for example bedrock. The lower boundary condition is a
combination of a state-controlled, or Dirichlet-type, and a flux-controlled, or Neuman-
type, boundary condition. For the fourth infinite layer, the matric suction or relative
degree of saturation can be set to a fixed level, |h|gc or O pc. Both values are
interchangeable by means of the SWRC. This results in a constant unsaturated hydraulic
conductivity at the base of each element, k(0g 5¢), in (m-d’l). Per timestep the loss to the
fourth infinite store is dependent on this value and, if a saturated zone is present, on the
hydraulic conductivity of the layer overlying the contact. In order to simulate the effect
of the hydrostatic pressure over the contact, the height of the water level, WL= XDg(z),
is divided by the total soil depth, Z= XD(z), and the geometric mean is used to obtain the
bulk kg, of the horizontal layers (Kutilek & Nielsen, 1994):

Perc e =\Wk0,. )k, WL/ )t 3.7)

in units of (m) (Figure 3.1). The suffix BC has been omitted as all parameters except WL
and Z refer to the fourth, infinite layer.
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If no groundwater exists, the vertical loss into the fourth infinite store is dependent on
k(Og sc) only. This implies that the percolation from the basal layer must exceed this loss
to generate groundwater. The lower boundary conditions determines for this reason the
response of the hydrological system and this is in line with the physical reasoning that, in
combination with the antecedent moisture conditions, above average rainfall is required
to trigger landslides. The predominance of the lower boundary condition turns it in a
suitable parameter for model calibration. The choice of the lower boundary condition to
optimise model performance is also warranted by the fact that the characteristics of the
substratum are usually less known and that it, on the temporal scales under consideration,
can be presumed to be unrelated to land use and meteorological conditions.

In the model, the lower boundary condition is specified as a fixed value for the matric
suction, |A|gc in (m). This parameter is preferred since the matric suction is continuous
over space whereas the relative degree of saturation depends on the local conditions of
the SWRC. Thus, |A|sc has to be defined after which the Og gc and k(Og gc) are calculated
with incorporation of any spatially varying attributes of the SWRC and the saturated
hydraulic conductivity.

The lateral outflow over the saturated zone, Qsa, is given by the piezometric gradient, i.
This gradient is defined by the absolute elevation of the phreatic surface. This absolute
elevation is obtained by summing the elevation of the lithic contact in the cell with the
height of the water level, WL (both in m). Over a window of 3x3 cells (Figure 3.5), the
maximum slope of the phreatic surface, tan(a), is obtained for each timestep. The cell
that coincides with this maximum slope is designed as the drainage direction for the
saturated lateral outflow from the central cell. This type of map, in which the flow is
directed in one of the eight cardinal directions, is named the /ocal drainage direction map
(LDD). The piezometric gradient, i, for the central cell under consideration is given by
the difference in elevation over the slope parallel distance, Ax/cos(a). Over the 3x3
window, the gradient is thus equivalent with the sine of a.

4 < 5 » 6

\4 Figure 3.5: Cardinal directions of Local
1 2 3 drainage direction map (LDD). To cells
without drainage direction, pits, the value 5 is
attributed.
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Along the LDD, the lateral outflow, Qs from the central cell to the downward cell
passes the common height of the saturated zone and travels with the apparent velocity of
the saturated lateral conductivity, Kjaera. Both are defined as the arithmetic average
between the central cell x and the downstream cell x+1. For the calculation of the lateral
saturated hydraulic conductivity, Kiaera, the bulk saturated hydraulic conductivity over
the entire water table over the lithic contact is used, i.e.

) ZDmt *kvat
ks ==—. (4.8)
WL

The average saturated lateral conductivity in the downstream direction is then

A

klateral = % (k:at (x) + ksat ('x + l)j (49)

and has units of (m-d™).

Likewise, the height of the common saturated zone is averaged over the water levels. The
resulting lateral flux over the saturated zone is given by
O, = Koy i- S(WL(x) + WL(x + 1)), (4.10)

which has units of (m*-d™). The use of the lateral saturated hydraulic conductivity makes
the necessity that all model layers are of equal depth, superfluous.

For each cell the storage of the saturated zone is balanced for the outgoing and incoming
fluxes. For the lateral flow, the change in storage, given in (m), is obtained by
multiplying the net lateral flow with the time increment and dividing it over the cell
length in the direction of the flow. Within a timestep, water is added to the saturated
storage by the net percolation from the unsaturated zone and from bypass flow, if any
occurred. The saturated storage is diminished by the loss over the semi-impervious lithic
contact and by evapotranspiration. The latter loss is only substantial when the
groundwater table is close to the surface (see below).

The budget for the saturated zone returns the groundwater level at the beginning of the
next timestep. The inherent convergence of the LDD leads to a concentration of Qg in
the downstream direction at the junctions of the LDD. As long as the model is run at
timesteps that are small enough to secure numerical stability, this will not be a problem
and, because the piezometric gradient is used, the flow paths will adjust themselves to the
evolving situation. As a result, the groundwater on the slopes will tend to be more
diffuse. Albeit its more complex nature, this is an advantage, for it avoids the rigour of
models in which the flow is only driven by the topographical gradient (Dupuit-
Forcheimer approximation — Beven & Kirkby, 1979; Lambe et al., 1998). Although this
may be a valid assumption in many cases, the method employed here is more flexible as
it is able to reproduce the effects of local anomalies in the hydraulic conductivity and soil
depth. The cost for the extra detail appears in the additional computational load and must
be weighed against the spatial and the temporal resolution of the model. If either of these
is reduced, the approaches will become more similar.
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In the model, each cell is reported for which numerical stability for the saturated zone
can not be maintained during the simulation. To prevent budget errors, the lateral and
vertical fluxes are scaled to the available storage. The losses are summed and compared
to the available storage after the incoming percolation and the bypass flow have been
added. When the total loss exceeds the storage, its fluxes are reduced to match the
available budget. After the local changes are balanced, the saturated lateral flow Qg is
routed over the LDD to obtain the water level for the next timestep.

Any saturated storage that is in excess of the maximum storage of the soil, is removed as
exfiltration. This exfiltration is passed over the LDD of the topographical surface. In the
nearest downstream cell it is treated as surface detention in the next timestep and
available for evaporation. This exfiltration is of little importance and it can not be routed
realistically for the temporal scales under consideration. In the model, the user has the
option to evacuate it directly from the entire area.

After a layer has become completely saturated, subsequent drainage may lower the
groundwater level under its upper boundary. If the relative degree of saturation of the
overlying layer is used as the initial value for the draining layer. In case that total
saturation of the soil profile were to occur, the initial value has to be defined arbitrarily.
In the model, this value is taken as the relative degree of saturation at field capacity, the
amount of water the soil retains against the forces of gravity after 24 hours of drainage.
For temporal resolutions shorter than one day, a value is used that is interpolated linearly
between saturation and field capacity. For timesteps of more than one day, the field
capacity itself is used. The choice of the O at field capacity is free but for convenience
the absolute matric suction is used as input, from which the 0g is calculated. As for the
definition of the lower boundary condition, this avoids the troublesome definition of the
relative degree of saturation from spatially varying soil properties (porosity and SWRC).

In addition to the processes of percolation and saturated, lateral flow, STARWARS also
includes infiltration and evapotranspiration. These last mentioned processes are
determined to a large extent by land use and vegetation and they define the boundary
condition that is imposed at the surface of the soil. The upper boundary condition for the
model is flux-controlled and concerns the meteorological input at the surface consisting
of the precipitation and the evapotranspiration. Both values are given as daily totals,
which can be split over smaller time increments if this is required to maintain numerical
stability. Alternatively, more detailed records can be included when available. In the
latter case, a better infiltration module may be needed. Currently, the infiltration capacity
is defined as a ratio, ko, of the saturated hydraulic conductivity of the top layer.
Infiltration excess occurs if the rain that reaches the surface exceeds the infiltration
capacity.

The amount of rainfall that is available for infiltration is limited by the evapotranspiration
on one hand and by interception on the other. All rainfall is subject to interception by the
vegetation, which is included in the model as a canopy store of finite capacity.
Interception is here defined as the gross interception (Zinke, 1965). This is the amount of
water that is detained by the canopy and lost to evaporation. This loss is proportional to
the gross precipitation rate, P, over a certain time span. All water that is not intercepted
by the canopy, will be passed to the surface. A part of this water will be intercepted by
the vegetation and litter that cover the soil and is not available for infiltration. However,
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in the model this loss is expected to be included by the evapotranspiration of the soil and
is not covered by canopy interception. This choice is based on the notions that the canopy
interception is easier to measure in the field and that the conditions of the vegetation can
vary independently at the two levels over time (e.g. in the case of deciduous forests).

In the hydrological component of the model, the evaporation loss of the interception at
the surface is accommodated by the actual evapotranspiration.

For the canopy, the precipitation balance is

C:(l—p).[Pdt—.[Ddt—J-Edt, (3.11)

where p is the fraction of not intercepted rainfall, P is the rainfall intensity, D is the
drainage rate from leaves and stem, E is the rate of evaporation and C is the quantity of
water detained on the canopy (Aston, 1979). All rates are in units of waterslice over time
and defined over a unit area of the projected canopy.

The first two terms of Equation 3.11 define the amount of water that reaches the surface.
In practice, the distinction between the direct throughput, conditioned by the proportion
p, and the drip of the foliage can not be separated. So, both fluxes are lumped into one
quantity, the throughfall (P;). The term of D then comprises only the concentrated routing
of water along the stem and branches, the stemflow (Ps). Written as a budget of the sum
of these terms, the gross interception loss of the canopy, I, becomes

X[, =XP-XP -%P. (3.12)

Thus, the net rainfall, XP,, that is available for infiltration equals XP-XI. = ZP+XPs.

All interception, which is not indirectly passed on to the topsoil, can be lost due to
evaporation. Since the maximum storage capacity, Cnax, 1s fini