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Abstract

The processes relating to runoff generation in a semi-arid environment at the hillslope scale
are poorly understood. This research considers the amount and origin of water reaching the

channel during a storm event using a combination of field experiments and computer

simulation techniques.

From the field experiments, it was found that the key controls on runoff generation at the

point scale are the surface cover of rock fragments, vegetation cover, slope gradient and

surface roughness. The effect of land management was found to be greater than geology.

The simulation modelling work investigated the controls on runoff generation at the hillslope
and small catchment scales. It was found that the storm characteristics are far more important
than surface properties in determining the amount of discharge from a slope. The temporal
fragmentation of the rainfall was found to control the distribution of flow path lengths and
hence the amount of discharge leaving a slope. The key surface controls on the form of the

discharge hydrograph are slope length, slope gradient and the hydrological properties at the

base of the slope.

The origin of runoff was investigated using autonomous software agents able to trace the
flow of water through a catchment. This technique 1s able to give a unique picture of the
origin of runoff within a catchment. It was shown that the spatial pattern of the origin of

runoff 1s complex and varies significantly between catchments.

This research has shown that there are two key themes 1n determining the amount of runott
reaching the channel network: the interplay between the distribution of tlow path lengths
generated during a storm and the distributions of flow lengths to the channel as a function of
the landscape. The second theme relates to the importance of the spatial structure of

hydrological areas within the landscape.
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1 Introduction

1.1

Many semi-arid areas are subject to intense storm ¢vents which can lead to catastrophic flooding

Background

with significant economic, social and geomorphological impacts. These events are driven by the
generation of runoff on the hillslopes within the catchments. Despite the importance ot these
events, the process of runoff generation at the hillslope and small catchment scale 1s poorly
understood. This 1s because of the change in the syvstem dynamics with the increase in spatial

scale from the point scale to the hillslope scale (Cammeraat and Imeson 1999).

Semi-arid regions are an important global environment covering 17 % ot the global land surface
(UNLP 1992). These regions are characterised by annual potential cvaporation rates which tar
exceed the annual ramnfall resulting 1n a large water deticit and the vanabihty of environmental
factors over a range of spatial and temporal scale (Thomes 2001). There are strony scasonal and
annual variations in rainfall and the storm water can be delivered at extremely high intensities.

These factors combine to give a spatially non-uniform response to rainfall (Cerda 1995).

The amount of water which Icaves a slope 1s controlled by the connectivity of the runott
generating areas. Both the characteristics of the landscape and the storm will control the
strength and development of hvdrological connectivity. This will, theretore, determine the
amount of water reaching the channel network dunng a storm event. The connecuvity ot How
will determine if the runoff generated at a certain point will reach the channel. [t 1s possible that
the arcas which produce the greatest amount ot runoft may never connect to the channel. The
source of channel tlow mav then come from areas which generate smaller amounts of runott bu

are better connected. The origin of the channel tlow 1s not always clear and thus needs detaled

constderation.

1.2 Research Aim and Objectives

The aim of this rescarch s “to understand the amount and onigin of watcer contributing to

channel flow during a storm event in a semi-and cnvironment

In order to accomplish this aim, the tollowing rescarch objectives have been detined
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. Toidentify the key variables controlling runoff generation in the field (chapters 2, 3 and

4).

2. To develop a hydrology model to forecast runoff generation and transmission at the

hillslope and small catchment scale (chapter 5).

3. To nvestigate the surface and storm controls on the form of the discharge hydrograph

using the model developed in objective 2 (chapters 6 and 7).

4. To trace the onigin of runoff for a flood event on hillslopes and catchments using the

model developed in objective 2 (chapter 8).

1.3 Research Approach

The research approach adopted in this study is a combination of field work and mathematical
simulation modelling. This dual approach results in a powerful combination of techniques that
provides insight into the mechanisms of runoff generation and connectivity in a semi-arid

environment at the spatial scale of hillslopes and small catchments.

The field experiments form the foundation of the research into the generation of runoff. These
experiments consider the actual physical processes operating in the field and hence are able to
give a large amount of information on the controls of runoff generation. However, due to
practical and financial constraints, there were limits on the number and scale of experiments that
could be performed. These constraints limited the number of factors that were investigated and
the level of detail of the experiments. The modelling approach is free from many of these
limitations and hence many more factors and land surface configurations can be investigated.
However, for the modelling results to be valid there needs to be a strong link between the
modelling work and the real world. This link is generated by using the field experiments on the

hydrological factors of interest to inform the design and parameterisation of the hydrological

model.

The field data are used to guide both the development and the parameterisation of the model.
The data from the field experiments have been analysed to determine the most significant
controls on the generation of runoft. These significant factors are incorporated into the model

structure. The measurement of certain factors showed that there is a stochastic element in their
distribution due to both measurement errors and spatial variability, such as vegetation patterns
and the surface roughness. Any stochastic behaviour may then determine how the investigations
into these factors are handled 1n the modelling experiments. The field experiments give
measured parameter values for the process representation equations in the model. Many

modelling experiments consider the system response over a range of parameter values.
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Knowledge of the measured values therefore places the field site within the model parameter

phase space.

The aim of the modelling work within this thesis is to test and generate hypotheses about the
hydrological functioning of the semi-arid hydrological system. Therefore, the aim of the model
1s to increase understanding of the hydrological system rather than to make precise predictions.
The results of interest are the change in output with a change 1n input rather than the absolute
output value. This will give information of the relative importance ot different controls on
runoff generation. Since any model is an abstraction of the real physical system, the model

results must be viewed critically and related to physical measurements for the modelling derived

conclusions to be valid.

Any modelling work requires a consistent set of parameter values at the spatial and temporal
scale of the model application. The field work section of this research 1s able to provide this
parameter set. Although there is a large number of parameter values reported 1n the literature,
these have been measured at different places, times and scales and these differences mean that
the parameter values will not be compatible. The uncertainty associated with reported values 1n
the literature 1s not always detailed. As Beven (2002b) states: “there 1s no guarantee that
bringing together parameter values from different sources will lead to acceptable simulations”.
Therefore, a set of field experiments gives a consistent parameter set with an understanding of
the uncertainty associated with each and 1s an improvement on taking values from the literature.

This field derived parameter set provides the necessary basis for modelling work.

Mathematical simulation modelling 1s a powerful technique for the investigation of the controls
on runoff generation. Since the simulated environment can be precisely controlled, the
sensitivity of the model to individual factors can be investigated. Therefore, the influence of, for
example, surface roughness can be separated from slope gradient. This 1s always not possible
using field experiments. For the results to be meaningtul, the range of surtace roughness values

and slope gradient values must be related to those found 1n the field.

Using simulation modelling techniques, it 1s possible to undertake experiments not feasible in
the field. These experiments include looking at the hydrological behaviour over longer spatial
and temporal scales than is possible 1n field experiments. It is also possible to consider historical

events so that the contributing areas during real storm events can be simulated.

1.4 Thesis Structure

The first section of this thesis examines the real world processes related to runoff generation and
transmussion. This is achieved through reviewing available literature on the processes which

control runoft generation and transmission in chapter 2. The second method is through field

'JJ
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investigations, which are detailed in chapters 3 and 4. In chapter 3, the selection of the field site

and the field techniques are presented whilst chapter 4 contains the analysis of the field results.

The results presented in chapter 4 are at the point or plot scale. In order to up-scale the results to
the hillslope and small catchment scale, a hydrological model has been used. The development
of the model and the selection of the process representation equations are presented in chapter 5.
The model 1s then used to investigate the surface and storm controls on the discharge
hydrograph from a hillslope. The surface controls are presented in chapter 6 and the storm

controls in chapter 7. Chapter 8 then investigates the origin of runoff within the catchment.

The first two model results chapters (chapters 6 and 7) consider the fundamental controls on
runoff generation and transmission. As such, these chapters consider idealised environments and
storm forms. The final model results chapter aims to apply these results and the model to real
catchments with a real storm. Therefore, the research moves towards the detail and complexity
found 1n the natural world as presented in chapters 2, 3 and 4. The implications of the research

findings for semi-arid hydrology and the research conclusions are presented in chapter 9.




2 Semi-Arid Runoff Generation

2.1 Introduction

This chapter reviews the processes leading to the generation of runoff in semi-arid environments.
The main focus of this chapter 1s south-east Spain but examples are drawn from comparable global
semi-arid environments. The general characteristics of semi-arid areas are discussed in section 2.2,
the climate and rainfall regime 1s presented in section 2.3 and the main hydrological processes are
examined in the following sections. The key areas covered are interception (section 2.4),
infiltration (section 2.5) and overland flow (section 2.6). In section 2.7, the effects of up-scaling
from the point and plot scale are considered. The impact of land use and management 1s described

In section 2.8. A summary 1s presented 1n section 2.9 and the conclusions and research gaps are

presented 1n section 2.10.

2.2  Characteristics of Semi-Arid Hydrology

There have been complex geological, pedological and management histories in many semi-arid
areas (Fitzjohn et al. 1998) which resulted 1n spatial variability in hydrological properties at the
landscape scale. This variability 1s coupled with the highly variable rainfall on both spatial and
temporal scales (Thornes 2001). Taken together, these factors give a non-uniform hydrological

response to rainfall events (Cerda 1995; Bergkamp et al. 1996).

Figure 2.1 presents a conceptual model of the vertical hydrological system in a semi-arid area. As
the rainfall i1s sequentially partitioned, a percentage 1s first intercepted by the vegetation canopy
and the remainder falls directly onto the so1l surtace. The water that 1s intercepted may be stored
temporarily or drain from the canopy either directly to the soil surface or by flowing down the
stems of the vegetation. The water held 1n either the canopy or stem stores may be evaporated
during or after the storm event. Water reaching the soil surface may infiltrate or be held in the
surface depression store. When the surface depression store overflows, runoff is generated. The
main process by which runoff 1s generated 1s infiltration excess or Hortonain overland flow (Yair
and Lavee 1985; Beven 2002a). The rate at which the water may enter the soil matrix store is
influenced by the presence of a surface crust. stone cover, air entrapment and macropores. \Water

may then leave the soil matrix store as recharge to ground water or by evaporation.
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Figure 2.1 Conceptual model of semi-arid hydrology

The main difference between this conceptual model of semi-arid hydrology compared to one for
temperate hydrology 1s the nature of the horizontal fluxes. The high potential evaporation rates, far
exceed the annual rainfall resulting 1n a large water deficit (Thornes 2001), so that the soils are
below field capacity for most of the year. Therefore through-flow only occurs under very special

circumstances and hence the soil system can be considered as behaving in a cellular rather than

catena fashion (Mulligan and Thornes in press).

Each of the different processes in the hydrological system operates at a different time scale. The
flow velocities of overland flow are many orders of magnitude greater than the rates of
evaporation. For the study of the system response to single storm events, the processes which
operate at this time scale will have far greater importance than those operating on longer time

scales. Therefore, the emphasis will be upon the infiltration and runoft processes rather than

recharge and evaporation.

Semi-arid regions cover 17.7 % of the global land surface area (UNEP 1992) and their global
distribution 1s shown in Figure 2.2. This work will focus on south east Spain. This area i1s

representative of many semi-arid regions, much research has been undertaken in this area and it is

easily accessible from the UK.

—_———m e — —
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Semi - arnd

Figure 2.2 Global distribution of arid areas (UNEP 1992)

2.3 Mediterranean Climate and Rainfall

The Mediterranean 1s located between a temperate maritime climate and an arid subtropical desert
climate. The transition between these climates 1s controlled by westerly wind patterns in winter
and by subtropical anticyclones in the summer (Barry and Chorley 1992). This leads to hot, dry

summers and mild, relatively wet winters (Allen 2001).

The switch between the dominant climates occurs suddenly with the change into winter occurring

when the summer eastern extension of the Azores high-pressure cell collapses. In the western

Mediterranean, a sudden drop 1n air pressure occurs around the 20 October and 1s associated with
an increase 1n the probability of precipitation. The probability of rainfall in a five day period
before the pressure cell collapse 1s 50 — 90 % and this rises to 90 % after the collapse (Barry and
Chorley 1992). During the winter, the sea surface temperature 1s up to 2 °C warmer than the air
temperature. With the incursion of cold fronts, this leads to convective instability along the front
and hence frontal and orographic rainfall. The summer weather 1s dominated by the expansion of

the Azores high-pressure system into the Mediterranean. This results in stable conditions with hot

dry weather (Allen 2001).

2.3.1 Spatial and Temporal Variability of Rainfall

The amount of precipitation 1s a function of both large scale climatic patterns and the local relief.
The complex pattern of annual rainfall totals for the Iberian Peninsula is shown in Figure 2.3. This
shows the large range of rainfall depths received. For example, Navacerrada, located at 1860 m,

received 1300 mm of rainfall, compared to the 430 mm received in Madrid located only 50 km

away (Allen 2001).
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Figure 2.3 Annual rainfall totals for the Iberian Peninsula for the period 1931 - 1960 (Allen 2001)

At the spatial scale of a small catchment, the spatial variability of received rainfall is large,
especially for convectional events (Beven 2002a). The spatial variability of the rainfall intensity
from a convectional storm cell was shown by Goodrich et al. (1997) for a storm in the Walnut
Gulch catchment, Arizona. Goodrich et al. (1997) observed differences in total rainfall depth for a
single storm event of over 65 mm over a distance of 3 km (Figure 2.4). Due to the limited extent
of the convectional storm cell (3-10 km 1n diameter), there are great differences in the amount of
rainfall received across a catchment. The life span of a cell may vary from a few minutes to an
hour and the cell may move at 500 to 1600 m min™ (8.3 -26.6 ms™") (Yair and Lavee 1985). The
spatial extent of the rainfall 1s greater during frontal rainfall events than under convectional events,
however. there are still complex patterns of rainfall intensities and amounts. The spatial pattern is
controlled by the surface topography, with the slope gradient and the aspect influencing the
amount of rainfall received. The temporal structure 1s made up of a series of rainfall pulses. These
spatial and temporal variations 1n the rainfall amounts and intensities lead to spatial and temporal
discontinuities in the generation and transmission of runoff. Due to the short bursts of runoff
generating rainfall, the time when runoft can be generated is short and hence the time available for
flow transmission is also limited. Theretore, the overland flow travel distances are short since the

water will infiltrate after the end of the rainfall pulse and hence the flow may not reach the channel

(Yair and Lavee 198)5).
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Figure 2.4 Pattern of rainfall depths for a storm at the Walnut Gulch catchment, Arizona
(Goodrich et al. 1997)

The rainfall regime in Spain shows variability on various temporal scales. Over the previous
centuries, there have been a number of periods with statistically different climates. For example,
the Little Ice Age in Spain (AD 1590 — 1649) was characterised by wet conditions with higher
tflood frequencies (Rodrigo et al. 2000). Over the course of the twentieth century, there have been
marked fluctuations in the temperature and precipitation regimes (Allen 2001). These fluctuations
are most pronounced in changes 1n the seasonality of the climate. In Portugal and southern Spain
there was a reduction in rainfall in March for the 1961-90 period compared to the 1932-60 period.
Between the same periods, there was a slight increase in autumn and winter precipitation (Corte-
Real et al. 1998). On the longer time scale of 1880 — 1992, Esteban-Parra et al. (1998) found a
significant decrease 1n precipitation for the Mediterranean regions of Spain. This was related to

variations in the large scale circulation patterns over Western Europe and the North Atlantic.

There 1s often high inter-annual vanability 1n the total annual rainfall. This 1s shown in Figure 2.5
using standardised anomaly indices (SAI) of annual rainfall for the western Mediterranean (Corte-

Real et al. 1998). The use of SAI allows the use of difference rainfall time series in a single index

and thus 1s able to give the regional pattern of change.




2. Semi-Arid Runoff Generatign

1.0
0.5
< 0
0.5
-1.0 ——— e R
61/62 66/67 71/72 76/77 81/82

Year

Figure 2.5 Standardised anomaly indices of annual rainfall for the western Mediterranean (Corte-
Real et al. 1998)

2.3.2 Extreme Events and Flooding

The rainfall in many Mediterranean areas can be extreme. Poesen and Hooke (1997) list many
high magnitude rainfall events from across southern Europe. Since 1970 there have been over ten
significant flood events 1n south east Spain and the synoptic climatic conditions associated with
these have been summarised by Alonso-Sarria et al. (2002). At the surface level, a low cell
originating over Morocco or the Gulf of Cadiz produces an incursion of warm air from North
Africa. This crosses the Mediterranean Sea and hence accumulates much moisture. This wave of
warm air may be met by an arctic trough and the resultant instability can produce extreme storm
events. Full details and a number of case studies are given in Alonso-Sarria et al. (2002). These
events result in high magnitude floods with large geomorphic, economic and social impacts
(Lopez-Bermudez et al. 2002), as shown in Figure 2.6. The floods generated in ephemeral streams

are “especially rapid, violent and therefore dangerous™ (Camarada and Segura 2001).

.
[

oy

il
. 'l".
i o~ = ]

Figure 2.6 Flood event at the outflow of the Rambla de Nogalte catchment, 7 September 1989, and
human activity in the same channel, 26 January 1990 (Lopez-Bermudez et al. 2002)

There have been many high magnitude flood events in south east Spain and the details of the key
events have been reported by Lopez-Bermudez et al. (2002). Some examples from Lopez-
Bermudez et al. (2002) are as follows. The city of Valencia has had a long history of flood events.

The last major event occurred in 1957 with a peak discharge of 4,000 m” s and caused severe

10
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economic and human losses. There have been two major flood events on the Rio Jucar. In
September 1864 there was a peak flood discharge of 12,000 m’ s and in October 1982 there was
a peak flood discharge of 5,000 m’ s™'. The city of Alcria was completely destroyed bv a flood in
1472 and a flood event in 1916 submerged the city under 8.5 m of water. During the 19th century.

the Guadalentin was one of the most energetic rivers in Western Europe. There have been two

notable floods which occurred in the basin. The first occurred in 1802 when the Puentes reservoir
broke with the loss of 604 lives. The second occurred in 1879 where a total of 58 M m’ of flow
occurred in 8 hours. During the 20th century, 22 significant flood events occurred in the basin.
One of the most important of these occurred in October 1973 at the Rambla de Nogalte catchment.
Murcia, when over 100 mm of rainfall fell in a day. This event had a peak discharge which was 1n

excess of 2,000 m” s™' and resulted in the loss of many lives (Lopez-Bermudez et al. 2002).

2.3.3 Climate Change

Most scientists agree that climate will change over the next 100 years as a result of anthropogenic
activities (IPCC 2001). The impacts of increased CO, on the climate have been investigated using
general circulation models (GCM) of the atmosphere and oceans. The UK Hadley Centre has
performed a 75 year transient increase in CO, experiment using their GCM. In this experiment, the
CO, concentration was increased by 1 % per year such that a CO; concentration double that was
present in pre-industrial times was reached in the 70th model year. For south-east Spain, the GCM
showed an increase in temperature of nearly 2 °C by the 70th year and a decrease 1n the average
rainfall per day of 0.275 mm, as shown in Figure 2.7. There 1s a clear trend for hotter, drier

conditions although this change will be non-linear in time (Goodess et al. 1993).
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Figure 2.7 Predicted changes in temperature and rainfall for southern Spain under double CO;
from the Hadley Centre GCM (Goodess et al. 1998).

The impact of climate change on the magnitude of rainfall events can be investigated through the
analysis of circulation patterns. These are generated by the GCM and can be compared to observed
circulation patterns and the weather related to them (Wilby 1995). Using this approach, 1t has been
found that in southern Spain there could be fewer rain days in the spring. thus reducing the amount
of water available for agriculture and ground water recharge. However, there may also be an

increase in the number of rain days 1n the summer when potential evaporation rates are at their
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highest and the soil surface is most vulnerable to erosion (Goodess and Palutikof 1998). The net

influence of these factors will lead to a reduction in the available soil moisture.

2.4 Interception

The retention and subsequent evaporation of water droplets from the vegetation surface 1s termed
interception. This process has been extensively studied, but is still one of the more poorly
understood processes in hydrology (Calder 1996). Although it operates at the scale of a single
plant it can be crucial in understanding the hydrological response of heterogeneous landscapes
(Domingo et al. 1998). Interception influences the amount and distribution, both spatially and

temporally, of water reaching the soil surface. A conceptual diagram of the stores and pathways

involved is shown in Figure 2.8.

Gross Rainfall

Interception Evaporation
A

— \ 4 \ 4

Canopy store < > Stem store
/TN
v v v

Direct Throughfall Drainage Concentrated
stem flow
v
Net Rainfall

Figure 2.8 Conceptual model of rainfall interception

The first stage of the process 1s the separation of the direct throughtall (7f;) from the intercepted
fraction. This can be related to the percentage of the ground area covered by the canopy elements,

the percentage canopy gap fraction (gf). The amount of direct throughfall can then be calculated

from the gross rainfall (r/;) using:

gf
Ta =700

Equation 2.1

However, this relationship will be modified by the 3D structure of the canopy and the angle of

incidence of the rainfall on the canopy surface (Herwitz and Slye 1995). Gap fraction values for

typical semi-arid vegetation species are given in Table 2.1.
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A fraction of the rainfall intercepted by the canopy may be held in the canopy store. This 1s
expressed as the equivalent depth of water per unit area and values for a number of semi-and
vegetation types are given in Table 2.1. The leaf area, tree species, storm intensity, surface tension
forces resulting from leaf surface configuration, liquid viscosity and mechanical activity

determines the capacity of this store (Aston 1979).

The canopy storage capacity is variable on the temporal scale of a storm event. The force with
which a raindrop impacts upon the canopy will influence the storage. This 1s related to wind
speed, raintall intensity and the drop size distribution, all of which are highlv variable on both
spatial and temporal scales (Hall et al. 1996). Wind speed will influence the movement of the
vegetation and hence higher wind speeds will result in lower canopy storage due to shaking of the

vegetation (Pearce 1987).

There are three pathways through which the water may leave the canopy store. The first 1s
evaporation and accounts for the interception loss, typical losses are given in Table 2.1. This can
occur during the storm event, especially from rough canopies under windy conditions when the air
next to the canopy i1s not saturated with water (Beven 2002a). The second method 1s from drainage

from the canopy store as throughtall (r/,). The simulation of this process has received much

attention 1n the literature (Rutter et al. 1971; Gash 1979; Calder 1986; Calder 1996) and a number

of models have been developed. The applicability of these models to a semi-arid environment is

discussed 1n chapter 5.

The third pathway out of the canopy store 1s via the stems of the vegetation. Typical amounts of
water flowing along this pathway are given in Table 2.1. Stem flow results in a concentration of
water at the plant base with an effective intensity many times greater than the rainfall intensity.
Many semi-arid plants have evolved structures that channel the intercepted water through the plant

and to the plant roots (Domingo et al. 1998). In water scarce environments, this can give a

significant survival advantage.

The interception of rainfall on the canopy and the subsequent drainage alters the raindrop size and
velocity distributions (Brandt 1989) which 1n turn results 1n a reduction in the amount of energy
reaching the soil surface. Wainwright et al. (1999) found a 30 % reduction in energy under
creosote bushes. This decrease in energy reduces the ability of the rainfall to develop soil surface
crusts and leads to an increased infiltration capacity relative to the inter-plant areas (Abrahams and
Parsons 1991). The shading effect of the vegetation reduces the solar energy reaching the surface
and hence decreases the soil evaporation (Paniente 2002). These two factors increase the amount

of water available to the plant and hence increase its chances of survival.

13
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: Gap Canopy Interception
Vegetation Location | Fraction | storage depth loss (%) Source
of) (%) | (mm)

Stipa Spain 10 2.44+0.27 20 | 40 (Domingo

tenacissima L. et al.
1998)

Anthyllis Spain (Domingo

cytisoides L. et al.
1998)

Retama Spain 0.29+£0.02

sphaerocarpa
L.

matorral thorn

scrub

G i e G 7
al. 2001)

Table 2.1 Rainfall interception parameters for semi-arid vegetation

(Navar et
al. 1999)

2.5 Infiltration

Infiltration 1s the process by which water enters the soil. This is a key process since it partitions

rainfall between the soil store and the water available for the generation of runoff. The rate at
which water may enter the soil is determined by effects of gravity and pressure forces acting on

the water at the surface (Dingman 1994). The nature of these forces is determined by:

 The rate at which water arrives at the soil surface or the depth of ponding.
e The saturated conductivity of the soil surface.

e The soil moisture at the start of the infiltration event.

e The slope gradient and roughness of the soil surface.

The eftects of each of these factors on the nature of the infiltration process will be examined in

urn in the following sub-sections.

The observed infiltration capacities for semi-arid environments show a wide range of values
(Table 2.2). The infiltration capacities range from 2.7 mm hr’' on a decalcified marl to 650.6 mm
hr'' on sands and gravels (Scoging and Thornes 1980). At single locations, the variability of the
measured values can be high. Cerda (1997) reported on infiltration rates on bare areas in Murcia
with a mean of 26.17 mm hr”' and a standard deviation of 10.93 mm hr'. Whilst Leonard and

Andrieux (1998) found that the average infiltration rate in a vineyard in southern France was 16.6

mm hr! with a standard deviation of 18.9 mm hr'.

The factors influencing the generation of runoff may be divided into three groups determined by
the spatial scale at which the factor operates. The first set of factors operates at the point scale and
includes the rate of water delivery to the soil surface, the soil matrix hydrological properties, the

antecedent soil moisture and the entrapment of air in the soil matrix. These factors are discussed in

- 4= — ™ . e — .

| 4
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section 2.5.1. The second group of factors operates at the plot scale which is considered to be 0.3

by 0.5 m. This group includes the effects of macropores, crust development. vegetation, rock

fragments and surface roughness. These factors are discussed in section 2.5.2. The final set of
factors may be considered topographic factors and covers the impact ot slope gradient and aspect

on the infiltration capacity. These factors are discussed 1n section 2.5.3.
: Infiltration Rate (mm | Technique
hr!, stdev in brackets) | Used ouree
Benidorm,
sout.h eastern Bare 23.89 (7.12) Rainfall | (Cerda 1997)
Spain . .
simulation

53.56  (2.28
54.43  (0.99)

Murcia, south 26.17 (10.93) (Bergkamp et
eastern Spain al. 1999)
46.36 (1.22) Rainfall |
6

Albaceta, 5 simulation
Central Spain 42

Scrub
South eastern Decalcified
South eastern Sands and

mar|
Walnut Gulch, |\ tiral scrub | 44.94 (8.74)
Arizona

Rainfall (Scoging and
simulation Thornes 1980)

650.6 (max)

Rainfall (Wainwright et
simulation al. 2000)

](Eiaferes,d 1llslope 73 63 (Cerda et al.
Xxtremadura, 2rass 1997b)

south western 28.47 Rainfall

Spain 24.29 simulation
26.26

Shrub cover 39.99

Agricultural, Ponded
700 177.9) (Wainwright

field A

South eastern
France

R LT e |

éeglrcilcglmral, 737.6(283.4) iPnof?l(g:a(iion test

L e i
E?;rtgeem Vineyard 16.6 (18.9) iﬂﬁf:ﬁon | %{59%;12;?( e

Table 2.2 Observed infiltration rates for semi-arid environments

2.5.1 Point Scale Factors

The Rate of Water Delivery

[t is possible to define three conditions under which infiltration may occur (Dingman 1994).
Firstlyv the rainfall intensity (r/;) may be less than the infiltration capacity (ic). rf; <= ic. resulting in

all of the water being infiltrated into the soil and no ponding of water at the soil surface. Secondly.

#_ sk
e
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the condition that #f;> ic may exist when a fraction of the water will directly infiltrate and the
remaining water will either pond and infiltrate at a later time or become overland flow which may
infiltrate further down slope or reach a channel. This situation leads to the runoft generation

mechanism termed infiltration excess or Hortonain overland flow. Thirdly, the soil may be

saturated, leading to the condition ic = 0. Therefore, all of the water will pond or runoff. This leads

to the runoff generation mechanism termed saturated infiltration excess overland flow.

As the rainfall rate increases, the area over which ponding occurs increases. This means that more
of the surface is infiltrating at the maximum rate and it can also infiltrate on parts of the surface

that are not influenceed by a soil crust (Fox et al. 1998). This leads to an increase in the infiltration

rate and 1s discussed further in section 2.5.2.

Soil Matrix Hydrological Properties

The movement of water through the soil matrix 1s dependent upon three factors, the soil moisture
content (9), the so1l water potential () and the hydraulic conductivity of the soil (K). The soil
water potential 1s the force by which the water 1s held in the soil and the hydraulic conductivity 1s

the rate at which water can move through the soail.

The soil moisture content 1s expressed as the degree of saturation of the soil. There 1s a lower limit
beyond which plants are no longer able to extract water from the soil. This 1s termed the wilting
limit. This point varies between plants but 1s normally taken as 1.5 MPa of matnx potential (Brady
1990). Another important soil moisture value 1s the residual soil moisture (field capacity). This

point 1s reached when there 1s no longer continuity in the soil moisture content between the pores

In the soil (Dingman 1994).

The soil moisture content 1s modified by capillary action and gravity. The capillary action moves
water through the soil due to the attraction between the water molecules and the walls of the
channels through which 1t moves. This attraction 1s greater than the force of gravity and hence
water can move up through the profile. The rate of movement 1s controlled by the size of the

channels and hence is dependent upon soil texture. The smaller the channels, the greater the

amount of movement. Gravity moves the water down through the soil profile.

The soil hydraulic conductivity in saturated soils 1s determined by the soil texture since texture
determines the size of the channels. In unsaturated flow, both the texture and the soil moisture will

determine the rate of movement. There 1s an increase in conductivity with increasing soil moisture

to a2 maximum at saturation (Ksat).

There is a curvilinear relationship between the soil moisture content and the soil water potential
(Figure 2.9). The form of this relationship is influenceed by the soil texture and structure and

henee a curve 1s specific to a certain soil. The relationship between the hydraulic conductivity and

16
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the soil moisture is non-linear (Figure 2.9). The conductivity is low at low to medium soil
moisture contents but then increases non-linearly with increasing soil moisture. The integrated

response of these two factors leads to a decrease in the infiltration capacity since the reduction In

soil water potential dominates (Figure 2.10).
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Figure 2.9 Relationship between soil moisture, soil water potential and hydraulic conductivity
(Dingman 1994)
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Figure 2.10 Changes in infiltration capacity with time for a standard soil with grass surface cover
(Dingman 1994)

The soil moisture at the start of the infiltration event is a key factor in determining the response of
the soil to the event (Fitzjohn et al. 1998). If the soil is near saturation at the start of the infiltration
event, it is more likely that saturated conditions will develop and hence leads to ponding and the

generation of runoff. The influence of antecedent soil moisture conditions on the infiltration rate

17
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during the summer is low, but there is a relationship during the winter when the soil moisture 1s

greater (Nicolau et al. 1996).

2.5.2 Plot Scale Factors

Macropores

The presence of macropores in the soil is an important control on the soil infiltration rate (Beven
2002a). Since the flow rate within a cylinder varies with the fourth power of the radius. larger
pores can transport large amounts of water and hence strongly influence the infiltration rate.
Micropores are capable of holding water under capillary tension and hence a macropore is defined
as a pore space which allows water to move under gravity without being restrained by capillary

tension (Beven and Germann 1982).

Macropores are formed by both biological and physical methods. Physical processes include the
cracking of the surface material (Navar et al. 2002) and preferential flow paths along the sides of
embedded rock fragments (Poesen et al. 1990). Biological processes include biotic activity such as
ants (Eldridge 1993), earthworms (Oades 1993) and burrowing mammals (Hangen et al. 2002) and
the spaces left by dead roots (Passioura 1991). Macropore systems which only extend a short
distance 1nto the soil matrix may have a limited effect on the infiltration rate. This 1s because their
effect will be constrained by the infiltration rates into the surrounding matrix rather than the
potential flow rate. However, some root systems, earthworm and ant burrows extend for many

metres below the surface and can have a significant effect on the infiltration rate (Beven 2002a).

Imeson et al. (1992) found that water did not infiltrate as a flat wetting front but as a discontinuous
wetting front along macropores. These macropores routed the water through an overlaying
hydrophobic layer directly into a lower level in the so1l at ~30 cm. It was found that 5 — 10 % of
the soil surface was covered with macropores. Imeson et al. (1992) also found that areas that had
recently undergone fire had a greater number of macropores near vegetation and that the porosity

of the soil was 25 % lower than the site which was not burnt.

Eldridge (1994) investigated the influence of macropores created by ants and termites in a semi-
arid woodland in eastern Australia. The experiments used disc infiltrometers to assess the

infiltration rates and it was found that the average infiltration rate was 1,026 mm hr’' at sites with

nest entrances compared to 120 mm hr' at sites without.

Crust Development

Surface crusts are discontinuities in the vertical soil profile characterised by lower hydraulic
conductivities than the parent soil (Bradford and Huang 1992). The presence of a soil crust can
therefore significantly reduce the infiltration capacity of the soil. Crusts formed in the Tengger

Desert, China. reduced infiltration rates by 36 — 74 % compared to a non-crusted site (Li et al.
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2001). In semi-arid Niger, it has been found that the hydraulic conductivity of the sedimentary

crust were very low, covering the range 6-4 — 5-5 mm hr" (Bromley et al. 1997b).

There are two types of crusts, physical and biological. The formation of physical surface crusts 1s
dependent on both rainfall charactenstics and the chemical and physical properties ot the soil. The
main process for physical crust formation is the breakdown of soil aggregates. The processes
involved 1n the breakdown of aggregates are numerous and complex (Le Bissonnais 1996).
Biological crusts develop by the accumulation of filaments of cyanobacteria and algae and thalli ot
lichen and moss combined with soil particles. The accumulation creates a physical discontinuity 1n
the surtace profile with greater concentrations of clay, silt and potentially hydrophobic organic

matter (Wilhams et al. 1999). Physical crusts are the most comment and hence the discussion here

1s focused on physical crusts.

Soil texture has the greatest influence on the soil crusting process (Bradford and Huang 1992) with
crusts forming more readily on soil with a high silt content (Tackett and Pearson 1965). The silt
content determines the resistance of soil aggregates to breakdown by raindrop impact, surface flow
and slaking. There 1s a negative relationship between the potential for crust formation and
aggregate stability. The main factors that influence aggregate stability are the soil texture, clay
mineralogy, organic matter content, type and concentration of cations, sesquioxide content and
(CaCO, content. There are then interactions between these factors that influence their individual

influence (Le Bissonnais 1996).

There are four mechanisms by which the breakdown of aggregates can occur. The first 1s slaking
caused by the compression of air trapped within the aggregate. The second is by differential
swelling. The third 1s raindrop impact and the fourth method 1s physico-chemical dispersion due to
osmotic stress (Le Bissonnais 1996). The initial moisture content of soil aggregates will greatly
influence the resistance to breakdown. The breakdown mechanism 1s controlled by the moisture
content. For initially dry aggregates, the mechanism 1s mainly slaking (Le Bissonnais 1990). The
aggregate stability has been found to be sensitive to the effects of fire with the stability decreasing

following a fire event (Cerda et al. 1995).

Soils with smaller aggregate sizes, and hence lower surface roughness, are more disposed to form
surface crusts. Farres (1978) showed that a soil with a mean aggregate size of 3.3 mm formed
crusts faster than a soil with a mean aggregate size of 6.7 mm. As the surface roughness increases.

the depth of the depression store will also increase. This can have the effect of protecting the
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aggregates from raindrop impact. The greater roughness decreases surface flow volumes and

velocities and this leads to a reduction in the effects of flow on the breakdown of aggregates.

Physico-chemical dispersion results from the reduction of the attractive forces between colloidal
particles during wetting (Emerson 1995). The dispersion of the soil is influenceed by the
electrolyte concentration of both the soil and the applied water (Agassi et al. 1985). Dispersion
breaks the aggregates down into elementary particles rather than micro-aggregates. Hence it is one
of the most effective processes of aggregate breakdown and greatly increases the effect of the

other processes (Bresson and Boiffin 1990).

The effect of surface gradient on the formation of surface crusts was investigated by De Ploey and
Poesen (1985) using rainfall simulation. For soils that were highly susceptible to surface sealing, it
was found that the surface seal intensity was inversely proportional to slope gradient. The increase
In surface gradient results in greater amounts overland flow on steeper slopes which is able to
erode the crust and increase the rill density. The increase in slope gradient decreases the projected
surface area and hence there is a decrease in the number of raindrop impacts. Surface runoff can
selectively remove the fine material from the soil resulting in a greatly increased soil stone cover.

The impact of this i1s discussed in the next section.

The depth of the surtace crust will vary across a soil surface and is strongly related to the micro-
topography due to the formation of sedimentary crusts in surface depressions and structural crusts
in other areas. Although other types of crusts may exist, the sedimentary and structural crusts are
the most important. This two phase pattern has the effect that as the ponding depth increases, areas
with a greater infiltration capacity are inundated and this leads to a significant increase in the

infiltration rate (Fox et al. 1998). The increase in the infiltration rate was also found to be related

to the increase in the pressure head with greater ponding depth (Fox et al. 1998).

Vegetation Effects

Vegetation cover has been shown to be the single most important factor in determining the
infiltration capacity in semi-arid areas (Thornes 1976; Wood et al. 1987; Wilcox et al. 1998). The
soils under the vegetation contain a higher percentage of sand and organic matter and the soils are

disturbed by biotic activity. This results in a lower soil bulk density and hence an increase in the

infiltration capacity (Lyford and Qashu 1969).

Many Mediterranean areas are characterised by a semi-natural scrubland termed matorral which
develops in areas with 350 — 1500 mm year ' of rainfall. Matorral is characterised by shrubs whose

above ground parts are not differentiated into trunks and branches, whose leaves are

sclerophyllous and whose growth habit may be upright or prostrate (Allen 2001). The ground

cover may be dense, discontinuous or scattered depending on the climate and there may be trees

present. The key matorral species found in south east Spain include Stipa tenacissima L., Anthyllis
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cytisoides L., Rosmarinus L. and Thymus L. Under more favourable climatic conditions forests of
oak (Quercus coccifera L.) or Aleppo Pine (Pinus halepensis L) have developed. A detailed
description of the ecogeography of the Mediterranean can be found in Allen (2001).

The vegetation reduces the amount of rain splash and hence decreases the rate of crust formation.
This 1s due to the reduction in the rainfall kinetic energy and the changes to the drops size
distribution. The effects of lower plants can have both positive and negative effects on the
infiltration capacity. Crptograms can reduce infiltration by binding the soil surface and blocking
soll pores (Greene et al. 1990). However, they can also increase surface roughness and hence the
amount of ponding (Blackburn 1975). If the surface has grasses, it is likely that the soil will have

macropores which can greatly increase the infiltration capacity (Abrahams et al. 1994).

Lyford and Qashu (1969) studied the infiltration rates at points radiating out from plants in a semi-
arid environment. They defined three areas, directly under the plant, the area between plants and
the intermediate point between these two domains. The species considered were creosotebush and
paloverde. Their results showed that infiltration rate in the under plant zone was three times that of
the inter-shrub area and 1.6 times that rate in the intermediate area for paloverde. Under
creosotebushes, the rate was 2.6 times the intermediate area and 2.4 times the interplant area.
These changes in the infiltration rate were related to differences in the bulk density, organic matter
and gravel content of the soil. The bulk density was found to be greater in the interplant areas than
under the plants and was not influenceed by plant species. The organic matter content was greater

under the plants and the gravel content was greater in the inter-plant area.

The hydraulic conductivity of the soil under plants was found to be greater by Nicolau et al.
(1996). The key factor which controls the rate of infiltration under plants was identified as the

amount of organic matter. It was also found that the vegetation increased the surface roughness

and hence increased the infiltration capacity.

The effect of vegetation structure on the generation of runoff was investigated by Quinton et al.
(1997). The study investigated Artemisia L., Anthyllis cytisoides L., Plantage L. and Stipa
tenacissima L. using rainfall simulation. Of the vanables investigated, only the percentage canopy

cover was statistically significantly related to the runoff. It was found that there was a positive

relationship between the percentage canopy cover and the infiltration capacity.

Soils with waxy organic substances produced by vegetation and micro-organisms may have
hydrophobic behaviour. The contact angle between the waxy surface and the water is negative,
and hence the water tends to ‘bead up’ rather than being drawn into the soil by surface tension

forces. During a fire these compounds are vaporised and condense on the bare soil resulting in

hydrophobic soils and can significantly reduce the infiltration capacity (Dingman 1994).
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