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Hydrological Connectivity - a study into representative metrics for
a humid temperate catchment in northern England.

Christopher Williams

Abstract

Hydrological connectivity has been identified as a concept which can help hydrology move
towards a hydrological approach focussing on homogeneity rather than difference. The method of
hydrological connectivity measurement has subsequently developed as key in permitting this
concept to reach its potential. Previous studies have focused on topography and soil moisture
respectively to solve this problem, generating metrics and indexes in order to predict the
potential for connectivity spatially and temporally. This study focused on ascertaining the relative
success of these different approaches for a humid temperate catchment in northern England. It
was found that simple saturated area based metrics performed better than complex cluster
analyses. In addition to this the Topographic Wetness Index was found to struggle to ascertain
active areas within the catchment. Subsequently, building upon the Network Index of Lane et al.
(2004), a new index was developed in order to combine topographic and soil moisture
measurements to give a probabilistic estimation of connectivity over time. This Cumulative
Probability Network Index was found to be the most promising method for estimating

hydrological connectivity, particularly for upland catchments with shallow soils.
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1.0 Introduction

The development of hydrology has historically been focussed on the understanding of processes
and conditions that make places hydrologically unique. The established formula of specification
through empirical or theoretical relationships has resulted in a wealth of understanding
surrounding how water behaves in a range of environments and at a range of scales. The problem
with such an eclectic accumulation of information is that the task of combining it into one system
of understanding, particularly across different scales, has proved elusive. Traditional models of
water flow were, for a long time, considered exclusive, infiltration excess runoff and saturation
excess runoff were used to understand processes in semiarid and humid climates respectively.
This historic schism is a microcosm of the psychological divide that is still present between a
number of hydrological conceptions. This divide has been a cause for concern for some time,
Dooge (1986; p. 46) identified the need for a *“..search for regularities in hydrological
relationship...”. This is no less pertinent a statement now, with McDonnell et al. (2007) realising

that this vision “...remains just as fresh, relevant and, unfortunately, very much unfulfilled...”
(McDonnell et al., 2007, p. W07301). They go on to testify that hydrological progression has been
driven by largely descriptive studies resulting in a presumption that sufficient detailed studies will
result in an understanding of the whole despite distinct conditions and processes, being all too

often scale and sometimes even site specific.

The drive for homogeneity rather than the cataloguing of heterogeneity has potential benefits in
reframing hydrological problems in order to advance innovative solutions. It has been recognised
that hydrological modelling struggles to characterise hydrological variability due to their
dependence on small scale physics or theories (Kirchner, 2006). The heterogeneities present in
large catchments lead to variation in dominant processes that are not fully understood (Sivapalan,
2003). This leads to intensive parameterisation and problems of equifinality resulting in
predicative uncertainty (Beven, 2000). Even at small scales organised soil matrices can result in
fundamental modelling principles like the Darcy-Richards equation to break down (Weiler and
Naef, 2003). Again these issues are not new with Dunne in 1983 (p. 25) recognising the “... runoff
concepts need to be refined, developed and formalized through more vigorous combination of
rigorously defined field experiments and realistic physically based mathematical models...”. The
reactionary approach to concepts and theory for field experimentation only serves to intensify
this problem as the importance of the more general large scale is subsumed beneath more easily

applicable site specific hypotheses (McDonnell et al., 2007).



The manner in which the consideration of homogeneity in catchment hydrology, particularly
regarding the need for a new runoff generation theory (Dunne, 1983; McDonnell, 2003;
Ambroise, 2004), has begun to be developed by assessing hillslopes and the degree to which they
are hydrologically similar (e.g. Bull et al., 2003) and as a result the potential probability of water
connecting to catchment channels. This development in conjunction with the growing recognition
for the impact of network pathways at all spatial scales (Clothier et al., 1998) progressed to form
the hydrological connectivity concept. This concept aims not only to identify areas where runoff is
likely to occur but also focus on when it is likely to connect to the channel network and to what
extent. Research on hillslope-channel connection (Harvey, 1996; Michaelides and Wainwright,
2002) has highlighted the significance of hillslope connection on catchment response. The
approach attempts to develop this research by linking the physical catchment elements at a range
of scales with temporal changes to identify the impact of certain hydrological conditions on
different catchments. This concept aims to progress the understanding of runoff response from
how it occurs towards the more hydrologically meaningful impacts of how much of the water that
enters a catchment connects to the channel and for what duration. This concept has been
identified as having a great deal of potential for solving issues surrounding heterogeneity when
estimating runoff response (Bracken and Croke, 2007). Subsequently there has been a
development in ways in which hydrological connectivity can be predicted both through
topography (Network Index, Lane et al., 2004) and soil moisture (Western et al., 2001), however
there is some debate about the most effective methods that should be used. This thesis attempts
to address this debate by assessing different approaches to estimate hydrological connectivity

with the aim of clarifying the most promising solutions to this problem.

The overall aim of this project is “to test and refine existing methods of estimating hydrological

connectivity through a combined soil moisture and topography metric”.

To address this aim 4 key objectives were identified:

1. Identify a set of static (topography) and dynamic (soil moisture and antecedent conditions)

connectivity measures.



2. Measure topography and seasonal variability in shallow soil moisture, rainfall and stage at
high resolution to give detailed data for connectivity metric assessment for a humid

temperate environment in the UK.

3. Test distinctions found in the literature between temperate forested and temperate
rangeland catchments in terms of soil moisture, topography and combined soil moisture

topography metrics.

4. ldentify the critical distribution percentile and absolute soil moisture percentage

thresholds for connectivity through significance calculation of connectivity metrics.

5. To develop a revised cumulative probability alternative to the Network Index.

This thesis will address the literature on connectivity to identify the best performing connectivity
metrics. The methodology behind how these are estimated will be followed while identifying a
test site in the Eden Valley, Cumbria, UK. The subsequent field measurement will provide a
detailed data set that can then be used as a base to compare the metrics both in terms of soil
moisture distribution and topographically derived flow pathways. The robustness of these metrics
will be tested against a series of meteorological, hydrological and temporal data series to
ascertain the metrics that best represent all three parameters with the aim to provide clarity to
the current research into connectivity prediction and estimation. The literature review will also
discuss factors affecting hydrological connectivity and how the concept has been developed. The
next chapter will include a comprehensive description of the study site that was selected. The
methods of the metrics selected for this study will follow identifying the ways in which the field
data was collected and analysed. The results are then described, presenting topographic, rainfall
and stage data for the catchment before the connectivity metrics analysis is then presented.
Finally these results are discussed and conclusions are draw about the most effective metric

performances.



2.0 Literature Review

2.1 Connectivity — Concept and Definition

Connectivity has become an increasingly important tool for hydrology in recent years (Bracken
and Croke, 2007). Given a general definition of “the transfer of water from one part of the
landscape to another, and the related physical movement of matter through the catchment”
(Lexartza-Artza and Wainwright, 2009) connectivity has been identified as a key concept in
understanding hydrological systems. Connectivity is important regarding the conveyance of water
and sediment spatially and temporally within a catchment (Ward et al., 2002). This influences
ecology in terms of leeching and nutrient transfer particularly relating to agriculture (Frey et al.,
2009) as well as hydrological (Western et al., 2001; 2004) and geomorphological development
(Brierley et al., 2006). The impact of the landscape on connectivity also heavily influences
hydrological and sedimentological flowpaths (Michaelides and Wainwright, 2002) which dictates
the impact of anthropomorphic and natural changes to the system (Harvey, 2007). Subsequently
this highlights the potential benefits this approach can have in analysing more effectively outputs

from complex systems within a catchment (Lexartza-Artza and Wainwright, 2009).

This conceptualisation of the hydrological system is a significant contrast to traditional views of
Hortonian runoff (Horton, 1933) and the Variable Source Area (VSA) model (Hewlett and Hibbert,
1967) that focus on spatially and temporally specific sites with limited transferability. Previous
studies into runoff generation at small scales, notably Morgan (1995) and Cammeraat and Imeson
(1999), identified spatial and temporal patterns between areas of varying soil moisture and
vegetation. However these studies were based on small scale study plots (for example 2.5 m?
plots were used by Cammeraat and Imeson (1999)). Previous hydrological research has focused
on process interaction with particular importance being placed on physical drivers rather than the
broader responses of different landscape units and rainstorm conditions. By contrast the focus of
connectivity moves from individual process dynamics towards generating spatial mapping of
output conditions based on structural and functional aspects at a broader scale. Thus connectivity
represents a shift in approach from a study of heterogeneity towards an understanding of
similarity based on patterns identified in space and time. This is perceived as an important step
forwards by many hydrologists (McDonnell et al., 2007; Sivapalan 2005) particularly with

reference to ungauged catchments.

The concept of connectivity was initially developed in ecology and was used as a key feature in
understanding the structure of distribution for population movement (Metzger and Decamps,

1997). In this way early definitions of hydrological connectivity such as “water-mediated transfer
4



of matter, energy, and/or organisms within or between elements of the hydrologic cycle” (Pringle,
2001) were specifically tied to elements of ecological importance. However parts of this definition
are also important to hydrological understanding particularly with reference to matter. The
identification of water as a medium of transport through a system and the key notion of its
complete connection being important for conveyance, albeit of ecological material, has clear

benefits.

Currently there is a lot of debate about the exact definition of hydrological connectivity (Bracken
and Croke, 2007). Since being taken up by hydrologist a definitive definition of the concept has
proved to be elusive. This problem has been widely discussed with little progress being made
(Brierley et al., 2006; Bracken and Croke, 2007; Ali and Roy, 2009; Lexartza-Artza and Wainwright,
2009). Lexartza-Artza and Wainwright (2009) identified a general definition of connectivity being
“the transfer of water from one part of the landscape to another, and the related physical
movement of matter through the catchment” more specifically “the ease with which water can
move across the landscape in different ways and in so doing be affected by and affecting different
landscape components.” Bracken and Croke (2007) in their review incorporated the importance of
time and spatial position in the definition of connectivity suggesting that it “describes all the
former and subsequent positions, and times, associated with the movement of water or sediment
passing through a point in the landscape”. Bracken and Croke (2007) also developed the
connectivity framework to include static (redefined as structural by Turnbull et al., 2008) and
dynamic (functional) aspects. This highlights the two features that dictate hydrological
connectivity, that of the physical landscape (structural - topography, land use and geology) and
temporal conditions (functional - antecedent conditions and rainfall inputs). They emphasise that
it is the spatial and temporal combination of these two aspects that are key for hydrological

understanding. However these definitions are by no means definitive.

Ali and Roy (2009) reviewed a number of hydrological connectivity papers in an attempt to clarify
the definition of hydrological connectivity. They identified that definitions of hydrological
connectivity were specific to the predominant scale under investigation and subsequently the
main functional and structural processes at work. Definitions ranged from water cycle scale
generalised conceptualisations of the sort introduced by Pringle (2001), structural landscape
feature definitions like that of Bracken and Croke (2007) and functional process definitions from
Creed and Band (1998) (Table 2.1). Ali and Roy (2009) highlight that this multiplicity of definition
provides focus and versatility, something that a unified definition would not achieve. Instead of
one overarching standard definition of similarity each definition highlights the important
processes to be identified at each specific scale. It is clear from previous attempts at defining

hydrological connectivity that only vague indefinite statements can be made to represent the
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whole spectrum of study. Ali and Roy (2009) emphasise that important drivers change according
to scale. For instance Ziegler et al. (2001) highlight the importance of micro topography at the plot
scale. Soil moisture and soil structure are also key to hydrological connectivity at this scale (Sole-
Benet et al., 1997). By contrast at the hillslope scale vegetation and slope length become more
important (Wainwright and Parsons, 2002). Clearly scale plays an important role in defining

hydrological connectivity because of the varying range of factors that affect it.



[...]Anecological context to refer to water mediated
transfer of matter, energy and/or
organisms within or between elements of the
hydrologic cycle (Pringle 2003)

Water cycle

Watershed scale

Landscape features All the former and subsequent positions, and

(STRUCTURAL) times, associated with the movement of water or

sediment passing through a point in the landscape
(Bracken and Croke 2007)

Flows of matter and energy (water, nutrients,
sediments, heat, etc.) between different landscape
components (Tetzlaff et al. 2007)

The extent to which water and matter that move
across the catchments can be stored within or
exported out of the catchment (Lane et al. 2004)

The physical coupling between discrete units of the

landscape, notably, upland and riparian zones, and

its implication for runoff generation and chemical
transport (Stieglitz et al. 2003)

The internal linkages between runoff and sediment
generation in upper parts of catchments and the
receiving waters [ . . . ] two types of connectivity:

direct connectivity via new channels or gullies, and
diffuse connectivity as surface runoff reaches the
stream network via overland flow pathways (Croke
et al. 2005)

Watershed scale

Watershed scale

Watershed scale

Hillslope scale

Hillslope scale

Spatial patterns Hydrologically relevant spatial patterns of
(STRUCTURAL) properties (e.g. high permeability) or state variables
(e.g. soil moisture) that facilitate flow and transport
in a hydrologic system (e.g. an aquifer or
watershed) (Western et al. 2001)

Spatially connected features which concentrate
flow and reduce travel times (Knudby and Carrera,2005)

Watershed and
Hillslope scale

Watershed and
Hillslope scale

Flow processes The condition by which disparate regions on a
(FUNCTIONAL) hillslope are linked via lateral subsurface water flow
(Hornberger et al. 1994; Creed and Band 1998)

Connection, via the subsurface flow system,
between the riparian (near-stream) zone and the
upland zone (also known as hillslope) occurs when
the water table at the upland-riparian zone
interface is above the confining layer (Vidon and Hill
2004; Ocampo et al. 2006)

Hillslope scale

Hillslope scale

Table 2.1: Table of hydrological connectivity definitions taken from Ali and Roy (2009).



However with such fluidity in definition the conceptualisation of hydrological connectivity
becomes difficult. It is necessary therefore to diversify the concept in line with this variation in
definition whist at the same time maintaining an overall conceptual framing of the whole. The
primary delineation that has been made within hydrological connectivity is the distinction
between structural and functional connectivity (Turnbull et al., 2008). This distinction was
originally made by Bracken and Croke (2007) to begin to distinguish the connectivity concept.
They define structural (static in their paper) as “spatial patterns, such as hydrological runoff units,
that can be categorised, classified and estimated” (Bracken and Croke, 2007). This element is the
easiest to measure and quantify and as a result and been increasingly formed the focus of
research. Topography, soil moisture distribution (as a result of variable infiltration capacity),
geology and vegetation impact on the potential for runoff response. Lexartza-Artza and
Wainwright (2009) highlight that examples of studies that focus on this combination of physical
characteristics (e.g. Kirkby et al, 2002) provide a good description of structural connectivity
without addressing elements of functional connectivity. Bracken and Croke (2007) also recognise
this using an example of Bracken’s own work in SE Spain (Bull et al., 2003). They highlight that
predicted hydrologically similar areas of high runoff potential estimated from topography, land
use and geology might indicate areas of likely runoff but do not identify which will connect with
the channel and at what threshold this will occur. Indeed two regions were identified (Figure 2.1)
in this study that despite high potential for runoff were disconnected from the channel. The first
area (A) was disconnected because the amount of runoff was not sufficient to supersede the
volume of the channel. The second area (B) was disconnected by an anthropogenic drainage
channel separating the drainage area from the channel network. Bracken and Croke (2007)
emphasise that these areas could connect in the right rainfall conditions and that this signifies the
importance of considering functional connectivity. Despite further studies attempting to identify
these hydrologically similar surfaces (HYSS) in an attempt to begin to understand thresholds
present in the landscape between these areas and the channel (Kirkby et al., 2002) the
importance of rainfall cannot be ignored. However detailed assessment of hydrological runoff
areas, particularly in terms of identifying structural disconnection through topography, geology,
pedology or land use can help to understand the potential for connection. Several studies have
shown the importance of location when estimating the contribution of these active areas in
relation to each other and the catchment channels (Fitzjohn et al., 1998). In the absence of

physical connection only areas adjacent to the channel will contribute (Yair, 1992).



@8 High Runoff Potential

Figure 2.1: Red areas represent high runoff potential for the Rambla Nogalte in SE Spain as predicted using
the principle of hydrologically similar surfaces determined by topography, land use and geology. The
catchment area is 171 km? and the main channel is 33 km long. Green areas represent locations that had
high runoff potential but remained disconnected. A indicates a region disconnected by a long drainage
distance. B represents an area disconnected by an anthropogenic drainage channel. Adapted from: Bull et
al. (2003).

Functional connectivity is, defined by short term variations in rainfall intensity and duration as
well as rainfall event frequency. Functional connectivity is very important in understanding when
and for how long areas of the landscape are hydrologically connected. Due to the threshold
nature of hydrological connectivity where there is limited catchment reaction before the point of
connection the understanding of the extent to which antecedent and rainfall conditions are
causing structural properties to approach connection is of great importance (Ambroise, 2004).
Initial studies recognised that the magnitude of antecedent conditions are important, particularly
referring to soil moisture (Leibowitz and Vining 2003). However the frequency, duration, timing
and rate of change have also been identified as important for establishing, maintaining and
disrupting hydrological connectivity (Ali and Roy 2009; Bracken and Croke 2007). Ali and Roy
(2009) argue that the threshold concept is unhelpful in terms of understanding these interactions
and instead suggest that spatial linkages should be thought of as probability distributions in time

and space. In this way functional connectivity can be assimilated more easily with a physical



modelling frame work whilst at the same time it has been shown in wetland environments to be a
useful tool in the field. Leibowitz and Vining (2003) found that by using probability, through
measuring recurrence intervals of different levels of connectivity, a continuum of hydrological
states could be established. It is the combination between these conditions that are important in
order to ascertain the extent and persistence of hydrological connectivity. Thus Ambroise (2004)
suggests that areas of hydrologic similarity that have the potential for runoff should be termed
active areas rather than contributing areas. In addition he highlights the importance of active time
periods where conditions are appropriate for connectivity to the channel, the extent of which are
dependent on the degree to which active areas are connected. The impact of this can be seen in
the “tiger bush” example in Niger where alternate bands of impermeable bare soils and
permeable forest soil exist (Thiéry et al., 1995). Here, despite more than half the area being active
almost none of the runoff reached the outlet. The water that flowed across the impermeable
bands was absorbed by the permeable forested areas. Here is evidence that a combination of
physical catchment structure has to be combined with temporal weather changes to fully

understand the degree of connectivity and consequently the response of the catchment.

2.2 The Significance of Scale

The nesting of scales is another significant problem for connectivity as well as much of
hydrological study (Soulsby et al., 2006). Early examples of runoff estimation were contained by
plot measurement (e.g. Poesen et al., 1990) that revealed a great deal about the processes of sail
rainfall interaction with elements like microtopography (Ludwig et al., 1995) and the impact of
vegetation (Lyford and Qashu, 1969). Yet the results of such small scale detailed plot studies of
hydrological response do not scale well to hillslope and catchment scales (Van Giesen et al.,
2000). The increased distance of interaction between surface runoff and the soil causes an
attenuation of surface flow. This is due to the increased variability in spatial infiltration rates and
rainfall distribution, as well as through the soil structure and surface over distance, influenced by
topography, geology and meteorology (Lal, 1997; Wainwright and Parsons, 2002). The resulting

heterogeneity makes scaling from small field sites difficult.

The solution has been to attempt to estimate the hillslope as a whole hydrological unit through
field measurement and hydrological modelling. The main field measurement of physical hillslope
hydrological connectivity is the volume to breakthrough. This has largely been used in the
estimation of the connection time and volume of runoff from compacted trackways (Croke et al.,
1999; 2001; 2002; Hairsine et al., 2002). By measuring the amount of water required for hillslope

connection, through applying an accumulating volume to a test slope, under different temporal
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and functional conditions a stochastic understanding of hydrological connectivity can be achieved.
By doing this experiment on a range of hillslopes with different structural properties that
represent the catchment an understanding of the whole catchment response can be estimated
(Croke et al., 1999a). Although this method is the most effective approach for estimating
connectivity it is not without fault. Bracken and Croke (2007) identified that this method does not
identify specific hillslope conditions for each breakthrough experiment. This means that although
volume to breakthrough can identify the volume required for connectivity of the slope it cannot

define its continuity over time or the manner of its disconnection (Bracken and Croke, 2007).

Cameraat (2002) produced one of the first studies identifying connectivity as a sequence of
developing patches on a semiarid hillslope that become activated with time presuming a sufficient
duration of rainfall at a sufficient intensity. He found that smaller scale plot experiments
produced more numerous runoff events than at the hillslope or catchment scale. This impact of
flow length has been identified by others showing that connectivity flowpaths also exist at a range
of scales depending on very different determining factors. Flow pathways range from subfield
features having been identified as a result of different soils, land uses and topographies (Bull et
al., 2000; Lane et al. 2009), to hillslope scale variability resulting from the surface water
generation and routing of compacted earth tracks (Hairsine et al. 2002). However at the larger
catchment scales, where hydrological modelling and estimation is most important in terms of
stakeholder involvement and applied significance, these small scale influences are lost often due
to a lack of spatial resolution and a lack of detailed investigation. As a result the potential for

scaling hydrologically significant flowpaths like trackways are lost.

2.3 Factors impacting hydrological connectivity

A number of elements influence hydrological connectivity. The primary control, as with the
majority of other hydrological processes, is climate. The runoff regime is dependent on this.
Semiarid environments are driven by high intensity rainfall, generating Hortonian infiltration
excess runoff. This means that hydrological connectivity in these regions is largely driven by
topography with limits on connectivity being the flow length and the volume to breakthrough. In
humid temperate regions long periods of low intensity rainfall are more common resulting in
seasonal depletion and recharging of soil water storage. Where heavy rain interacts with pre-
existing rainfall saturation, infiltration excess runoff is combined with saturation runoff. It is these
events that often prove to be the most reactive conditions in these environments (Vivoni, 2007).
The duration of rainfall is relevant both in terms of the length of distinct rainfall events as well as

the extent of seasonal precipitation. Both influence the process of soil saturation. These processes
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are significant in defining conditions for patch scale saturation and subsequent hydrological
connection (Guo and Quader, 2009). The pattern in humid temperate regions is more complicated
than semiarid environments with a constantly evolving boundary of “active areas” of high soil

moisture (Ambroise, 2004).

This is enhanced by constituent features of rainfall intensity, such as increased raindrop size,
which reduces the soils capacity to infiltrate, resulting in a greater runoff response (Morin and
Benyamini, 1977) and connective potential. The drop size is a driving factor behind soil surface
morphology, as it promotes the filling of pore spaces and increases surface compaction (Tackett
and Pearson, 1965). Indeed Lang and Mallet (1984) found that the surface runoff of 50%
vegetation cover was 54% lower than bare ground, due to the reduced soil surface sealing. This is
of primary importance in semiarid areas where vegetation is patchy. Where vegetation exists the
potential for connection and runoff is reduced through increased infiltration potential under
vegetation (Lyford and Qashu, 1969) and the reduction of impact of rainfall intensity. Other
fundamental influencing factors are the characteristics of the soil and the slope. The extent of
vegetation in humid temperate environments mean that rainfall intensity has a lower impact with
the intensity being more relevant in terms of the net volume over time by comparison to the

raindrop size. These climatic drivers are key elements of functional connectivity.

Soil characteristics affect the volume of water that can be infiltrated and define the rate at which
this can occur. This consequently defines land-use practices, which then further augments this
causal condition. The effect of particle size can be significant, especially for the soils dominated by
silts or clays. These soil types have a cohesively bonded structure which result in a much lower
infiltration capacity compared to non-cohesive sandy soils. Also, due to the extremely small
particle size the pore spaces are negligible, meaning that there is almost no volume for
infiltration. Indeed soils with high clay and silt contents are often totally impermeable negating
any subsoil and bedrock infiltration capacity (Sharpley, 1985). This results in an increased capacity
for hydrological connectivity across the surface. Sandy soils are highly permeable, making them
very difficult to saturate or exceed their infiltration rate. These soils promote vertical water flux
which in turn promotes subsurface soil flow along impermeable soil layers or along bedrock
(Tromp Van Meerveld and McDonnell, 2005). However, there is high variability in the composition
of a soil surface even in small catchments (Jury, 1986). This, combined with bedrock permeability,
engenders a complex system that makes predicting the soil response to rainfall a big challenge.
The permeability of the bedrock is an important underlying factor particularly with respect to
upland catchments with shallow soils. Impermeable rock provides a surface for throughflow
which often results in return flow at the base of slopes, where the soil becomes saturated due to

the high through flow rate (Scherrer and Naef, 2003). Porous bedrock promotes deep percolation
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into ground water, thereby increasing the draw down of water and reducing lateral water flux
(Pearce et al., 1986). As a result areas with permeable aquifers are a lot less likely to develop
hydrological connectivity, as the water table falls after rainfall events at a quicker rate. This means
that a lower volume of runoff is produced from them when rainfall events occur frequently. Rock
permeability is most significant when the sail is thin as the rock can then readily interact with the
water at the soil surface (Bertoldi et al., 2004).The thickness of the soil itself is also clearly
important as a thin soil layer will allow less infiltration than a thick soil (Bertoldi et al., 2004).
However this depends on the soil permeability both spatially and stratigraphically. This is often
related to climatic and ecological conditions that combine to determine the potential for
vegetation and as a result the extent of organic material available. Thin soils are common in semi-
arid areas where vegetation is sparse. This increases the spatial potential for connectivity with the
rate of infiltration becoming the key factor in potential for connection. High organic content,
which is common to humid and temperate regions, greatly increases the capacity for the surface
to infiltrate, which means that the potential for surface runoff is reduced. Vegetation protects the
soil from solar and heat generated surface features (like soil crusting) as well as intercepting some
of the rainfall and providing a source for soil development. This means that the soil does not need
to infiltrate as much water as would be the case in a barren environment. Lyford and Qashu
(1969) found that infiltration rates beneath bushes were three times that found in open ground.
The spectrum of vegetation can augment the complex organisation of soil characteristics and

climate to create areas of high vegetation density to form water sinks limiting connectivity.

Slope characteristics are important for a number of reasons. Gradient is the principal feature
regarding the potential for runoff and as a driver for structural connectivity. A higher slope
gradient decreases the infiltration rate of the soil as the water flows faster over the surface, which
allows less time for the soil to absorb it (Liu and Singh, 2004). This means that saturation runoff is
less likely to occur on steep slopes, as it would take longer for the soil to become saturated, but it
increases the prospect of infiltration excess runoff. As a result especially in temperate catchments
this interaction means that identifying which regime of flow that is occurring at what time is
important for understanding the potential for predicting flow and its potential connectivity. This is
the main feature regarding traditional methods of predicting soil moisture organisation like
Topographic Wetness Index (TWI). The shape of the slope is also important. Areas on a slope with
low connectivity and low gradient are more prone to saturation. So slopes with a concave profile
or surface depressions are more likely to become active areas in the event of high precipitation
than a slope with a straight profile (Talebi et al., 2008). The slope shape can have a great deal of
an effect through increasing areas of saturation and disconnecting the slope (Bracken and Croke,
2007). The length of the slope has an important effect on connectivity. A number of field studies
have shown that the runoff per unit area decreases as a function of slope length (Lal, 1997; Van
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de Giesen et al., 1996). This is important regarding infiltration excess runoff, because areas prone
to saturation provide a threshold response. Infiltration excess runoff production is dependent on
variable infiltration and surface storage (Van de Giesen et al., 2000). Van Giesen et al. (2000)
found during their study in the Cote d’lvoire that the influence of slope length on the total runoff
during large storm events was as high as 78%. This highlights the importance of spatial variability
and connectivity of antecedent soil conditions and hillslope characteristics, since precipitation
falling on longer slopes interacts with the surface for a greater distance and period of time and

therefore is more prone to local hillslope variability.

2.4 Measuring Hydrological Connectivity

There has been great deal of debate surrounding the potential for the use of soil moisture in
aiding hydrological connectivity estimation. However there is no consensus as to how it should be
used. Saturation excess has long been considered to be the main form of runoff in temperate
climates and with the development of the variable source area concept soil moisture patterns
were increasingly identified as an important variable in the estimation of runoff in a catchment.
This, in conjunction with the increasing belief that spatial flow pathways are important in runoff
prediction and that they are not always constantly connected, led to increasing measurement of
soil moisture to estimate the degree of connectivity of a catchment. The first attempt at
measuring soil moisture with a view to resolving hydrological connectivity was led by Western
(Western and Bloschl 1998; Western et al., 2001; Western et al., 2004) in the temperate
Tarrawarra catchment in southwestern Australia. They found that soil moisture patterns could be
seen to change over time and that the spatial organisation of the soil moisture produced
alternating patterns of connection and disconnection to the catchment outlet (Western et al.,
2001). Through the use of topographically corrected semivariograms bounded by an integrated

connectivity scale the varying degrees of connectivity could be identified.

However this approach has been challenged in recent years. The limited consideration for
throughflow dynamics in the method of Western is the main cause for concern which was
identified by Tromp van Meerveld and McDonnell (2005). Western’s approach to estimating soil
moisture was to take a soil moisture reading at a average depth of 30 cm. Tromp van Meerveld
and McDonnell (2005) argued that soil moisture can be a passive reaction to connectivity,
particularly regarding subsurface flow. They argued instead that it is, in fact, transient saturation
at the soil - bed rock interface or at a layer of reduced permeability in a duplex soil that
represents the causal mechanism for subsurface flow. This was identified through

experimentation by Tromp van Meerveld and McDonnell (2006) in the subtropical Panola Test
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Catchment in Georgia, USA. However despite the relevance of identifying the importance of
subsurface impervious layers the shallow nature of the soil in this experiment lended itself as a

credible alternative to Tarrawarra.

Studies in temperate forested catchments have also found fault with the Western conclusions.
James and Roulet (2007), through a detailed shallow soil moisture survey (20 cm) and long term
monitoring in forested temperate catchment of St. Hilaire in Quebec, identified a significant
relationship between hydrological connectivity and hydrological response. However the use of
shallow moisture measurement did not identify regime change in the catchment. Unlike Western,
James and Roulet (2007) found that organised patterns of soil moisture persisted across regime
thresholds suggesting that is was not an appropriate method of connectivity identification in
forested catchments compared to the clear conclusions identified on rangeland by Western. St.
Hilaire was also prone to shallow bed rock, seen by Tromp van Meerveld and McDonnell (2005) in
their study area, and the rough surface microtopography identified in other studies (Ali and Roy,
2010) highlight the increased potential for subsurface throughflow. The high variability seen in the
depth of soils above bedrock in combination with complex microtopography and intermittent
frangipans resulted in a complex soil-rainfall interaction that is absent at Tarrawarra. It has been
statistically identified that semivariograms do not distinguish between microtopographies
(Antoine et al., 2009) which in addition to bed rock variability minimises their effectiveness. In
addition the impact of the forest canopy reduces the range of soil moisture that limits the

effectiveness of the Western method of connectivity estimation.

This debate has led to a number of review articles (Bracken and Croke 2007; Ali and Roy, 2009)
but only two address different connectivity ‘metrics’ experimentally. Antoine et al. (2009) used
statistical analysis on three computed microtopographic surfaces, without incorporating soil
moisture. Ali and Roy (2010) completed a comprehensive review of a range of connectivity
metrics at a range of soil moisture depths at Hermine in Quebec. This study made an attempt to
review a range of connectivity metrics identified in the literature over the last ten years in
conjunction with measurement of soil moisture at multiple depths to ascertain the influence of
the confining layer (in this case soil rather than bed rock). Here they found limited variability in
soil moisture by comparison to Western et al. (2001). However in contrast to Antoine et al. (2009)
the most suitable metrics were the directional semivariograms, especially in response to
meteorological and outflow discharge; the two key factors in determining catchment discharge.
Ali and Roy (2010) conclude a similar response to James and Roulet finding that lateral
throughflow is important for the Hermine catchment in wet conditions and echo their earlier

review in highlighting the continuum of connectivity rather than the distinct threshold of Western
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et al. (2001). At the same time Ali and Roy (2010) identify distinctions between Hermine and the

subtropical Panola catchment.

Analysis of previous published literature suggests that there is a clear divide between forested
and rangeland catchments, where rangeland appears to display greater variability in soil moisture
response through more consistent microtopography and reduced vegetation cover. There is also a
great deal of debate as to whether directional semivariograms have the potential to distinguish
between hydrological connection or not. The distinction here is not clear even between
meteorologically similar forested catchments of Waldstein (Lischied et al., 1998) and Plastic Lake
(Buttle and House, 1997). Also the use of an integrated connectivity scale as characterised by
Western et al (2001) has shown a range of success between two similar catchments; proving to be
useful in defining different connectivity regimes in St Hilaire yet falling short when tested at
multiple depths in Hermine. Shallow surface moisture has been considered to be too shallow to
be representative of the subsurface flow in the three catchment groups and is suggested by Ali
and Roy (2010) not to show high significance. Ali and Roy (2010) identify a range of potential
thresholds to test the significance of their range of tests. This is an approach that has not been
attempted before in the other test catchments and represents a promising approach at

identifying significance.

Modelling also struggles to adequately define hydrological connectivity. The earliest modelling
attempts using the Soil Conservation Service Curve Number method (e.g., Beasley et al., 1980;
Savard, 2000; Brocca et al., 2009) did not address connectivity itself instead estimating the
continuity of runoff through statistical estimations of hillslope factor interaction. Simple weighted
delivery approaches of water and sediment subsequently developed as a function of slope
distance which led to the beginning of physical estimation of connectivity within modelling
(Johnes and Heathwaite, 1997; Munafo et al., 2005). With the development of fully distributed,
physically based models, physical formulaic relationships are solved for vertical and lateral water
flows across the landscape (e.g. De Roo and Jetten, 1999). At these larger scales, detailed
information about topography, soil characteristics, antecedent conditions and vegetation
elements like density and type are lacking (McGuire et al., 2007) with some models using
resolutions of as much as 1 km? (Adams et al., 1995) despite typical control structures for
connectivity in the landscape being less than 0.0025 km? (Blackwell et al., 1999; Lane et al., 2009).
This is further undermined by using physical models at greater spatial scales than they can
adequately represent, given spatial difference at that resolution (Lane et al., 2009). The reasons
for such coarse resolution are twofold. Firstly the demands of modelling for data at this resolution
in order to calibrate them is such that often it is unavailable despite recent improvements in data

collection (Heathwaite, 2003). Even if they are available the volume of information makes
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modelling these catchments accurately time consuming and difficult to verify. Indeed it is clear
that with the evidence of the importance of subscale connectivity features and the high temporal
variance it represents is very difficult to achieve (Lane et al., 2009). There is potential for
improvement particularly through airbourne laser altimetry which has been identified as sufficient
for hydrological analysis (Milledge et al., 2009) however this is specific to topographically driven
systems. Lane et al. (2009) highlight the need to recognise that the amount of physical
simplification that is necessary should be in line with the data available and the aims of the model

results.

Lane et al. (2004; 2009) propose that hydrological modelling has a role in hydrological
connectivity. Lane et al. (2009) argue that modelling can be used to represent temporal variation
and structural connectivity presuming the limits of modelling is recognised and understood. The
strength of modelling is through topographic estimation as this is the easiest parameter to be
measured at high resolution. For catchments that are defined by shallow soils and impermeable
bed rock, which can be characterised by topography, modelling is an invaluable tool. Lane et al.
(2004) have developed upon the Topographic Wetness Index (TWI) in order to better characterise
connectivity. TWI is a function of contributing area and slope creating a cumulative index deriving
a topographically based method of estimating areas of high soil moisture (Beven and Kirkby,
1979). Lane et al. (2004) have simplified TWI in order to ascertain the threshold for connectivity.
The Network Index identifies the lowest value for the flow paths across the catchment using the
theory that the lowest value determines the potential for connectivity. This representation of the
likelihood of physical connection indicates not only a probability of structural connection but also
the probability that flowpaths with lower potential to connect are likely to be less frequent and
for a shorter period of time (Lane et al., 2009). This has been suggested as a tool for land
management that involves changes in the distribution and development of saturated zones and
their connection to the drainage network, however this is limited to land areas where subsurface
flow is not present (Lane et al., 2009). The Network Index has already begun to be incorporated
into modelling as part of the Sensitive Catchment Integrated Modelling and Analysis Platform
(SCIMAP) which aims specifically to represent hydrological connectivity as part of hydrological
modelling in order to improve management of flood sources, water quality and sediment

transport problems (Lane et al., 2003).

In addition to this other innovative methods are being developed in order to better understand
how water flows across a catchment and how it is represented in models. Reaney (2009)
developed a hydroAgent feature to the Connectivity of Runoff Model (CRUM) that attempts to
map the flow pathways of individual water agents across the catchment reacting to the conditions

of the physical, distributed hydrological model. This has been applied to a semiarid catchment in
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SE Spain and proved effective not only in estimating surface flow pathways but also the extent of
their connection over the duration of a storm event. It is developments like this in modelling that
can progress the catchment scale estimation of both structural and functional hydrological

connectivity.

Ali and Roy (2009) have identified a series of issues that the combination of scale and definition
diversity creates in relation to measuring hydrological connectivity. Initially the challenges to
topographically derived connectivity appear to be relatively limited. The use of surface
topography has been a corner stone of estimating flow pathways in hydrological modelling as well
as identifying active areas (Harvey, 2001). It has been identified that slope length is an important
factor in connectivity (Aryal et al., 2003) with longer slopes increasing the potential for
reinfiltration of surface runoff, thus reducing the chances of hydrological connection (Lane et al.,
2003). However there has been increasing evidence that suggests that subsurface flow
connectivity is better represented by bedrock or impermeable soil subsurface topography and
subsurface soil permeability variability (Tromp Van Meerveld and McDonnell, 2006). Tromp Van
Meerveld and McDonnell (2006) have suggested, particularly in humid temperate environments,
that surface topography is not sufficient to represent the subsurface interaction. Figure 2.2 shows
the potential disparity that can occur highlighting the considerable subsurface variability in
contrast to surface topography. This variability can result in subsurface flow that is derived more
from impervious soil horizons and bedrock topography resulting from transient water table, than
from the surface topography (Stieglitz et al., 2003). This highlights the need to consider the depth
of soil permeance and subsurface topography (Ali and Roy, 2009). There is potential to do this
both in the field and through remote sensing. Ground penetrating radar has proven to be good at
identifying bedrock depths and impermeable soil horizons (Galagedara et al., 2005). This is,
however, somewhat time-consuming and the data is difficult to process. There are also
suggestions that remote sensing can be developed to assess this, however this has not been

adequate tested (Robinson et al., 2009).
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Figure 2.2: Example of the disparity between the surface and subsurface topography taken from Tromp Van

Meerveld and McDonnell (2006). All values are measured in meters..

The measurement of dynamic connectivity is difficult. The best representation of the change that
antecedent conditions manifest on the catchment is through the direct measurement of
catchment discharge itself or through a measurement of soil moisture (Fitzjohn et al., 1998). The
primary issue of measuring catchment flow is that it is only possible at the patch and hillslope
scale. Beyond this, the inclusion of channels diffuses the representation of hydrological flow. The
limitation of dynamic flow measurement to smaller scales is due to the manner in which flow is
measured. The study of subsurface storm flow is measured using trench excavations of a
maximum length of 60 m (Woods and Rowe, 1996). Although this method can give detailed
information of various subsurface flow pathways, it is site specific with little potential for scaling
up to catchment scales short of identifying important parameters for flow inception. This is
particularly relevant to soil specificities which are often considerably spatially variable and as a
result do not scale very well whilst also not being easily measured. Ali and Roy (2009; p. 375) state
“...This technique cannot be deployed on the whole catchment area to fully capture the processes
that trigger subsurface stormflow and their scaling properties...”. This has been the principal
method of subsurface storm flow measurement for a number of years. There is a prospective
development in measuring the presence of active subsurface storm flow paths using geochemical
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signatures of stream and soil water (Weiler et al., 2005). Locating this form of measurement has
to be carefully considered. However this method shows a combined measurement of a number of
sources without differentiating subsurface flow parameters and as a result provides limited flow

information.

An alternative method for this is the use of natural and artificial tracers, which can give detailed
information about flow pathways and transit times (McGuire and McDonnell, 2006). There has
been speculation that diatoms could be used as a biological tracer for hydrological connectivity
(Pfister, 2009). Different diatom species in a stream discharge water sample can indicate areas of
the landscape that have become connected (Van Dam et al., 1994). This idea is still in its infancy
with limited results to prove its efficacy raising some question marks over how much spatially
specific information this method can achieve and how it reacts to seasonal variation (Tetzlaff et
al., 2010). The use of tracers can provide new insights into systems and chart connectivity flow
pathways. For example Burns et al. (2005) used oxygen isotope analysis to assess the influence of
urbanisation on baseflow pathways and residence times. These give information about the length
of time water is in transit for. They found that the results of the three sites with varying levels of
urbanisation, fit the same model curve. As a result urbanisation appeared to have no effect on the
baseflow, which led them to conclude “lack of measurable differences in the mean residence time
of water among these three catchments suggests that human alteration of the landscape studied
here is not great enough to significantly affect this variable.” (Burns et al., 2005). It is in this way
that tracers are useful because residence times are an important part of estimating connectivity
of different areas of a catchment that are difficult to measure. However identifying spatial

specificity is still a major challenge especially at the catchment scale.

Soil moisture represents the main alternative to terrain based connectivity estimation. The
disparity between connectivity measurement in semi arid catchments and temperate catchments
is significant here. In semiarid catchments factors of key importance are rainfall intensity and
duration, especially given the low level of vegetation and the frequent presence of soil crusting.
The main source of water movement in these catchments is through Hortonian surface runoff. As
a result surface features like soil and rock permeability are the primary factors identifying areas of
higher or lower infiltration (Lexartza-Artza and Wainwright, 2009). The primacy of surface runoff
in these conditions mean that surface topography is an important driver. In temperate climates
there is a further complication. The presence of throughflow particularly in deep permeable soil
horizons is the major connectivity route in these catchments (Anderson and Burt, 1990).
Subsequently the antecedent conditions become of significant importance as the point to which
the soil is wetted up will have a crucial bearing on the extent to which the catchment is connected

(Stieglitz et al., 2003). As a result of a series of structural factors a mosaic of soil moisture forms
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that is constantly changing with meteorological drivers (McNab, 1991). The combination of high
rainfall intensity (where the majority of storm runoff and spatial connectivity occur) and the
interaction with this soil moisture mosaic can impact greatly on the areas of the catchment that
connect and those that remain disconnected. There have been a number of attempts made to
estimate areas where higher moisture regions are likely to occur and what extent of saturation is
required to result in their connection (Burke, 2009). The difficulty with this is that a great deal of
data is required in order to adequately estimate these factors particularly with regards to
estimating the probability of connection based on a complex combination of physical factors and

antecedent conditions that result in a continuously shifting pattern (Fitzjohn et al., 1998).

Western et al. (1998) theorised that the pattern of soil moisture could be used to identify active
areas and that through monitoring, the spatial wetting up and drying out of the catchment could
be observed complete with high saturation flow pathways. It has previously been recognised that
the incorporation of hydrological connectivity into antecedent moisture mosaics can have a
significant effect on runoff simulation even when the continuity of the moisture pattern is
constant (Bronstert and Bardossy, 1999; Grayson et al., 1995). This has also been seen to be
important in subsurface through flow, where areas of high hydraulic potential produce
preferential flow paths (Sanchez-Vila et al, 1996). Western et al (2004) assert that soil moisture
measurement represents topographically driven subsurface flow. This method presumes a high
level of saturation to enact flow (throughflow or surface runoff) which makes it an inappropriate
method for semiarid catchments dominated by Hortonian infiltration excess runoff. Western et al.
(1998) through a spatial survey of soil moisture at a depth of 15cm on a hillslope in the
Tarrawarra catchment, found a distinct organisation of soil moisture. In seasonal wet months soil
moisture showed organised spatial patterns of saturation. This systematically broke down with
reduced rainfall and increased evapotranspiration towards a pattern or random moisture
distribution (Figure 2.3). Western et al. (1998) hypothesised that instead of attempting to
measure water flow across and through the soil that the soil moisture acts as a signal for that
water movement and that that can be used to estimate the extent to which a catchment is
connected. This represents a development of the preferential states hypothesis defined by
Grayson (1997). This hypothesis states that there are two contrasting soil moisture states. The dry
state has a disorganised pattern defined by local physical factors (e.g. soil, vegetation and slope).
This is dominated by vertical percolation and infiltration processes. The wet state has an
organised connected pattern dominated by larger scale hillslope factors like contributing area that

generates lateral flow variation.
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Figure 2.3: Diagrams of the development of mean soil moisture patterns (top 30 cm) showing the different
degrees of connectivity between February and April 1996 at the Tarrawarra catchment. Contours show

surface topography at 2 m intervals. Taken from Western et al. (2001).

This theory has been challenged by Tromp Van Meerveld and McDonnell (2005) who argue that a
uniform estimation of soil moisture at any given depth does not adequately represent the
subsurface flow processes. They argue that soil moisture “can be a passive signal between that of
rainfall input and the subsurface stormflow output that drives streamflow response” (Tromp Van
Meerveld and McDonnell, 2005). Soil moisture often co-varies with subsurface flow, however this
is not necessarily a causal factor in subsurface flow or transient saturation (a factor Tromp Van
Meerveld and McDonnell (2005) identify as the saturation measurement that accurately
represents subsurface flow). Using the example of work undertaken at the Panola gauged
catchment in Georgia, USA they make two important assertions. Firstly they show that at Panola
the relationship between median soil moisture does not represent the areas of subsurface

saturation which indicates lateral flow (Figure 2.4). Secondly that this disparity is important as
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many studies have found that transient saturation has been seen to have a strong relationship
with subsurface flow in temperate environments (McGlynn et al. 2002). However Western et al.
(2005) have argued that these assertions are not in conflict with the finding of their own research.
They suggest that although it might be the case that transient saturation shows causation in
Panola that this is not necessarily representative of catchments elsewhere with different soil
conditions. The threshold nature of through flow with connection that has been seen by both
Western et al., (2001) and Tromp Van Meerveld (2005) is suggested to be determined by the
presence of saturation in the soil profile especially at the hillslope scale. The spatial pattern of soil
moisture is an indicator of the connectivity, that Western et al. (2005) argue “is the cumulative

result of the fluxes of water into and out of a volume of soil.”.

Western et al. (2001)’s method has a number of exponents. Ali and Roy (2009) highlight that this
method of data collection maximised the strengths of geostatistics particularly due to the density
of soil moisture sample points. Doubts raised by Tromp Van Meerveld and McDonnell (2005) have
also been ameliorated by subsequent studies by taking measurements throughout the sail
continuum (Ali and Roy, 2010; James and Roulet, 2009). In this way further soil information is
achieved subsequently identifying the critical depth at which analysis of continuity and cluster

connection through geostatistics best represent hydrological connectivity.
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Figure 2.4: Map of the location of above median soil moisture (blue, a) and subsurface saturation (green, b)
for 5 storms in 2002 at the Panola test catchment Georgia, USA, identifying the disparity between
subsurface saturation and surface soil moisture. Yellow dots in (a) represent soil moisture measurement
locations; red dots in (b) show the postions of maximum rise wells for water table detection. Taken from
Tromp Van Meerveld and McDonnell (2005).

There are some question marks over the density of sampling that is required for this method to
succeed at larger scales. Western and Grayson (1998) required 250 person days in the field to
sample between 500 — 2000 points. Although there are a number of papers that have suggested
that as few as 150 would adequately represent soil moisture in tests for geostatistical continuity
(Webster and Oliver, 1992) such a small number would reduce the effectiveness of estimating
connectivity. That said with the increased potential for remote sensing regarding soil moisture
(Ulaby et al., 1996) this method could be used reliably in the future. The important element to
recognise is the temporal persistence of this approach. Due to the field nature of this method and
the intrinsic functional connectivity impact on soil moisture, the variability is strongly related to
rainfall dynamics that structural connectivity estimation methods cannot easily predict. Thus the
inclusion of soil moisture is important if such temporal factors are to be included in hydrological

connectivity measurement.
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2.5 Metrics and Their Use

The difficulty of estimating both structural and functional hydrological connectivity is very clear.
There have been a number of field and modelling approaches with varying degrees of success. In
addition to a series of structural modelling indexes soil moisture has emerged as a good
parameter that can be used to represent the temporal variability of antecedent conditions and
rainfall (Western et al., 1998; Western et al., 2001; James and Roulet, 2007). The problematic
nature of measuring hydrological connectivity has led to an increase in statistical estimations
rather than process driven modelled solutions. The use of geostatistics has increased to meet this
statistical need (Grayson et al., 1997; Western et al., 1998b). This has led to a number of reviews
of the use of geostatistics trying to ascertain which characterise catchment connectivity (James
and Roulet, 2009; Ali and Roy, 2010). The focus of these metrics is predominantly on soil moisture
and topography due to their relevance to structural and functional connectivity. From these
studies a number of metrics have been identified as showing potential for connectivity
estimation. Entropy has been considered as a potentially valuable metric (Knudby and Carrera,
2005; Antoine et al., 2009). Connectivity represents order in a catchment system, which means
that entropy, which measures disorder, should be increasingly negative with an increase in
connectivity. However Antoine et al. (2009) found that entropy was incapable of distinguishing
microtopographical order at the patch scale. Further tests at catchment scale using soil moisture
also found that entropy was a poor indicator for estimating the extent of connection (Ali and Roy,
2010).

Another metric that has been used extensively is the semivariogram which has been used to
assess continuity of soil moisture pattern, with and without topographic bias (Western et al.,
1998b). Semivariograms describe the variance between two points as a function of the distance
between them (Cressie, 1993). In effect the range of a semivariogram indicates the maximum
distance that spatial correlation affects the soil moisture distribution. The incorporation of
topography makes this method a useful initial statistical method of estimation in order to
ascertain the relationship between soil moisture and topography. Despite studies finding that this
assessment of continuity correlates well with soil moisture change and resultant hydrograph
variability it has been noted that semivariograms do not accurately represent connectivity itself
(Western et al., 1998b). Thus although they prove useful to distinguish different soil moisture

conditions it has not been ascertained how this continuity relates to connectivity.

Subsequently connectivity statistics have seen the most rigorous assessment. These estimate the
probability of wet locations being connected by either arbitrary or topographically derived

continuous pathways to other wet areas (Allard, 1994). Western et al. (2001) developed the
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integral connectivity scale, which estimated the average distance over which patches of high soil
moisture are connected together. This scale can be calculated omnidirectionally and through
topography to restrict these connections between high moisture locations to slope orientation
(Western et al., 2001). There is some contention as to the efficacy of integrated connectivity
length. Western et al. (2004) found that it identified the difference between connected and
disconnected catchment conditions. By contrast James and Roulet (2007) used the same metric
on a temperate, forested catchment in Quebec but found it to be inconclusive. This might be
explained by the forested nature of the Mont St. Hilaire catchment by contrast to the rangeland
condition of Western et al. (2004) Tarrawarra catchment. However another extensive comparison
of connectivity metrics by Ali and Roy (2010) found that in a similar temperate, forested
catchment at Hermine in Quebec, it was not only effective in describing the temporal and spatial
variation of soil moisture but proved to be better than other comparative metrics. This
discrepancy is likely to be due to the soil moisture sampling method. The Tarrawarra catchment is
range land and as a result has a more continuous soil moisture distribution than that seen in
James and Roulet (2007) Mount St, Hilare catchment. Ali and Roy (2010) resolved this issue by
taking detailed soil moisture measurement at a range of depths throughout the soil medium by
contrast to James and Roulet (2007) who took only one measurement depth (20cm). This shows
the importance of selecting the correct sampling method for the catchment under investigation

and for the flow regime present (Ali and Roy, 2009).

Traditional geostatistic approaches such as semivariograms use the whole spectrum of actual
values. However metrics of connectivity itself work on a threshold principle of high (connected)
and low (disconnected values) (Journel, 1983). The concept of thresholds in hydrological response
are well documented (Kirkby et al., 2002). However it is important that these thresholds are
correctly identified (James and Roulet, 2007). Given the use of a binary response map for
thresholds for integrated connectivity scale length this becomes even more important. Ali and
Roy (2010) identified that the use of different absolute soil moisture and multivariate percentiles
thresholds not only differed greatly but had significantly different efficacy. The use of percentile
thresholds in the temporally varying soil moisture distribution were found to be far less effective
than volumetric percentage thresholds of soil moisture. It was also the case that significant
differences were also found between different soil moisture thresholds themselves (Ali and Roy,
2010). It is important therefore not only to select the correct metrics and the correct sample
method but also to find the right threshold for connectivity. The approach to sampling and

analysis is outlined in the following chapter.
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3.0 Methods

3.1 Study Site

The study site is a small ephemeral catchment of the River Eden. The Eden Valley lies to the east
of the Pennine Hills with the Lake District to the south and west (Figure 3.1). Measuring an area of
2288 km?, the catchment represents a third of the land area of the county of Cumbria extending
from the river’s headwater in the Yorkshire Dales flowing north and then northwest through the
towns of Kirkby Stephen and Appleby Westmoreland. The Eden joins the rivers Petteril, Irthing,
and Caldew before flowing through Carlisle and then into the Solway Firth and the Irish Sea
(Figure 3.1). The River Eden has two significant tributaries, the Eamont and the Lowther. The large

town of Penrith is situated on the River Eamont.
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Figure 3.1: Map of the Eden catchment in Cumbria, Northwest England. Red Circle denotes site location
north of Blind Beck. (Adapted from Glover, 2005)
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Figure 3.2: Map showing the test catchment (yellow) draining into the unnamed stream (red and white)
which subsequently drains into the River Eden (blue) Kirkby Stephen is marked for orientation. Derived

from Google Earth.
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The Sykeside Farm site is a 3 hectare site of a 10 hectare ephemeral catchment that flows into an
unnamed stream that itself flows 2 km north-eastwards through Little Musgrave to join the River
Eden, 4 km northeast of Kirkby Stephen (Figure 3.2). Itis located in the upper reaches of the Eden
Valley. This area of the Upper Eden catchment is typified by Carboniferous limestone in upland
areas and Lower Penrith Permian Sandstone within the lowland valley (Ockenden and Chappell,
2008). The site itself is located in the valley on the Permian Sandstone. The soil largely consists of
Boulder Clay as a result of the glacial history of the area. This glacial past also impacts on the land
features with a number of glacial landscape features evident across the catchment. The lowlands
of the Eden Valley are characterised by relatively low relief hillslopes. Precipitation is consistent
with the average for the rest of the UK with an annual average of 945 mm (Glover, 2005). This is
far less than the neighbouring Lake District to the southwest (2540 mm). The distribution of
annual rainfall for the local Keswick weather station is shown in Figure 3.3. It can be seen from
this graph that there is considerable variation interannually but that there is no increasing or
decreasing trend. Rainfall clearly averages around 900 mm yr. Historically this region has been
dominated by livestock farming. Sheep are the main animal reared here due to the rough terrain,
poor weather as well as poor soil. The majority of the catchment today is still rural farmland. Due
to its northerly location and poor soil arable farming is still limited here with the majority of
agriculture being sheep and cattle farming. The site is typical of the Upper Eden Valley being

exclusively used as pasture for sheep and cattle grazing.
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Figure 3.3: Mean Annual Rainfall record for Keswick between 1961 — 20009.
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The site at Sykeside Farm was chosen for field monitoring. It is a field measuring 400m by 100m
tapering to 80 m at the downstream end of the field (Figure 3.4). The field exhibits a small valley
form with an ephemeral channel with interlocking spurs. Approximately a third of the drainage
area of this channel is constrained to the study site. Figure 3.4 shows that the channel persists
westwards for a further 200 m and the catchment extends to the north and west of the study site
boundary. The channel slopes gently from west to east joining the unnamed stream at its eastern
end. The soil here is consistent with the Upper Eden Catchment consisting of glacial boulder clay.
The impermeability of this soil has resulted in the study site being very wet. As a result of this the
site has a field drain running the length of the field underneath the channel at a depth of 1 meter.
This drain dates to the 1920s and as a result of its age is broken in a number of places. This has
resulted in holes being cut out of the channel above the area where the pipe is broken. These
holes present potential for increased connectivity along the channel (Figure 3.5). This catchment
has been monitored previously to this project as part of the Catchment Hydrology and Sustainable
Management (CHASM) project (O’Connell et al., 2007). As a result long term monitoring has
occurred in this catchment for a number of years. Rainfall and other weather data has been
monitored in the catchment since 2004 through a weather monitoring station and rain gauge. In
2009 a sump and V notch weir were constructed at the outflow of this site to measure the flow
level generated from this small sub-catchment using a pressure barometer (Figure 3.6). This site
was selected for this historic record of rainfall and stage data as well as its contained nature with

complete valley form.
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Figure 3.4: Study site at Sykeside Farm (red) in relation to the ephemeral catchment watershed (yellow) and the unnamed stream (blue). Little Musgrave is marked for orientation. The

location of the V notch weir and rain gauge is identified by a purple square. (Derived from Google Earth).
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Figure 3.5: View upstream of the channel from the sump showing drain excavations as a result of the

broken drainage pipe.

At 60 cm the silt based soil is underlayed by hard lacustrine grey clay. It was identified that in wet
conditions the active layer of soil moisture is limited to the top 10 cm of top soil with a rapidly
decreasing soil moisture to a shallow impermeable horizon. This indicates that not only is there a
very shallow impermeable layer in the soil, identifying this catchment as likely to elicit a response
more in line with upland mountain catchments with shallow soils than a valley catchment, but

also that the active layer of the soil is limited to the surface 10 cm of the top soil.

In addition there is an indication that the surface soil moisture is spatially organised. This is
identified from the vegetation distribution seen in the catchment (Figure 3.7). The majority of the
catchment surface is dense grass pasture. However there are significant clearly delineated areas
of moss indicating consistent concentrated soil moisture. These factors in this catchment show
that not only is shallow soil moisture spatially distributed here, but that it is important for the

mobilisation of water across it.
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Figure 3.6: Image of V notch weir and sump.

Figure 3.7: Map showing areas of the Sykeside Farm catchment that contain high densities of moss
highlighted in red.
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3.2 Field Methods

3.2.1 Soil Moisture Methodologies

The focus for measurement in this study is on soil moisture as a proxy for connectivity. This is
because of its key role in defining runoff through the VSA concept. There are a number of ways in
which this can be achieved, particularly with recent technological developments which have made
this area of data collection a dynamic field for investigation. The main field and remote sensing
methods will be identified and discussed. Through this process the most appropriate approach

will be developed and justified.

The physical state of water in soil is expressed in two main ways: volumetric and gravimetric

moisture content (Robinson et al., 2009). Volumetric measurement (6,) is an estimate of the

difference in volume between the original soil and the constituent water content volume

measured as a ratio m*m?. Gravimetric measurement (0,) is a similar ratio based on the mass of

a sample against the mass of water in that sample, usually in the form of g g*. These

measurements are related by the equation:

0, -0, (p_]
Pw

where @& is soil dry bulk density and Pw is the density of water.

Gravimetric moisture is usually identified with thermogravimetric soil moisture measurement as
part of laboratory experimentation. Thermogravimetric analysis is the earliest example of soil
moisture identification. For this method the water from a soil sample, of 100g or less, is
evaporated by baking it in an oven at 105 °C for between 10-24 hours (Topp and Ferré, 2002). This
method is still used today particularly as a reliable method of calibration for other field devices
and remote sensing (Robinson, et al., 2009). Gardner (1986) notes however that the temperature
selected for this method represents a compromise between water being eradicated from the
sample (160 °C is the temperature at which crystalline water is vaporised within clay soils) and
maintaining the integrity of organic material in the sample (i.e. preventing organic vaporisation).
This method is effective for individual samples however it is not applicable for large sample sets.
The process of removal of individual samples makes this method time consuming and disturbs the
soil surface. Although it does not represent an in situ measure it is still the only real method of
obtaining an absolute value of soil moisture despite the concerns raised by Garner (1986). It is for
this reason that thermogravimetric sampling is still often incorporated in soil moisture projects for

the purpose of calibration or remote sensor testing (Walker et al., 2004). Other methods of soil
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moisture estimation use characteristics of the water molecule rather than the physical mass to

estimate the ratio of water volume to soil volume. These will be discussed in full.

Neutron thermalisation

The original method for the use of thermalised neutrons for the estimation of soil moisture was
proposed in the 1940s (Pieper, 1949). The emission of a stream of neutrons towards a soil surface
results in a series of molecular collisions. Collisions with different atoms result in different energy
losses (Gardner et al., 2001). However when a neutron collides directly with a hydrogen atom the
neutron loses all of its energy and becomes thermalised. These molecular collisions also resultin a
change of direction such that over time a proportion of the emitted neutrons will return to a
detector proximal to the emitter. Thus the proportion of thermalised neutrons returned to the
detector over a period of time represent the number of hydrogen nuclei and as a result can be
calibrated to estimate soil moisture (Bell, 1987). Calibration for this method is straight forward
due to the linear relationship between the ratio of thermalised neutrons and soil moisture.
However due to increased restriction being placed on the use of radioactive material as well as
the slow rate of data collection compared to newer methods the use of neutron probes for
surface soil moisture has been reduced. Given the number of samples required for this project as

well as the limitation of the restrictions of this method it is not appropriate for this study.

Electrical Conductivity

Electrical conductivity is a method that has been suggested as a method of soil moisture
measurement for many years (Briggs, 1899). However the overall bulk electrical conductivity is
dependent on both the soil moisture volume and the conductivity of that soil moisture. The
impact of salinity has led to electrical conductivity being used for testing nutrient content (Wraith
et al. 1993) and transport (Dagan, 1987). The conductivity of the moisture notwithstanding
further contributing factors to the overall bulk electrical conductivity including the absorption of
ions by charged particles in clay or silt, stratigraphy interference and most importantly the impact
of temperature (a change of as much as 2% °C™* (Rhoades, et al., 1999)) renders electrical
conductivity a difficult method to calibrate. This is especially problematic given the great spatial
and temporal variability that is present in these contributing factors making their compensation
from the soil moisture signal difficult to define. This has resulted in interest being diverted
towards other methods, predominantly dielectrics. However with the increasing research into

geophysical techniques, which have the potential for high mobility while at the same time using

35



electrical conductivity to generate a soil averaged bulk electrical conductivity over multiple
depths, the interest in electrical conductivity has been renewed (Robinson et al., 2009). This
geophysical technique is called Direct Current Resisitivity and although is still limited by the same
problems as other forms of electrical conductivity, its potential in soil monitoring not only the soil
moisture but also salinity and soil structure over time has become of great interest (Michot et al.,
2003). This is especially so when used in conjunction with water content sensors. However the
range of interactions that impact on electrical conductivity make it inappropriate for this study. In
particular due to the changing conditions over the period of investigation the sensitivity to

temperature makes this method unreliable.

Dielectrics

Dielectric properties are used by a number of devices to estimate soil moisture. Due to the shape
of water molecules the oxygen atom draws electrons towards it. This results in the oxygen atom
becoming partially negatively charged and the hydrogen atoms becoming positively charged to
form a permanent dipole (Hasted, 1973). This dipole is naturally high compared to other naturally
occurring soil composite materials which results in a relative permittivity of ~80 compared to air
which is 1 and most soil minerals which are ~5 (Robinson et al., 2009). The significant distinction
between the permittivity of water with other soil materials gives this method a great deal of
promise and a number of different techniques have been developed to measure it. There are 4

main approaches to consider:

o Time Domain Reflectometry (TDR) - emits a high frequency electromagnetic wave
(typically above 0.5 GHz) into the soil. Greater soil moisture results in higher relative
permittivity of the soil and greater reflection of the electromagnetic wave in a manner
similar to radar. A lot of emphasis has been placed on this method as through this
approach the bulk conductivity of the soil can be estimated as well as the soil moisture
providing information on nutrient content of the soil (Dasberg and Dalton, 1985; Dalton
etal., 1984) Example: TDR 100.

e Impedence probes - also use an electromagnetic wave at a lower frequency (~100MHz).
The probe compares a length of fixed transmission line that extends into a central
electrode with three electrodes surrounding it. The soil moisture in the soil alters the
relative permittivity of the known characteristic impedance of the electrodes creating a
standing wave. The discrepancy between the wave form and the known impedance is

used to estimate soil moisture (Gaskin and Miller, 1996). Example: Theta probe.
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e Ground Penetrating Radar (GPR) - uses varying frequencies of electromagnetic waves to
estimate soil moisture through relative permittivity. The variability in the transmission
signal gives GRP great potency in making soil moisture estimation at multiple depths.
There are many methods of measurement and interpretation of GRP data. However as a
result this makes this technique a very specialised method to use (Robinson et al., 2009).
Example: Wide-Angle reflection-refraction (WARR).

e Remote sensing is the largest scale method for measuring soil moisture. There are both
active and passive approaches that measure either naturally emitted (passive) microwave
or backscatter response to a microwave signal (active) (Robinson et al., 2009). It has been
found that soil moisture has a strong relationship with microwave emission (Hallinkainen

etal., 1985) Example: Advanced Microwave Scanning Radiometer (AMSR-E).

Robinson et al. (2009) highlight the importance of understanding the soil permittivity in order to
preserve the accuracy of dielectric measurement and this is key to identifying the best approach.
To estimate the relative permittivity of the soil all of these methods use electromagnetic waves to
excite the dipoles in the soil. Debye (1929) recognised for a homogenous solid or fluid the main
potential for energy loss is heat when applying an electrical field in this way. The main
contributing factors in this energy loss were material ionic conduction (and subsequent charge
transport), the refractive index of the material and the inherent static relative permittivity of the
material itself. However Sihvola (1999) recognised that although this provides a useful dielectric
model for homogenous materials soil behaves differently to its composite nature. This led to the
addition of faradaic diffusion and ohmic conduction by Knight and Endres (2005) who also
identified that it is not possible through measurement to distinguish dielectric from conduction.
However at high frequencies (100 MHz or above) faradaic diffusion is assumed to be zero and
ohmic conduction is assumed to be equal to ionic conduction. However the assumption that high
frequencies will be sufficient to counteract soil permittivity has been challenged by a number of
studies which show that clay minerals show distinct dielectric dispersion (Ishida et al., 1999).
Figure 3.8 shows the frequency dependence of clay relative permittivity dispersion by comparison

to a quartz soil.
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Figure 3.8: Showing frequency dependence of clay dielectric dispersion at different saturations. Also
identified are ranges of dielectric sensors that identify frequency bounds within which this dispersion is

represents a challenge. Taken from Robinson et al. (2009).

Figure 3.8 highlights the potential difficulties of the relatively low frequency impedance sensors
that have the potential to be susceptible to clay relative permittivity dispersion. This also indicates
the higher operating frequencies (0.5-1GHz) of TDR are most successful at limiting these effects of
the in situ methods. GPR compares well to TDR due to the large frequency range. The use of high

frequency microwaves limits interference by clay dielectric dispersion for remote sensing.

Remote sensing appears to be the most stable electromagnetic approach of the four methods
originally suggested however the prospect for the use of remote sensing for estimation of soil
moisture is currently limited and beyond the scope of this project. Although both active and
passive have a great deal of potential the benefits presented by microwave sampling are
counteracted by calibration complications. For example passive remote sensing depends on the

relationship:
T, =eT

Where T, is the brightness of the soil, € is the emissivity of the soil and T is temperature of the
soil. Although emissivity has a strong relationship with soil moisture this relationship depends on
whether the soil temperature is known (Robinson et al., 2009). Further difficulties arise when the
consideration parameters that affect the scatter of the microwave signal (for example vegetation
and soil roughness) which can decrease the accuracy of the brightness to soil moisture
relationship (Choudhury et al., 1979). These difficulties are enhanced when active remote sensing
using microwave emissions are used as added complications such as antenna characteristics and
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geometry become important. Active remote sensing also require a greater consideration of
problems that have already been identified like backscatter diffusion due to soil roughness, the
interference of vegetation and the emission depth of the transmitted signal (Jackson et al., 1998)
due to the requirement to calibrate the effect on the transmitted signal as well as the
backscattered returning signal. Despite the difficulties in calibrating remote sensing it is
undoubtedly the method with the most potential given the accuracy that can be attained at fine
resolutions over large areas. However the challenges in calibration mean that care needs to be
taken when analysing its results. The limited size of the study area as well as the problems with
access and calibration rule out the use of remote sensing for this project, however the importance
of the use of remote sensing for similar studies at larger catchment scales cannot be

underestimated.

GPR presents a versatile method with the capability of multiple depth soil moisture estimation.
There have been a number of methods identified in the literature which use GRP to determine
soil moisture for example offset profiling (Lunt et al., 2005), estimation of ground-wave velocity
(Hubbard et al., 2002), common midpoint measurements (Greaves et al., 1996), and surface
reflectivity (Serbin and Or, 2004). All of these methods measure soil moisture in one of two ways:
either through changes in travel time of the electromagnetic wave or the amplitude of the
reflected wave. Both of these methods are problematic. The measurement of travel time disparity
in electromagnetic waves is challenging due to the variation in the true sample depth as a result
of the test frequency and the soil moisture. This can vary between a few centimetres to tens of
meters (Galagedara et al., 2005) and is a key issue for depth continuity across a range of soil
moisture conditions. The amplitude method has shown some positive results collected by
suspending antennae above the ground however there is some doubt as to the depth layer that is
sampled using this method (Chanzy et al., 1996). Ground penetrating radar is high resolution and
non-invasive however it requires a high degree of user knowledge to operate. There are also
some limitations in saline soil. This method does have potential however these issues have limited

its use.

3.2.2 Soil moisture measurement approach adopted

From this range of methods a soil moisture sampling approach had to be selected for this study.
The capacitance depth of the soil is important for estimating the flow regime of the catchment. A
small catchment was selected with a shallow capacitance layer in order to omit the need for
multiple depths of soil moisture measurement. This was verified by driving a gouge core into the

ground until refusal. 15 random samples were taken to identify the spatial variability of
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capacitance. The depth was consistently between 60 and 65 cm for all of the sample
measurements. As a result the need for remote sensing methods is unnecessary as the scale of
the site is relatively small. Also remote sensing requires a great deal of calibration that ultimately
increases the chance of error by comparison to other similar methods. GPR is rejected for similar
reasons. Due to the shallow nature of the active layer in the soil horizon (0-10 cm) the need for a
method that can measure across the whole horizon is unwarranted. However this method would
prove very useful for deeper, active soils with a greater degree of lateral flux and deep moisture
storage as well measuring transient soil moisture in subsurface flow dominated catchments.
However the difficulty involved in measurement and analysis of the raw data make it a very
specialist approach. Neutron thermalisation is cumbersome and slow. Also due to the use of
radiation this technique is often restricted and as a result has been rejected for use in this study in
favour of a more modern alternative. Electrical conductivity is difficult to use to measure soil
moisture due to the range of soil factors that can affect the conductivity reading. In order to use
this method a number of other factors like salinity and temperature are required to make an
estimation of soil moisture. Something that is unnecessary for dielectrics. Thus two principle
methods of field based soil moisture measurement remain: dielectric based TDR and impedance
probes. TDR is the method that has been used by previous studies measuring soil moisture to
assess hydrological connectivity (Western et al., 2001; James and Roulet, 2007). It has been used
due to its broad spectrum to overcome dielectric dispersion (Figure 3.8). Randomly sampled soil
samples taken from the 5cm top soil from the study site at Sykeside Farm (Figure 3.9) indicates
that approximately 20% of the soil surface is likely to be affected by this dispersion. The
percentage range of clay is 7% is a small fraction of the soil distribution and the variation in the

volume of clay is not considered to be significant.
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Figure 3.9: Particle size distribution of 8 random soil samples from the Sykeside Farm field site.

Despite this Robinson et al. (2009) identify that the capacitance probe, Theta, has better root
mean standard error (RMSE = 0.017) and offset error results to those of TDR (0.022). It was
decided that the error of the instrument as a whole was more important than the potential
dispersion seen for 20% of the soil horizon. The performance of the Theta probe was tested
against absolute oven dried gravimetric soil samples of the same sample volume as that measured
by the probe (4cm wide by 6 ¢cm long). The laboratory gravimetric soil moisture results were
converted to volumetric measurements and compared to the Theta probe measurements. As a
result Figure 3.10 shows the calibration between laboratory gravimetrically tested soil moisture
taken at a range of saturations and impedance Theta probe volumetric soil moisture for 15 soil
samples. This graph shows the accuracy of the probe over a representative spectrum of soil
moistures. The close relationship between the probe and laboratory tests suggest that the probe
results are accurate and are a good estimation of the shallow soil moisture despite the concerns
of clay dielectric dispersion. The RMSE of this distribution was 0.02 which is representative of the
value found by Robinson et al. (2009) and still above that found for TDR. It was therefore
concluded that the Theta probe was a good method of measuring soil moisture and that it can be

assessed with some confidence.
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Figure 3.10: Scatter graph showing gravimetric calibration of Theta probe. The line is 1:1.

3.2.3 Soil Moisture Data Collection

The sampling approach that was adopted for the soil moisture measurements was in line with
previous studies looking at soil moisture and hydrological connectivity (Western et al., 2001;
James and Roulet, 2007; Ali and Roy, 2009). The lots of points (LOP) approach is considered the
most effective method for gaining a representative distribution of catchment soil moisture
(Grayson et al., 2002). Previous studies have taken 300 measurements on a 10 m grid in a 5.4 ha
catchment (James and Roulet, 2007) and 500 points on a grid of 10 m x 15 m grid in a 10.6 ha
catchment (Western et al., 2001). This study’s catchment at Sykeside Farm measured 3.5 ha. Due
to its small size the resolution was scaled up so that soil moisture measurements were taken on a
5 m grid resulting in ~1400 point survey. For each point on the grid three soil moisture
measurements were taken to obtain an average for that point in order to ensure that the soil
moisture measurement is representative of that sample location. This resulted in each survey
being made up from over 4100 individual measurements. This was considered a robust volume of
measurements to adequately represent the soil moisture of the catchment. This is an important
consideration as the accuracy of geostatistics is dependent on having a large data set with small
data pair spacing (Ali and Roy, 2009). It is noted, however, that this method is time and labour
intensive and that it would not be appropriate for larger scale catchments. For catchments of this

scale it is recommended an alternative method of soil moisture measurement is used.
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The grid was measured in 21 transects across the catchment sited at each end by permanent
stakes driven into the ground. Each transect was measured by stringing a rope with 5 m marked
intervals between each pair of transect posts (Figure 3.11). It is recognised that the rope would
stretch over time however the degree of this was not considered great enough to alter the grid

point location over the distance of the catchment. In this manner a consistent grid could be

measured over the study period.

Figure 3.11: Image of marked rope strung between permanent transect stakes used to locate 5 m grid

points. 5m rope mark is highlighted by a red circle.

The depth of the soil moisture measurement is very important. It has been identified that the
depth of representative soil moisture measurement for hydrological connectivity depends on the
regime of catchment flow (Western et al., 2005). Tromp Van Meerveld and McDonnell (2006)

suggest that transient saturation along bedrock or impermeable soil horizons is the important
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condition in measuring soil moisture that is relevant to hydrological connectivity. However
Western et al. (2005) suggest that shallow soil moisture measurements are representative of
deeper soil moisture movement as “the hydraulic conductivity reduces so quickly as the soil
desaturates that water will only move over significant (e.g. hillslope) distances if at least part of
the soil profile is saturated” (Western et al., 2005, p. 313). Other studies have made multiple
depth measurements which result in a better understanding of the soil profile and its moisture
distribution (James and Roy, 2007; Ali and Roy, 2010). This is clearly contentious and depends
primarily on the flow regime that is present. Permeable soils will result in the need for bedrock

saturation measurement by contrast to surface runoff dominated systems.

The Sykeside catchment has fine grained silt soils as a result of its glacial past. Subsequently
infiltration is limited across the catchments. A random sample of gouge core measurements to
find the capacitance level of the soil was limited to 60 cm across the catchment. Of this 60 cm
only the top 10 cm is active due to the low permeance of the soil. This effectively limits the store
volume of the soil to a thin surface layer. As a result the runoff in this catchment is likely to be
dominated by surface runoff as a result of saturation excess runoff as well as the potential for
infiltration excess events at time of high rainfall intensity. Subsequently the top soil surface was
decided as the layer most relevant for hydrological connectivity. As a result the Theta probe
measurements for the soil moisture surveys were taken for the top 5 cm of soil which is a

representative depth for this active soil layer.

Between 8" March 2010 and 5™ May 2010 a series of six soil moisture surveys were conducted.
They were taken at regular intervals throughout the two mouth period. The aim of assessing the
drying out period from wet winter conditions to dry late spring conditions was achieved through
regular surveys. As a result the surveys represent the meteorological condition over this period as
a whole. The only proviso on the completion of each survey was that no rainfall fell on either of
the two days of the survey or the night between. It was considered that rainfall would have an
impact on soil moisture quickly due to the shallow soil moisture measurement which over the
course of the survey could result in significant discrepancies between the beginning and the end
of the survey. This is especially important as the survey required two days to complete. Limited
evapotranspiration was predicted between the days of the survey due to the cold conditions of

the study period permitting such an extended period of soil moisture measurement.
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3.2.4 Differential Global Positioning System

The measurement of the topography of the site was achieved through a Differtial Global
Positioning System (DGPS) survey using a Leica GPS1200. A 5 m survey of the site was taken along
the same transects as the soil moisture measurement. In addition to this sub grid features like the
outwash drains in the channel and distinct breaks in slope were sampled. The survey was taken
using a standard DGPS method. A base station was set up on high ground unobscured by trees.
This was made up of a GPS unit, an antenna and a radio transmitter. This base station represented
a temporary datum point taking constant measurements of its location to get a highly accurate
location and altitude measurement. The survey was taken using a rover GPS unit on a range pole.
This also had an antenna and a radio transmitter. The rover took a reading of altitude and position
in relation to the base station. The base station measured the distance and difference in altitude
between it and the rover, to generate measurements accurate to 5 cm. The data was post
processed to correct it to ETRS89. This was done by processing the base station relative to the
local OS active stations at Carlisle, Ambleside and Richmond to triangulate its position in the
catchment. Subsequently the rover data was co-ordinated with that to correct the whole survey.
This was then converted to OSGB36 using the grid conversion program Grid Inquest. The data was

converted to OSGB36 format so that it could be projected in ArcGIS.

3.2.5 Rainfall and Stage Measurement

In addition to regular soil moisture surveys catchment stage and rainfall were continually
measured over this period. Rainfall was measured using the tipping bucket rain gauge ARG100
(Environmental Measurements) and was located within the sump enclosure at the catchment
outflow. It was located here so that it would be protected from livestock and because it is in open
ground with no interference from vegetation. The small scale of the catchment meant that one
rainfall gauge was considered to be sufficient. Its location at the outflow also means that it is
situated in the valley of the catchment where wind is at its lowest velocities. The accuracy of this
rainfall gauge is 0.2 mm. The rainfall sampling method was incremental with increasing rainfall.
The low rainfall sampling time interval was an hour. However if more than 0.2 mm was recorded
within a 15 minute or 30 minute interval then the volume was registered at that time interval.
Thus when there is little or no rainfall, rainfall was measured at hourly time steps. However during
rainfall events this sampling time interval was reduced to 15 minutes in order to gain a more

detailed distribution of the rainfall over short intensive rainfall events. The rainfall gauge was
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installed as part of the Catchment Hydrology and Sustainable Management (CHASM) project in
2004. This provided a 5 year record with which to compare the study period’s rainfall. Although
this is not an extensive rainfall record it was useful as an indication of how representative the
antecedent conditions for the study period were by comparison to recent years. Tipping bucket
gauges have been used extensively for measuring rainfall and the AGR100 is accurate and is a
common instrument used in hydrology (Teklehaimanott et al., 1991; Asdak et al., 1998; Heppell et
al., 2002).

Stage was measured using a pressure transducer diver (Eijkelkamp Agrisearch Equipment). This
instrument measures water pressure and uses that to calculate the depth of water at a point. The
sump at the outflow of the catchment was excavated so that a diver could be installed to measure
temporal variation in the water that flowed into it. The diver was suspended from steel wire in a
tube that ran down to the bed of the sump. At 15 minute time intervals the diver recorded the
water pressure to measure the stage depth of the water in the sump. The diver was installed in
October 2009. This allows a detailed catchment stage reaction to the rainfall for the whole of the
winter period of 2009/2010. This provides useful information about how the catchment reacts to
various rainfall events across the winter period affording a useful backdrop to the conditions of
the study period. The diver has a +1% accuracy. Pressure transducers are common in estimating
stage data especially in small catchment channels (Wigington Jr. et al., 1996; Mongomery et al.,
2007; Harmel et al., 2006).

3.3 Topography Analysis

The data collected from field measurement techniques were analysed using ArcGIS, a
geographical information system (ESRI). ArcGIS is a spatial data management and manipulation
package that is one of a number of programs that are used to analyse geographical data. This was
used to analyse the DGPS data of the topography of the catchment to develop an understanding

for its structural connectivity.
3.3.1 Digital Elevation Model

The first step was to generate a Digital Elevation Model (DEM) of the catchment on which to base
further analysis. The topographic data was measured using the same 5 m grid as soil moisture. In
order to predict the terrain between the measurement points ordinary kriging was performed to
interpolate a DEM of 1.5 m spatial resolution. Kriging works on a principle of linear least square
algorithm to estimate unobserved areas between measurements. A semivariogram model is fitted

to the data and on the basis of that model and the number of neighbouring measurements that
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are taken into account the subscale topography is estimated. There is some debate about the
efficacy of kriging especially at large scales and on variable surfaces (Todini, 2001; Todini et al.,
2001) however it has been used widely particularly for topography with smooth slopes of limited
variation. (Desmet, 1997). For the Sykeside catchment the topography is already densely
measured and so there is limited potential for error assuming that the main breaks in slope have

been measured. As a result this is a secure method to use.

3.3.2 Slope, Aspect and Flow Direction

Subsequent analysis of the DEM was based on slope angle, aspect and flow direction. These are
very simple methods of identification of the difference in topography between pixels. Slope is
calculated through simple trigonometry between pixels where difference in topographic high is
used to calculate slope angle. Aspect and flow direction relate this slope angle to a compass
direction that represent the direction of that part of the catchment as well as the structural flow
direction. Previous discussion about the relevance of surface topography shows that this might
not be sufficient to predict flow direction (Stieglitz et al., 2003). However the nature of this
catchment shows that this is not the case here and that flow direction is dependent on surface

topography.

3.3.3 Flow Accumulation and Topographic Wetness Index

The justification for the use of surface topography to determine flow direction also permits
calculation of the Topographic Wetness Index (TWI) to represent areas susceptible to soil
moisture and potential flowpaths. TWI is the structural topographically derived index for
predicting areas susceptible to soil moisture that is used by TOPMODEL (Beven and Kirkby, 1979)

and is an important feature to many VSA based physical hydrological models.

TWI :In( a J
tan g

TWI is a function of upslope contributing area (¢) and tan of slope angle (£). As a result this

function predicts that areas which have a combination of high upslope contributing area and low
slope areas will result in areas more likely to become saturated. This method also aims to identify
channels as the lowest slope angles with high contributing areas. This method ignores the

importance of transient saturation and so is only relevant to systems where this is not an
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important driver. However it also presumes there are no other forms of driver on soil moisture
creation and connectivity other than topographic forcing. This has been identified as an
unsatisfactory approach to hydrological connectivity (Bracken and Croke, 2007). However due to
the shallow reactive soil layer seen at the Sykeside catchment, it was a good place to ascertain
whether TWI can represent areas of soil moisture. In order to calculate TWI firstly flow

accumulation had to be estimated.

Flow accumulation calculates the cumulative contributing areas identifying flow pathways
through accumulating the number of pixels that are up slope of each pixel that would contribute
to it. Again this ignores the potential for infiltration along the route and given it is the
accumulation of the number of pixels this should be recognised as potential pathways. These
potential pathways are useful to show the potential extent of connection during high rainfall
events during occasions of uniform saturation. The low infiltration capacity of the soil in this
catchment indicates that this is likely during winter months. The DEM has to be filled as a
preparation to flow accumulation. TWI was then calculated as a series of functions on ArcGIS from

flow accumulation.

3.4 Metrics

The metrics that were selected for this study are based on those identified as successful or
contentious in previous studies (Western et al., 2001; James and Roulet, 2007; Ali and Roy, 2010).
However in addition to this a key element identified by James and Roulet (2007) and investigated
in forested catchments in Quebec by Ali and Roy (2010) are thresholds. Thresholds have been
identified across hydrological flow regimes (Devito et al., 1996; Martinez-Mena et al., 1998).
These have largely been identified using small scale patch assessments of flow with only the
volume to breakthrough (Hairsine et al., 2000) representing measurement at hillslope scales. The
importance of thresholds in hydrology and the challenge of scaling up plot scale investigations
mean that there is a gap that needs to be filled. This resulted in Ali and Roy (2010) using the
geostatistical connectivity metrics and applying a range of thresholds in order to ascertain the
effectiveness of statistically estimating thresholds. Three types of thresholds were identified: The
first is a simple time variable percentile of the distribution of the soil moisture survey as a whole,
spatially (dp10, 25, 50, 75, 90). The second type was a multivariate time variable distribution
percentile, based on depth. The third was an absolute soil moisture percentage threshold (sm20,
30, 40, 50, 60, 70). Due to the soil moisture sampling method of this study and the nature of the
catchment flow regime, multivariate time variable depth percentiles are not relevant to this

catchment. However the other two approaches clearly had the potential to define the
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connectivity limit of the soil moisture of the catchment. Although the percentiles of soil moisture
distribution were found to perform poorly by Ali and Roy (2010) it was decided that their inclusion
was important. Ali and Roy (2010) used this approach in a forested catchment. The grassland
nature of the Sykeside catchment is likely to respond differently to that of Ali and Roy (2010) as a
result the spatial percentile was included. The metrics themselves are grouped as statistical

cluster analyses, geostatistical metrics and flow path estimation metrics.

3.4.1 Statistical Cluster Analysis

When the soil moisture distributions are subjected to the range of 11 thresholds a series of 66
binary distributions of connectivity are generated. These are calculated through Spatial Analyst in
ArcGIS. The pixels that satisfy the threshold to register as connected form clusters across the
surface. The first metrics assess the number (SATCLUST) and area (SATAREA) of these clusters.
This is achieved by removing the disconnected O values to leave only the clusters itself by
converting the raster to a polygon and designating 0 as NODATA set. As a result the subsequent
areas are then calculated using Spatial Analyst producing an Attribute Table of cluster areas. The
total saturated area is calculated for each of the 66 binary distributions as well as the number of

clusters.

Figure 3.12: Representation of cluster identification by ArcGIS including only adjacent pixels (A) and the

common 8 neighbour cell commonly used in hydrological modelling (B).
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A key problem of using ArcGIS is that a cluster, as defined by the program, only includes adjacent
cells (Figure 3.12). This means that diagonal cells are not considered despite them evidently being
connected. Thus an additional derivation of these two metrics was calculated. To overcome this
issue a buffer value of 5 cm was added to the clusters cells so that the polygons overlap. The
polygons were then merged. This resulted in different values for some of the distributions. These
were added as metrics in their own right in order to ascertain the effect that buffering had. These
were listed as (SATAREA_BUF).

Contributing area was then estimated (CONTAREA). This metric was calculated by identifying the
channel from the flow accumulation raster. This channel was mapped by adding a line feature
along its length. This channel was of a broken nature as a result of subsurface drainage
excavations along its length. For each of the binary distributions the clusters within 1 m of the
polyline of the channel were identified as contributing area. Inclusion of topography to these
contributing areas was unnecessary due to the simple form of the catchment with the strong
potential for lateral flow pathways to the channel. Again this form was buffered to ensure the

whole contributing areas was included (CONTAREA_BUF).

3.4.2 FRAGSTATS

These methods of cluster analysis were seen as relatively simple cluster metrics calculating only
total area. To develop beyond the metrics used by Ali and Roy (2010) an advanced cluster analysis
program was used to develop a more detailed understanding of the clusters themselves.
FRAGSTATS is a specialised program designed to enact metrics and methods of advance cluster
relationships as well as identification of individual cluster magnitude and importance (McGarigal
and Marks, 1995). This program uses the 8 cell neighbour approach that is lacking in ArcGIS
(Figure 3.12). These metrics were selected as a series from FRAGSTATS options and enacted to all

66 binary thresholds using a batch file in the form:

File location, cell size (in meters), background integer*, no. of rows, no. of columns, input data

type

* = Background integer: number used to designate values outside of area to be analysed. For this

study 0 was used.
Input data type: these are coded as follows with the data format used in this study highlighted:

o |DF_ARCGRID
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e IDF_ASCII

o IDF_8BIT
e IDF_16BIT
e IDF_32BIT
e ERDAS

e IDF_IDRISI

The initial metric was a calculation of the percentage of the area that was saturated above the

given threshold (CA%). This represents an alternative to SATAREA to see if a proportion is a better

The Largest Patch Index (LPI) takes CA% metric further and represents the largest individual patch

representation.

as a percentage of the total area, where a; is the area (m®) of the patch and A is the total
landscape area (m?). This attempts to ascertain the impact of the largest patch on the threshold

binary distribution.

Al = {L}(loo)

max — g

Aggregation Index is a metric that ascertains the proportion of cell adjacencies (joins) present as a
percentage of the total number of possible cell adjacencies in the catchment. The metric is
distributed between 100% representing a single completely compact patch with no breaks within
it to 0% representing a situation where none of the cells present are in contact with any other
(maximally disaggregated). This metric attempts to estimate the proportion of connected cells as

a function of total cell contiguity.

2
a [ 8
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DIVISION is a proportion of how distributed the cells are, where the patch area (&) is divided by

the total area (A) with the value squared and summed across all of the patches and then taken as
a proportion from 1. This metric attempts to estimate the probability that two random cells in the

landscape are not situation in the same patch. DIVISION is distributed from 0 being a catchment
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containing a single patch to 1 being completely disaggregated, represented by a single isolated

cell in the catchment.

m -1
COHESION =|1- ;-1 Py {1— L } (100)
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The final FRAGSTATS metric is COHESION where ( p;;) is patch perimeter, (&; ) is patch area and

(A) is the total catchment area. This metric calculates the connectedness of the distribution of
patches in the catchment. The relationship between patch perimeter and area gives an indication
of the size of the patch and that is summed for all of the patches present and represented as a
function of the total catchment area. This metric is a manifestation of the degree to which

patches are spatially connected across the catchment.

3.4.3 Semivariograms

It has been noted by Western et al. (2001) and Antoine et al. (2009) that the method by which
semivariograms estimate spatial dissimilarity is incompatible with the notion of hydrological
connectivity. Western et al. (2001) and Antoine et al. (2009) identified that semivariograms
cannot decipher between connected and disconnected landscapes. This is due to the
semivariogram method being based on Euclidian distance between the points which ignores any
non-Eucildian connected flow formations. Indeed not only is the conceptualisation space a
problem but also the assumption that the only variable that influences the distribution of the data
is the separation of the points themselves (Western et al., 2001). Inherently within connectivity is
the concept of the connection of space through a series of conditions or process which does not
sit comfortably with this principle. Western et al. (1998) recognised that the multi-Gaussian
approach that kriging methods use, based on semivariograms, presume a normal distribution of
disorder set within a Euclidian distance framework. The threshold nature of systems like soil
moisture distribution do not fit this normal distribution. This led Western to develop indicator
semivariograms whereby thresholds were identified as statistical percentiles and a series of
sermivariograms are generated as an interval distribution to show the change between each
threshold. This method is a good first step into recognising the spatial subtleties that soil moisture

contains.
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The structure of semivariograms can be described as follows:

“The main features of the semivariogram are the sill, the range (or correlation length) and the
nugget. If a stable sill exists, the spatial field is stationary and the sill can be thought of as the
variance between two points separated by a large distance. The range is the maximum distance
over which spatial correlation exists. It is the distance (separation or lag) at which the
semivariogram reaches the sill. The correlation length is the average distance of spatial correlation
and it is closely related to the range. The numerical value of the correlation length is about one-
third of the range, depending on the shape of the semivariogram. The nugget is the variance
between two points separated by a very small distance. It is the value at which the semivariogram
intersects the y-axis. The semivariogram is a measure of the spatial continuity of the field.
Semivariograms of smooth, or highly continuous, spatial fields have a large range, while
semivariograms of discontinuous, or rough, spatial fields have a short range.” (Western et al.,
1998b, pg. 1852)

The details of this explanation are illustrated in Figure 3.13. There are two types of semivariogram
that were calculated as connectivity metrics, omnidirectional (isotropic) and directional
(anisotropic). The binary threshold maps were multiplied with the original soil moisture maps to
generate maps showing the soil moisture variation over each threshold. Each of these were
subject to a standard semivariogram method, where the variance between each point is
calculated and displayed as a function of distance. This resulting semivariogram was fitted with an
exponential model and the resulting range from this model was used as a metric. Anisotropic
directional semivariograms are the same as omnidirectional semivariograms only the continuity
between the points is defined by a plane of reference. Thus for the north-south orientated
semivariogram the continuity between point is limited to the vertical plane, and similarly east-
west is limited to the perpendicular. Beyond this the method is the same and the range was used

as a metric in the same way as omnidirectional.
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Figure 3.13: Indicator semivariogram labelled with range, sill and nugget.

3.5 Metric comparison

Each metric generates results for each of the 11 thresholds for each of the soil moisture surveys.
The representativeness of these thresholds for hydrological connectivity, meteorological drivers
and discharge was tested. Ali and Roy (2010) were the first to attempt to make this comparison.
So that the results are comparable to this study the metric analysis methods are largely the same.

Three methods were identified to analyse the metrics in relation to catchment drivers.

The first method of analysis was the coefficient of variation. This method assessed the temporal
variation of each threshold for each metric across the six surveys. The coefficient of variation is a

simple calculation where o is the standard deviation and x is the mean.

CoV -9
M

This analysis gives a percentage derived from the ratio between the standard deviation and the

mean for each threshold.
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The second methods of analysis was a Spearman’s rank analysis of each threshold against mean
soil moisture and two measurements of average catchment stage. Both short term (0-2 days after
survey) and medium term (3-7 days after survey) stage were considered in this analysis. This

method assessed the relationship between the metric threshold and catchment responses.

The first two methods of analysis are the same as those used in Ali and Roy (2010). The third
method assesses the metric response to meteorological drivers and was adapted in order to fit
with the conditions seen at this catchment. Ali and Roy (2010) conducted a three way variation
partitioning analysis using current rainfall (in the day of the survey), potential evapotranspiration
and antecedent rainfall. However for this study given the shallow nature of the soil moisture
measurements it was decided that days on which rain was falling would affect the continuity of
the survey due to the period of time that they took to sample. In addition to this it was considered
that using a simple ratings curve for evapotranspiration would not accurately represent it. Also at
the time of year that the study was being conducted evapotranspiration would be limited and
relatively consistent. Therefore it was decided that the third method of analysis for this study
would focus on antecedent rainfall. A variation partitioning was not done for rainfall however due
to the lack of rainfall during the study period resulting in an inconsistent record from the previous
1,2,5,7, 12 and 14 days before the survey. As a result the antecedent precipitation value that
generated the best Spearman’s Rank r value with mean soil moisture was used. This transpired to
be AP14 (rspearman = 0.71). Thus the final method of analysis was the extent to which each metric

correlated with AP14 as a value of R?.

A satisfaction score for each of these analyses was identified (Table 3.1) in the same manner as Al
and Roy (2010). These were added to give the combined satisfaction score for each metric

threshold out of a total of 9.

Qualitative Criterion | Quantitative Criterion Score=1 Score =2 Score =3

Temporal variability | X1 = Temporal X1<50% 50% < X1<100% | X1>100%

coefficient of variation

Influence on shortor | X2 = Spearman rank X2<0.5 0.5<X2<0.7 X220.7
medium term correlation between
catchment stage connectivity metric and

discharge

Dependence upon X3 =Best performing R2 | X3<0.5 0.5<X3<0.7 X32>0.7

antecedent rainfall value

OBJECTIVE FUNCTION = Score(X1) + Score(X2) + Score(X3)

Table 3.1: Computation table of satisfaction scores for connectivity metrics.
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3.6 Network Index and Cumulated Probability Network Index

The final method of assessing hydrological connectivity was an alternative to the integrated
connectivity scale length (ICSL) used extensively by Western et al. (2001) and others. ICSL was a
method developed by Western et al. (2001) that identifies patches of soil moisture above a
specified threshold and identified connection length omnidirectionally and topographically. An
alternative approach to this is the Network Index developed by Lane et al. (2004). Using the
presumption that for catchments with a uniform shallow soils, soil saturation controls when a
non-contributing area becomes connected, such that the lowest value of the topographic index
along a flow path controls the connectivity for that point to the surface network (Lane et al.,
2009). This is then attributed to soil moisture to show the progression upstream of soil moisture

impacts on connectivity pathways.

In order to use this method the soil moisture data had to be rescaled. Each soil moisture survey
was converted to an ASCII format and the NODATA values were substituted with 0 to prevent
leeching into the model. This data was then converted to a probability scale of connection. Below
values of 0.3 m®m™ soil moisture were considered to have no chance of connection. Values above
0.7 m®m~ were considered to be certain to connect. The intervening values were put on a linear
scale of connectivity between 0 and 1. This process was completed through Matlab script. The
Network Index was calculated using SAGA GIS (an open access alternative to Arc GIS). In order to
run this model an outlet raster had to be identified from channel accumulation rasters, and a
filled DEM of the catchment. The presence of the drainage pipe along the channel of this
catchment resulted in drier than predicted soil moisture. As a result the soil moisture connection
probability rasters were adjusted to take this into account. Cells with a contributing area of 5000
m? or larger were given a values of 1 for complete connection, given the assumption that the field
drain would facilitate the water out of the catchment. This was incorporated into all of the soil

moisture connection probability rasters.

The Network Index was developed further by accumulating the probability of connection
attributed by the Network Index. This Cumulative Probability Network Index (CPNI) takes the
probability of the Network Index and multiplies it together along topographically derived flow
paths. Through multiplying the probability from cell to cell along the flow paths derived from the
model an accumulated probability of connection based on topography and soil moisture is
attained. The flow pathways with high soil moisture register higher accumulation and thus
likelihood of connection for that pathway is considered to be high. This method is a better
approach to ICSL as it considers the connection along a pathway to be a probability function of

soil moisture rather than an absolute binary result. CPNI results in a probability of connection
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which is far more representative of the impact of soil moisture on hydrological connectivity (Ali
and Roy, 2009). This model was also run in SAGA GIS from the same DEM, outlet and soil moisture

connection probability rasters as the Network Index.

The methods outlined in this chapter were used to characterise the catchment and its temporal
conditions including topography, rainfall, stage and soil moisture data. Subsequent metrics used
this data to analyse the hydrological connectivity portrayed by this soil moisture signal were
analysed according to the objectivity function outlined here. In addition spatial characterisations
were modelled using the Topographic Wetness Index, Network Index and Cumulative Probability
Network Index in order to ascertain the most promising metric for hydrological connectivity
prediction. The next chapter presents the field results. Chapter 5 then presents the analysis of the

metrics.
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4.0 Field Results

4.1 Topographic Surveys

Topography was initially estimated through historic cartographic sources. In this area of the UK
the best topographic resolution is 10 m from the OS Land-Form (1:10000). Figure 4.1 shows the

best topographical estimation of the site sourced from EDINA Digimap.
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Figure 4.1: Remotely sensed Digital Elevation Model (DEM) of Sykeside Farm at 10 m resolution. The coarse
resolution makes identifying important submeter topographic variation impossible showing archive data for
this site is not appropriate for this study. © Crown Copyright/database right 2010. An Ordnance
Survey/EDINA supplied service.

The overall valley shape was identifiable yet channel features and valley slope variability was
poorly defined. Given the small scale of the site and the potential for high soil moisture variability
this DEM resolution was insufficient and does not capture the subtle topography thought to drive
the connectivity response. This resulted in the need for a DGPS (Differential Global Positioning
System) survey which resulted in a DEM with a resolution 1.5 m (Figure 4.2). This improved level
of resolution better defines the topographic distinctions of the catchment. The northern slope is
20 m shorter than the southern slope and does not reach the same elevation as the southern
slope (3 m lower). However both northern and southern slopes have similar profiles and
maximum heights. The outflow of the catchment is in the northeast corner. The ephemeral
channel bisects the catchment in a gently meandering manner with a relatively low fall in altitude
of 2 degrees across the catchment. There are a number of disruptions in the valley bottom that
identify zones of erosion due to broken subsurface drainage. The channel broadens at the channel
outflow as the southern slope curves away to the southeast and the catchment joins the stream.
The topography is smooth and undulating with few abrupt breaks.

58



100 m

Figure 4.2: Digital elevation model of Sykeside catchment as derived from DGPS at 10 cm vertical resolution on a 1.5 m grid.
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An assessment of the catchment slope was made to understand the distribution of the
topography across the site (Figure 4.3). The channel has a constant angle of below 4° and is clearly
identifiable. The rest of the catchment is predominantly below 15°. The nature of the northern

slope changes downstream. At the head of the catchment the northern slope is concave.
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Figure 4.3: Raster of catchment slope generated from DGPS DEM using spatial statistics.

The catchment is largely defined by low slope angles and gently undulating topography with the
potential for surface organisation in the west of the catchment that narrows to a more severe
containment of the channel in the east. The northern slope gently grades towards the low slope
angles of the channel itself. However there is a transition downstream where the channel
constricts as both the north and south slopes steepen near the channel to form a much narrower
valley. The southern slope does not convey the same transition or the same organisation as the
northern slope but exhibits a relatively flat plateau at the higher elevations. It shows a more
organised downwards slope with the indication of gullies and ridges across its surface, particularly
in the west. The southern slope displays similar behaviour to the northern slope in the east of the
catchment. The narrowing of the valley results in the greatest slope angels in the catchment with
values as high as 40°. The slope is more consistently high compared to the northern slope. There
is a clear ridge perpendicular to the channel denoted by light green colour in the centre of this
section of the southern slope. The highest slope angles are specific to one main gully which is also

where the most complicated slope signal is recorded. Despite the localised high slope angles seen
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in this gully the slopes of the catchment do not clearly identify other examples of topographic
features. Although there is suggestion that there is some organisation on the southern slope this

is not conclusive.

Further analysis was required to ascertain the nature of the potential surface organisation in the
west of the catchment. As a result the slope aspect was derived from the DEM (Figure 4.4). The
potential for gullies and surface organisation on the southern bank proves to be spurious with the
majority of the southern slope being wholly orientated northwards. Thus the variation seen in the
slope angles was not a valid indicator for channelization on the slopes. The northern slope also
shows no significant organisation. There is variability but this is orientated southwards and south-
westwards. The absence of any values orientated towards the west shows that there is no
channelling on the slopes. The south-eastern corner of the catchment is orientated away from the
channel suggesting this area does not contribute to the outflow. As the channel curves
northwards close to the outflow the valley slopes reorientate towards it. The greatest variation
occurs close to the channel itself. Much of this is the manifestation of the channel itself indicated
by a varying band orientated eastwards. However the area previously identified with high slope
angles does show a significant aspect change to the rest of the southern slope. This indicates
there is some small channelling, however it does not appear as though it is one structured gully.

Two small gullies close to the channel are present, located where the topography was steepest.
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Figure 4.4: Raster of slope aspect generated from DGPS DEM.
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Figure 4.5: Raster of flow direction generated from DGPS DEM.
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To identify the impact this slope aspect would have on surface flow, the flow direction was also
estimated from the DEM (Figure 4.6) (O’Callagan and Mark, 1984). This suggests similar
interpretations as for Figure 4.4. The introduction of flow direction is integral to generating an
estimation of gross flow accumulation. Figure 4.6 presents the flow accumulation on the
topographic surface of the catchment with zero infiltration. This analysis reflects the previous
analysis displaying a number of short low value channels. The majority of the catchment surface is
represented by very low accumulated values. This pattern is disrupted more on the northern
slope with a complicated sequence of ridges particularly in the west. The southern slope is more
contiguous with the main disruption separating the south-eastern corner which has been
identified at being orientated away from the catchment outflow. The lateral flow pathways are
short and consistently low in value. These are consistent between both the north and the south
slopes. The accumulation in the channel is of particular interest. It was highlighted on the DEM
that there are locations of erosion due to a broken subsurface drainage pipe. The impact of these
holes is evident from Figure 4.6. The location of washout holes creates breaks in the channel that
causes a series of flow accumulation sequences along the channel of varying lengths. The best
example of this is a third of the way down the catchment where the high accumulation values
above 1500 give way to low accumulation below 1000. Seven distinct sections of channel are
identifiable. Areas where this accumulation breaks down in reality represents connection to the
outflow via the subsurface drainage. The flow accumulation reveals a relatively unorganised
planar surface with limited accumulation into lateral gullies to the main channel. The main
ephemeral channel generated an intricate pattern highlighting the breaks in the continuity of the
channel.
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Figure 4.6: Raster of flow accumulation generated from flow direction raster.
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4.2 Antecedent conditions — Rainfall events

The importance of rainfall is considered to better understand the soil moisture distributions. The
Sykeside catchment has a six year long rainfall record. As a result the conditions of the survey
period can be compared to give an impression of how typical the rainfall record is. Firstly a total
for each year was calculated for the period at which the study took place (8" February — 5" May).
Figure 4.7 shows this relationship highlighting the low volume of rainfall measured for this
catchment by comparison to recent years. Despite year to year variability 2010 is notably drier
than the previous 5 years receiving 80 mm lower than average over the spring period. As a result

it can be expected that Spring 2010 produced the lowest discharge compared to the last 5 years.
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Figure 4.7: Spring rainfall totals for Sykeside farm March - May 2005-2010.

The distribution of rainfall intensity was also generated to ascertain whether the rainfall in spring
2010 was representative by comparison to the rainfall record (Figure 4.8). The intensity was
maintained in hours rather than being displayed as a percentage in order to develop the pattern
seen in Figure 4.7. Figure 4.8 emphasises the variation between years with 2010 clearly having the
lowest rainfall. Previous years (2005, 2007 and 2009) appear to have a similar number of total
rainfall hours however the distribution towards the lower intensities suggest that 2007 and 2009
had more extended periods of low intensity rainfall in comparison to 2005 which shows a
smoother transition to higher rainfall intensities. There is a similar discrepancy between the high
rainfall years with 2008 showing a more stepwise increase in rainfalls below 1 mm. In contrast
2010 had far fewer hours of rainfall with a very large proportion falling at the lowest intensity

recorded. It is clear that consideration has to be taken when drawing conclusions from this study
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given the relatively low rainfall. However the distribution of the rainfall correlates well with the

historical rainfall record (Figure 4.9). Indeed, the 2010 record has a very similar distribution to the

highest rainfall year in this record (2008). This suggests that despite the low number of rainfall

hours the distribution is consistent with the historic record.
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Figure 4.8: Cumulative frequency graph of rainfall hours for the period of study g™ February — 5" May.
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Figure 4.9: Cumulative frequency graph showing the distribution of rainfall for the period of study 8"

February — 5" May 2005-2010 in percentage.

This distribution is further explored through analysis of rainfall spell (a spell was a period of time
where there was at least 0.1 mm of rainfall in 24 hours). Contiguous rainfall periods separated by
24 hours were identified. Table 4.1 shows a summary of this spell analysis. Interestingly the mean
intensity suggests that the rainfall distribution is more complicated than Figure 4.8 initially
showed. The number of spells has considerable variation. There is some continuity between the
maximum spell rainfall and the total rainfall, except for 2010 whose maximum spell rainfall total is
higher than would be expected. Maximum rainfall intensity is very similar across the record.
However the maximum duration shows that 2006 has the longest spell by nearly 200 hours. The
combination of these factors gives a mean intensity which is counterintuitive. 2007 has a very
high mean intensity. This high intensity combined with the relatively low rainfall total suggests
that 2007’s rainfall is characterised by a small number of high rainfall events. 2010 has the second
highest average rainfall intensity. Given the very low total rainfall this suggests a similar pattern to
2007. 2010 also has the shortest average spell duration which suggests a short period of high
intensity rainfall combined with low rainfall events. This pattern is common between 2007-2010.
2006, by contrast, has large volumes of low rainfall intensities over a long period of time. 2005
also shows this form of rainfall. These results indicate that the specific manner of rainfall varies a
great deal across the years. Given that the maximum intensity is relatively consistent it becomes

clear that it is the duration of high intensity rainfall that distinguishes the years. This is identified
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by the mean spell duration which matches the pattern seen in the total rainfall. There is a clear
distinction between the high rainfall years of 2006 and 2008. 2006 has long periods of low
intensity rainfall which is in contrast to 2008 which shows short duration higher intensity rainfall.
Figure 4.10 highlights this difference. There is a completely different pattern between mean
rainfall intensity and the mean rainfall per spell. This shows that rainfall intensity is not as
important as the total rainfall in a spell demonstrating the contribution made by low rainfall to
the total. The combination of these factors in addition to the frequency of the rainfall spells

defines rainfall distribution.

Number | Maximum maximum mean maximum mean
of spells | spell rainfall | duration (hr) intensity intensity
(mm) duration (hr) (mm hr) (mm hr)
2005 10 36.52 268.00 143.60 3.68 0.13
2006 12 44.19 458.00 103.83 4.17 0.18
2007 13 36.23 150.00 51.08 4.80 0.64
2008 20 55.25 160.00 49.55 4.40 0.23
2009 13 25.62 185.00 61.15 3.80 0.22
2010 20 47.61 184.00 26.4 4.40 0.27

Table 4.1: Summary of spell analysis for spring rainfall (February-May) for 2005-2010.
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Figure 4.10: Scatter plot of mean spell rainfall intensity (red) and mean rainfall per spell (blue).
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4.3 Antecedent conditions — Stage

The rainfall record indicates that the rainfall for the period of the study is the lowest in five years.
With this in mind the stage record for the winter period (November 2009 — May 2010) and the
study period (February — May 2010) were analysed (Figure 4.11 and Figure 4.12). The stage record
for the winter of 2010 has a bimodal distribution. The two peaks are centred around 26 cm and 43
cm. These two peaks suggest a peak of unconnected base flow as well as a connected rainfall
peak flow as a result of rain storm events. The cumulative frequency shows that the initial peak
represents approximately 25% of the total stage with the higher peak representing 30%. There is
a longer tail of very high stage levels compared to the low stage levels. This indicates that the
lower stage peak represents lower rainfall scenarios. The bimodality suggests a threshold system
of high and low flow. By comparison to the study period the low stage peak remains however the
high flow peak becomes absent. Having identified 2010 as a dry year the spring period represents
the lower flow conditions. The smaller peak in stage is important regarding the development of
soil moisture over the study period. Clearly the majority of the significant rainfall occurs earlier in
the winter. The rainfall analysis highlighted that the rainfall is limited to short term events of
relatively high intensity. Thus the wetting up before the study period was subject to the majority

of the rainfall suggesting a consistent drying out with short rainfall events.
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Figure 4.11: Relative probability and cumulative frequency of stage for the Winter and Spring period
(November 2009 — May 2010).
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Figure 4.12: Relative probability and cumulative frequency of stage for the study period (February — May
2010).

Figure 4.13 shows the total stage record for the Sykeside catchment which extends between
November 2009 to May 2010. The rainfall record is also displayed. This graph confirms that the
majority of the rainfall events and rainfall volume occur before the study period, particularly in
November. December and January exhibit fewer high intensity rainfall events which results in
fewer sharp peaks in stage. However over these two months the volume of rainfall is sufficient to
maintain the stage above 40 cm for the majority of the period. The continued low level of rainfall,
particularly the lack of high intensity events, result in a decline in the stage. This is highly variable
as a result of small rainfall events which have an increased impact as the stage falls. The study
period is dominated by one short period of high intensity rainfall followed by a long period of no
rainfall. This gives a good combination of conditions for soil moisture variability, however, the
highest level of saturation is likely to be less than would have been seen in November. Figure 4.14
shows in more detail the individual rainfall and stage record for the study period. There are two
large peaks of rainfall that follow one another with a subsequent 22 day period with no rainfall at
all. The polarity of the rainfall study has a strong hydrological impact on the stage and the soil
moisture distributions with three surveys conducted before it and three after. However despite
this long period of dry conditions the stage record is variable. Although this is expected during
periods of rainfall it shows that antecedent conditions many days earlier impact on the stage
outflow, yet intense rainfall create rapidly rising and receding peaks in the stage data. The highly
reactive nature of the catchment to rainfall highlights its importance to catchment response and

the likely impact on soil moisture.

In order to better understand the relationship between the stage and rainfall data each rainstorm
event with an intensity of 1 mm hr or greater was analysed. Rainstorm events during the study
period were limited with only four that exceeded the 1 mm hr™ threshold. This was not a
sufficient number to generate meaningful relationships. As a result rainstorm events were
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included from the whole winter record. The first consideration was the relationship that the
rainfall has with respect to time and how the four events during the study period compared to the
winter as a whole. Figure 4.15 shows this relationship which displays a positive correlation. The
distribution of rainfall events show that the majority of rainstorms are below 10 hours in duration
and below 10 mm in total. Despite the study period only exhibiting four storms their magnitude
and duration number amongst the largest of the winter. This suggests that despite the dry winter
the study period has some significant rainfall events. There are two outliers showing the extent of
the magnitude and duration of rainfall events. It should be noted that these are all considerably

shorter in duration than those reported in the spell analysis.

The impact of storm events on stage was then assessed (Figure 4.16) by correlating the magnitude
of each hydrograph’s rising limb with total storm rainfall. The distribution is positive with an
increased stage response reflecting an increased total rainfall. The results are more evenly
distributed displaying a curved pattern indicating a limit to stage response. Again the study period
events display some of the highest responses. The magnitude of stage increase is important
because the variation in antecedent conditions result in no trend from the maximum stage with
rainfall volume or intensity (Figure 4.17). The trend from Figure 4.16, however, shows the impact
of rainfall while removing the effect of antecedent stage conditions. Alternatively the
combination of high uniformity in the maximum stage and a trend between catchment response
and total rainfall suggest limited infiltration resulting in a consistent runoff response from the
catchment. High rainfall seems to result in similar maximum stage responses whist creating a

trend of increase in stage.

The time taken for this catchment response was subsequently assessed. It was found that there
was no real relationship between the lag time of the storm hydrograph and the total rainfall
(Figure 4.18). There was a complete range of catchment responses across the total rainfall
distribution. However when lag time was correlated against mean storm intensity a distinct
threshold emerged. The volume of rainfall is not the key factor in eliciting a rapid rainfall
response. By contrast high rainfall intensities cause a divergence in this distribution. Below an
average intensity of 1.5 mm hr™ there is a significant range of lag times. This is likely to be as a
result of varying degrees of catchment saturation. Above this threshold the majority of catchment
responses are an hour or less. This rainfall intensity appears to represent the level of rainfall

required to ensure rapid runoff from the catchment.
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Figure 4.13: Rainfall and stage data for the Winter period (November 2009 — May 2010) Highlighted area in the red box shows study period in more detail in Figure 4.14.
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Figure 4.14: Graph of stage and rainfall data for the period 1% March — 5™ May 2010. Red markers denote the day when soil moisture distribution was measured.
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Figure 4.20 shows individual 3 day antecedent conditions for each survey. What is immediately
apparent is the variability in the stage data irrespective of rainfall input. This is likely to be due to
weather conditions and equipment accuracy. However there is a clear range for low rainfall
conditions and this can be confidently averaged. The largest antecedent stage was identified as
40.2 cm for the third survey. The wet surveys (1 and 2) show a variable stage record that suggests
a decline over time indicating earlier rainfall seen on the 26™ February. There is very limited
rainfall for the periods shown. Again the conditions are important in order to understand the
pattern that this displays. Falling stage in surveys 1 and 2 suggest earlier rainfall and explains the
high soil moisture as well as the low potential for evapotranspiration at that time of year. Survey
3 shows the wettest antecedent conditions and this is reflected in the stage response and the high
level of soil moisture recorded. Survey 4 is at the end of the 22 day period of no rainfall and that
results in a gradual drying out of the catchment and reduction in stage. Survey 5 and 6 show small
volumes of rainfall which have a limited impact due to the increased potential for
evapotranspiration at this time. Antecedent conditions are very important in understanding soil
moisture patterns and the potential for estimation of hydrological connectivity. Subsequently
antecedent conditions that were identified by Ali and Roy (2010) were also calculated for this

study in order to compare with soil moisture metrics. These conditions are shown in Table 4.2.

Survey | AP1 | AP2 | AP5 | AP7 | AP12 | AP14 | PD_stage | SD_stage | DA_1

(mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (cm) (cm) (cm)
1 0 0 0.4 0.8 13.2 | 134 30.14 28.97 29.21
2 0 0.2 0.6 0.8 1.2 1.6 27.19 27.44 27.94
3 4 7.8 228 (234 |24 24.2 38.26 37.29 38.53
4 0 0 0 0 0 9.4 29.30 24.74 24.67
5 0 0 0.4 0.4 0.4 0.4 26.55 26.17 26.25
6 0 0 1.2 1.2 3.2 3.2 25.91 26.85 27.12

Table 4.2: Table of antecedent conditions including cumulative precipitation from one day before to 14 days
before (AP1-AP14) and stage on the day of survey (SD_stage), the day preceding (PD_stage) and the day
after (DA_1).
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Figure 4.20: Rainfall and stage graphs showing antecedent conditions (previous three days) for each soil

moisture survey.
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4.4 Soil Moisture Distribution

Figure 4.21 depicts rasters of the soil moisture surveys taken between 8" March and 5" May
2010. Results from rainfall and stage analysis (Figure 4.13) show that there is a trend towards
decreasing moisture. Soil moisture corroborates this, decreasing over this time period. Despite
this general declining trend there is some variation particularly between the three surveys in
March. The site is recovering from moderate intensity rainfall events on 26™ February showing
clear active areas (Figure 4.22). The limited rainfall between survey 1 and survey 2 shows a
decline in soil moisture. Although the decline in stage is below approximately 5 cm the drying out
of the catchment results in an absolute difference of 5 % in mean soil moisture (Figure 4.23). This

shows the reactive nature of the catchment even to relatively small rainfall events.

The third survey measured on the 23 March is the wettest survey. This survey was taken three
days after one of the 4 significant storm events to occur during the study period (Figure 4.21). In
spite of the subsequent 7 days exhibiting the other significant rainfall events the stage record
suggest that the level of saturation seen for survey 3 is highest level of stage runoff without a
significant rainfall event. The stage at this survey is representative of the wetter winter period
(Figure 4.13) and, thus, can be seen to be a reasonable end member for the representation of soil
moisture. The extent of soil moisture above 0.5 m®*m™ corroborates this. Survey 1 and 2 can be
seen to represent the transition that is not measured after the large rainfall events at the end of
March. The stage record is at a similar level for survey 1 as the intervening catchment recovery
between survey 3 and 4 and survey 2 shows a stage condition that is just above that of the final 3
surveys. There are a number of differences between these three surveys. Three areas of high
saturation can be identified (Figure 4.22) in survey 1 that persist in survey 2 and in the other drier
surveys. In wet conditions these high moisture areas result in similar measurements. However
survey 3 shows a more extended distribution of potential source areas. The three saturated areas
seen in Figure 4.22 are all found on the southern slope. Survey 3 highlights the potential for
source areas on the northern slope in four locations. They are present in the drier surveys
however they become disconnected and dry out more quickly. Also despite their presence they

are not seen to be as wet as areas A, B and C after survey 4.

The connectivity of these wet areas varies. Connectivity is hard to visually assess due to the
relatively dry nature of the channel itself. Areas A, B and C remain connected until survey 4.
Beyond this the catchment dries out to the extent that even these wet areas are no longer
connected to the channel. The wet areas on the northern slope show a more interesting
development. These source areas are further away from the channel resulting in a more easily
identifiable flow pathway. These pathways are clearly connected in survey 3 and survey 1. Survey

2 appears to be approaching the threshold for disconnection. Despite still being connected to the
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channel by pixels with elevate soil moisture it is in some cases limited to a single pixel. The dry
areas are becoming increasingly distinct particularly the large contiguous southwestern section
and the ridges between the source areas. By survey 4 the source areas on the northern slope are
disconnected by dry soil moisture pixels. A number of areas of rapid draining dry areas are also
observable. These can be seen even in survey 3 but become more apparent as the catchment
dries. The wet areas are separated by rapidly draining sections. There are also two large patches
in the northeast and the southwest that are more uniformly dry. These are apparent even for
survey 3. These dry regions expand around and into the source areas over time to become

indistinct as the catchment dries.
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Figure 4.21: 6 shallow surface (5 cm) soil moisture distributions taken between March — May 2010 at a 5m resolution.
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Figure 4.22: Soil moisture survey from 23/3/10 with three areas of high soil moisture concentration
identified.

Survey 4 represents the transition between dry and wet conditions. This survey was taken 14 days
after any rainfall and the catchment stage has fallen to a constant level of disconnected base flow.
Over the subsequent 3 weeks rainfall is isolated and very limited in volume. The transition from
survey 4 to 6 is an intensification of the process seen between surveys 3 and 1. However the
organisation in soil moisture seen in the initial three surveys is absent. Survey 4 shows
disconnection of the northern source areas. Remnants of the flowpaths remain, however the
average soil moisture has fallen to 0.55 m®m?® The continued lack of rainfall provides an
opportunity to observe the transition of the catchment to dry conditions. The continuity in the
stage record suggests these are low flow conditions. The wet source areas sequentially shrink
with the northern slope rapidly drying out leaving only very small scale indication of the wet
source areas. As time progresses the soil moisture also becomes more seemingly randomly
distributed. The northern slope dries out faster than the southern slope. By survey 6 the majority
of the catchment is randomly distributed. Only the source area B maintains a sizable area of high

soil moisture with areas A and C being reduced to very small scale poorly defined wet areas.

The most surprising outcome of the soil moisture surveys is the condition of the ephemeral
channel which is consistently dry. Even in the very wet conditions of survey 3 it is drier than the
three wet areas of the catchment throughout the study period. This is not what would be

expected given the flow accumulation identified in Figure 4.6. Given the site has a short flow
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distance to the channel the focus of the soil moisture from the site is centred in the channel very
rapidly. Despite the increased drainage afforded to the channel through the subsurface drainage
present it is surprising to find that the whole channel is so uniformly dry. Evidence of channel
sectioning from flow accumulation (Figure 4.6) is not manifested in the soil moisture signal with
no clear variability evident along the channel course. This means that even in sections of the

channel between the drainage outlets there is no clear increase in soil moisture.

Figure 4.23 is a time series plot of mean soil moisture. This graph shows the mean trend of soil
moisture fall between the surveys over time. The graph represents the wide range of soil
moisture conditions that were observed by the series of soil moisture surveys. The range seen
over the two month period presents a clear drying transition from winter to spring, yet indicates
the potential for short term variability through the increase in soil moisture seen on the 23"
March (survey 3). The range of soil moisture over the two month study period is high from
complete saturation to under 0.2 m®m™ representing a variation of over 80%, a feature that is
typical to temperate rangeland (Western et al., 2001). To further assess the distribution a
cumulative frequency graph was generated for each soil moisture distribution (Figure 4.24). The
distributions of most of the surveys are contained within the range between 0.4 m®*m™ and 0.6
m®m=. Surveys 5 and 6 show a much drier distribution. The cumulative frequency shows that the
moisture surveys were reaching the limits of the range of soil moistures that the catchment could
produce. The steep nature of the distribution for survey 3 indicates that the site was reaching its
maximum saturation. Likewise survey 6 shows a steepening distribution with the low values
indicating the approach of the driest conditions. The impact of antecedent conditions is already
apparent given the difference between the first three surveys. The variation in the distribution
and extent of soil moisture over this period shows the potential for the catchment to respond
over a short period of time. This change is also indicated through the mean soil moisture content
time series graph (Figure 4.23) which indicates a range of 10% over the three week period

between survey 1 and 3.
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Figure 4.23: Time series graph showing mean soil moisture content.
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Figure 4.24: Cumulative frequency distribution of each soil moisture surveys.

82



A scatter graph of standard deviation was produced to estimate the change in the range of the
distributions (Figure 4.25). The graph shows a negative correlation between standard deviation
and soil moisture. Although this appears to be relatively slight, with a difference of only 0.02
across the complete distribution of soil moistures, it shows that the distribution of the
catchment’s soil moisture increased as the catchment dried. This lends weight to the argument of
decreased organisation in catchment connection as visually identified for the soil moisture
rasters. However it also suggests that despite survey 3 indicating a steepening of its cumulative
frequency profile the same cannot be said for survey 6. Even though it appears that the
cumulative frequency for survey 6 has a high concentration of low soil moisture values the
catchment is still in transition and as a result still has a considerable range of soil moistures. This is
likely to be due to the persistence of saturated areas that were identified from the soil moisture

distributions (Figure 4.21).
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Figure 4.25: Scatter graph showing the relationship between the mean soil moisture content and the

standard deviation of each distribution.
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Summary

This chapter presented the topographic structure of the catchment developing understanding into
physical characteristics of slope aspect and flow accumulation. This exhibited a detailed
understanding of the way that the morphology of the catchment might affect hydrological
connectivity. In addition to this rainfall and stage data were presented including both historic and
for the study period. These results highlight the relatively dry nature of the catchment by
comparison to the historical record and the distribution of the stage and rainfall with reference to
each soil moisture survey. This framed the conditions under which the soil moisture surveys
themselves were undertaken, identifying a wide range of soil moisture scenarios. This chapter
identified the conditions under which the connectivity metrics and models were tested. The next

chapter presents the results of this analysis.
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5.0 Analysis of metrics of hydrological connectivity

Progressing on from the hydrological conditions represented during the study period for this
catchment the different methods of hydrological connectivity were carried out. Their
performances were assessed with reference to temporal, hydrological and meteorological drivers
to ascertain those metrics that best represent the hydrological connectivity variability. This was
developed to include the Cumulative Probability Network Index to further progress the potential

of the index approach to connectivity.

5.1 Connectivity Thresholds and Metrics

Thresholds of soil moisture and connectivity metrics are investigated in order to ascertain their
applicability for estimating hydrological connectivity. The thresholds used in this study are the
same that were used by Ali and Roy (2010). The thresholds dp10, dp35, dp50, dp75 and dp90
represent percentiles of the overall spatial soil moisture distribution while sm values were defined
using constant moisture contents (20%, 30%, 40%, 50%, 60% and 70%). The sm values were
translated upwards by comparison with Ali and Roy (2010) to better represent the higher soil
moisture values seen in this catchment. Ali and Roy (2010) also included a third metric of
percentiles derived from depth oriented soil moisture distributions. However due to the
univariate nature of the depth measurement used in this study these thresholds were not

available.

Figure 5.1 and Figure 5.2 show the distributions of soil moisture at each threshold. For the dp
threshold the distribution is relatively consistent throughout. This shows continuity in the
threshold pattern throughout the period of study. The three areas of high saturation seen in
Figure 5.24 are consistently identifiable at the 90" percentile threshold. The channel is also
conspicuously absent at the high thresholds. However there is a shift in the orientation of the soil
moisture over the period. This is particularly apparent at the 25" and 50" percentile. There isa
clear transition from a balanced distribution above the threshold in the earlier wetter surveys
towards a polarity between the northern and southern slope. It is clear that by survey 5 (26/4/10)
the northern slope is much drier than the southern slope. This distinction then breaks down as
the catchment continues to dry out. The disconnected south-eastern section of hillslope can also

be identified as having a consistently lower than average soil moisture.

The consistency seen in the percentile thresholds is very different to the soil moisture constant

thresholds (Figure 5.2). The percentile distributions depict the continuity in the distribution of wet
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and dry areas in relation to the mean. Soil moisture constants show the transition in soil moisture
saturation over time. Thus there is a transition from the distributions with high soil moisture
content with complete connection at low thresholds to distributions with low soil moistures with
no connection at high thresholds. This transition identifies not only the extent of soil moisture but
also its spatial dispersal. Figure 5.2 shows that over this time period the soil moisture varied
greatly. It also shows continuity in how the catchment wets up and dries out. For example sm60
shows a consistent pattern before and after the high saturations of survey 3 (23/3/10) suggesting
that the catchment has a consistent pattern of organisation. This consistency emphasises the
importance of hydrological connectivity in this catchment. This figure also suggests that areas that
wet up the most are the last to dry out. This pattern is suggested by the similarity between the
distribution of moisture at the highest moisture threshold (sm70) for the third survey (23/3/10)
and the distribution at sm30 for the last survey (5/5/10). This shows that the wet areas are

consistent and that the drying out of the catchment is sequential.
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Figure 5.1: Soil moisture thresholds at 10th, 25th, 50th, 75th and 90th percentile of each survey distribution.
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Figure 5.2: Soil moisture thresholds at 20%, 30%, 40%, 50%, 60% and 70% moisture content for each soil moisture distribution.
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5.2 Soil moisture and Metric Analysis Variables

The relationship between mean soil moisture content (MSMC) and antecedent rainfall, and
MSMC and catchment stage need initially to be addressed in order to ascertain the efficacy of
these relationships as a basis for testing the metrics performance. MSMC displayed a positive
correlation with stage on the day of the survey (CD_Stage) (fspearman = 0.77, p = 2.68 E”). This
relationship suggests that the MSMC reacts in a similar manner to CD_Stage and supports the use
of stage as a method of analysis for the connectivity metrics. The relationship between MSMC and
stage indicates a threshold response (Table 5.1). There is a limited response from the stage data
until soil moisture reaches 60% saturation. At this point the catchment appears to elicit a
significant response. The relationship with antecedent precipitation (AP) was more complicated.
Due to the relatively low volume of rainfall that fell over the rainfall period (Table 5.1) the shorter
time period of antecedent rainfall did not have sufficient data to differentiate the surveys. This is
the case for AP1, AP2, AP5, AP7 and AP12 all of which have a rsearman Of €qual to or less than 0.6.
However due to the lack of rainfall and the presumed low consistent nature of evapotranspiration
itis likely that longer term rainfall would have an impact. As a result AP 14 was found to give a
much better relationship (rspearman = 0.71, p = 7.94E9). The nature of the distribution of the rainfall
in this regard as well as the relatively high density of surveys in a short 9 week period also results
in a poor relationship between MSMC against days since rainfall (SINCE) (rspearman =-0.23).
Consequently the relationship between stage and antecedent precipitation is relatively strong
particularly between AP14 and CD_Stage. Figure 5.4 shows the relationship between the two
factors. Although there is some fluctuation the threshold nature seen for both is subsequently
ameliorated to generate a linear relationship. However it is also important to note that this
threshold is highly dependant on the final, highest soil moisture condition and that without this

the relationship breaks down.
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MSMC | SINCE | AP1 AP2 AP5 AP7 AP12 AP14 PD_Stage | CD_Stage DA1_Stage
Survey | (mm) (d) (mm) (mm) (mm) (mm) (mm) (mm) (cm) (cm) (cm)

8th and 9th

March 1 0.63 2 0 0.4 0.8 13.2 13.4 13.4 30.14 28.97 29.22
16th and 17th

March 2 0.58 2 0.2 0.6 0.8 1.2 1.6 1.6 27.19 27.44 27.94
23rd and 24th

March 3 0.69 1 7.8 22.8 23.4 24 24.2 24.2 38.26 37.29 38.54
14th and 15th

April 4 0.54 14 0 0 0 0 94 94 29.30 24.74 24.68
26th and 30th

April ) 0.37 1 0 0.4 0.4 0.4 0.4 0.4 26.55 26.18 26.26
5th and 6th May 6 0.29 4 0 1.2 1.2 3.2 3.2 3.2 25.91 26.85 27.12

Table 5.1: Hydrometeorological conditions for each soil moisture survey.
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Figure 5.3: Relationship between mean soil moisture and stage on the day of survey (CD_Stage).
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5.3 Connectivity Metrics

The connectivity metrics provide a range of responses generating insights into the catchment, the
thresholds and the metrics themselves (Figure 5.5). This range of responses is highlighted by
figure 5.5, which depicts the range and median for each of the thresholds and metrics. The
saturated area (SATAREA) and the contributing area (CONTAREA) showed meaningful differences
between them. Yet this difference varied depending on the threshold that is being presented and
the presence of a buffering factor. The box plots (Figure 5.5) suggested that the SATAREA was
relatively constant across the dp threshold classes. This was consistent with the buffered
SATAREA (SATAREA_BUF). The dp data fell sequentially with increasing threshold value. The low
range suggested that these areas were consistent despite temporal changes. By contrast the sm
classes showed considerable temporal variability with consistent high mean values up to sm40 at
which point the saturated area began to fall. The most active range was sm60 which exhibited
almost the full spatial range across the period of study. The buffering of SATAREA had little effect
on saturated area. However this was not the case for CONTAREA. CONTAREA broadly showed a
similar pattern and range to SATAREA. However the mean ranges particularly for the higher
thresholds were reduced. This was particularly evident for dp50, sm60 and sm70. CONTAREA
showed greater range in the dp thresholds showing the potential for disconnected cells. This is
most pronounced for dp50 which was noticeably lower. The impact of buffering could be seen on
this threshold with the buffered dp50 showing the greatest range of area for the dp thresholds.
However the buffering had a limited effect on the CONTAREA distribution due to the large range

of connection areas.
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The number of saturated clusters (SATCLUST) showed a complex variation across the
thresholds especially for dp. SATCLUST had a progressive increase to dp75 and then fell at
the dp90 threshold. Given the constant value of 1 cluster at dp10 it appears that the
decrease in the number of cells causes a gradual increase in the number of patches which
reaches a peak number and distribution before some of these are subsequently removed
at the 90" percentile. This reflects the normal distribution of this threshold method.
SATCLUST showed a relatively consistent range for sm thresholds although the mean
values remain at 1 until sm50. The consistency of the range and mean for sm and the
distribution of dp suggest that this metric will struggle with the metric analyses due to

their presumption of sequential ranking and linear distribution.

The FRAGSTATS cluster metrics showed more variability than SATAREA and CONTAREA.
The first (CA%) is the rendering of SATAREA as a percentage of the total catchment. This
was found to be consistent with SATAREA. Although this suggests that the potential for
these two metrics are the same the expression of saturated area as a proportion aid the
understanding of the extent to which the catchment is portrayed as connected for each
threshold and in that way it is easier to interpret. However as a result the statistical
differences are negligible. LPI showed similar variation to CA%. As a metric measuring the
proportion of the largest cluster to the whole catchment this metric has little impact at
the lowest thresholds where values above the threshold are more or less completely
interconnected. The Largest Patch Index (LPI) resulted in a similar distribution, for dp
thresholds. SATAREA however displayed a large range at dp50. This differed greatly from
the other dp thresholds that show very low ranges. This is likely to be due the very low
values exhibiting one complete catchment patch and high values being limited to one
large specific constant saturated area. At the 50" percentile however the distribution of
soil moisture appears to vary such that the proportion of the largest patch can range from
97% to 40%. The sm thresholds maintain a similar pattern to those seen for CA% with a
similar range and mean across the thresholds. The Aggregate Index (Al) displayed a much
narrower field of results. Again the same consistent pattern of decrease with increased
threshold values was evident, however the number of adjacencies did not fall as steeply
as previous metrics particularly for dp thresholds. Al showed a consistent level of cell
adjacencies that was not apparent from SATAREA or LPI. This level appears consistent
with sm thresholds showing a limit to the ranges by comparison to the area metrics.
However this pattern is disrupted by sm70. This shows that the soil moisture above these
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thresholds, although rapidly reducing in area, maintains a high degree of spatial
contiguity. DIVISION and COHESION approach the spatially proximal nature of the
threshold cells from opposite directions and get very different results. The DIVISION
metric generates very different results depending on the type of threshold. For dp
thresholds the range is very narrow resulting in a consistent development of increasing
division. Whereas for the sm thresholds the range is very large showing the wide
potential for division particularly for sm40 that exhibits the complete range from 0 to 1.
By contrast COHESION suggests that the cells that are above the threshold have a
tendency to be proximal. The ranges are narrow relative to DIVISION and result in
cohesion values above 50% (i.e. 50% of the cells are in a patch with at least one other

cell). Again this pattern only breaks down when sm70 tends to zero.

With regards to the semivariograms there was a degree of consistency between the three
metrics. They had a consistent pattern highlighting a decrease in cell continuity with
increased threshold level which emphasised the shorter lengths available to RANGE_NS
due to the limits of the catchment. That being said, the range of RANGE_NS is
proportionally greater than that of RANGE_EW and RANGE_OM. Interestingly it is only
this metric where there is a degree of continuity between dp and sm thresholds although
the range is recognisable smaller for dp as it is with all of the other metrics under
investigation. The semivariogram metrics reflect the COHESION results on the continuity

of cells even at high thresholds.

5.4 Metric Analysis and Performance

Table 5.2 displays the combined total for the three analyses of the
metrics. It is apparent from this table that the dp percentile thresholds derived from the soil
moisture distributions of each soil moisture survey were very limited in distinguishing the pattern
of soil moisture that were hydrologically significant. None of the metrics achieved the standard
set by Ali and Roy (2010) of 8 or higher. Indeed a number of these threshold metric combinations
achieved the lowest possible satisfaction score of 3. This appears to be relatively uniform across
the lower thresholds (i.e. dp10 and dp25) irrespective of the metric used. The persistence of these
very low scores into the higher thresholds indicates a very low representation of the conditions in

terms of the catchment response over time. Despite some variation across the metrics using
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these thresholds they all perform comfortably below the desired standard and as a result these

variations are considered to have limited significance.

By contrast the sm absolute soil moisture thresholds showed greater potential with a number of
the metric threshold combinations achieving the required standard. This was found to be limited
to the higher percentage thresholds with no significant thresholds being identified below sm40.
Again the persistence of very low scores (4 or fewer) emerges, however these were more in line
with the mean soil moisture distributions (Table 5.1) and as a result reflect the greater or lesser
extent of the contiguity of the soil moisture across the catchment. Above this, however, at levels
where the most variability was found in soil moisture over the study periods a number of well
performing metrics began to emerge. This was particularly centred on sm70, the highest
threshold. This concentration of high performance is in line with the threshold response seen in
Figure 5.3. SATCLUST is notable for not having a significant score at any threshold. It is also
notable that the more detailed cluster metrics did not achieve a consistently high standard with
Al, DIVISION and COHESION only attaining one threshold recording 8 each. CONTAREA performed
better than SATAREA however there was no significant improvement with either of the buffered
alternatives. There was no clear best performing metric although the semivariograms had a

consistent performance. CONTAREA exhibits the most consistently high satisfaction scores.

96



dp10

dp25

dp50

dp75

dp90

sm20

sm30

sm40

sm50

sm60

sm70

SATAREA

CONTAREA

SATCLUST

SATAREA_BUF

CONTAREA_BUF

CA%

LPI

Al

DIVISION

COHESION

RANGE_OMNI

RANGE_EW

RANGE_NS

OO IW W WWW|dhlhlW (A~

oOgw|idh|lhlWdWwO | DD ID>

OO IW|RlOIIRIW W[~

OlhfWWLWWWO|OI|MOT|W|O1|O

AlWw|lhlWbhlwWwONOIO|AA|WO | O]

OIN([N(WOWWW W W~ w(w

OINOfw o |W|Ah|hlWIlOIT|W |~

O |N|N|wo|(jOIINOTOT|O1 (01|01

O (N[00 |~ |00[(N[0|~N|00 |00 [0 0O |00

N[00 |N (N[00 |00 |wW |00 ([N |[w]|oo

Q0 (0O (0O |00 |O1 |00 (O |W |00 |00 |[O |[W|W

Table 5.2: Combined satisfaction score table for analyses of connectivity metrics

97




5.5 Metrics and Individual Satisfaction Criteria

The coefficient of variation (CoV) generated a far greater temporal variability for sm thresholds
than for dp thresholds (Appendix A) with each of the metrics generating at least an intermediate
result. The greatest temporal variability shown for a metric under the percentile threshold
approach (dp) was CONTAREA_BUF displaying an intermediate level for the higher thresholds.
There was no high temporal variability indentified for any of the metrics using this threshold
approach. By contrast the metric that displayed the greatest temporal variability for constant soil
moisture thresholds (sm) was SATCLUST. This is primarily due to the considerable range between
the single cluster of complete connection seen at low moisture content thresholds by comparison
to the large number of separate clusters at greater thresholds as identified in Figure 5.2. This is
evident from the size of variation seen at sm30 which is due to two surveys showing a large
number of clusters. The exception of the focus of high variability at high thresholds is DIVISION
which actually shows its greatest variations at the lower thresholds. The nature of DIVISION, as a
metric, highlights that even despite the maintained unity of the patches at low thresholds there is
still a degree of separation over time. The reduction at higher thresholds indicates an asymptotic
consistency at higher thresholds of the same areas being consistently present. Al and COHESION
performed the poorest of all the metrics with only one threshold reaching a significant level. This
suggests there is not enough variation from these methods over time irrespective of the threshold
system. Ali and Roy (2010) made the suggestion that an alternative to CoV would be correlation
with MSMC. It was found this was not an improvement on CoV being far more uniform in its
distribution across the thresholds and metrics. As a result this was not incorporated into the

analysis.

Of the two stage records the shorter term response was consistently better represented by the
metrics and was adopted over the medium term response (Appendix A). There was a greater
degree of satisfaction to this analysis than there was to CoV. Indeed there was a series of good
responses at the dp threshold, with RANGE_NS achieving a score of 3 for each of dp10, dp25,
dp50 and dp75. This meant that RANGE_NS was the highest performing metric for this analysis
with only two thresholds not scoring 3. However dp thresholds still perform less well than sm.
There was a great deal of consistency at the high sm thresholds, with the majority of metrics
achieving high Spearman’s Rank coefficients with stage (Table 3.1). However the notable metrics
that did not perform well under CoV also struggled in places here with COHESION and DIVISION
scoring two insignificant thresholds above sm50. The consistency of the semivariograms is borne
through the similar pattern seen between the two types of threshold (Figure 5.5). CA% showed
persistence into sm40 that is not seen in the cluster analyses indicating that there is some

difference between proportion and SATAREA.
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By contrast the antecedent precipitation thresholds showed a different pattern. Here there was
more persistence of satisfaction of the criteria than with the other two thresholds (Appendix A). It
is to be expected that metrics perform better here than against Ali and Roy (2010) as only one
meteorological variable is considered. The dp thresholds perform best for this analysis particularly
for SATAREA and CONTAREA and their buffered alternatives. Interestingly there is a clear
difference between the semivariogram ranges that was not present for the other methods of
analysis. Again for the sm thresholds there is a consistent high satisfaction of the analysis at and
above sm50. However there is a gradation from low thresholds with intermediate thresholds
showing intermediate results. This feature is also not apparent for either of the other two
thresholds. Again SATCLUST is the poorest performing metric with no high level scores. COHESION
is another notable exception with limited correlation with AP14 by comparison to the other
metrics. RANGE_NS again has the best relationship with AP14 with the majority of sm thresholds

being scored 3.

5.6 High Performing Metrics

There were six metrics that scored an objectivity function of nine, the maximum possible. There
were a further 22 that scored eight, a maximum in two categories and an intermediate score.
These are presented in Table 5.3. Due to the large number of metrics that scored 8 their analysis
was not taken any further. The 6 metrics that scored 9 were correlated against the 2 day stage
record and AP14 in order to visualise the relationships that had been identified by the objectivity
function. Figure 5.6 and Figure 5.7 display these relationships. The metrics all showed a strong
linear relationship with the AP14 data. However there is an indication that a critical volume is
required to generate large areas of soil moisture. The values of the metrics seen below 10 mm are
limited to approximately 5000 m? with the contributing patches representing only 10% of the
catchment. Above this level there is a strong increase from all of the metrics with large magnitude
responses increasing between 13 mm and 24 mm (Figure 5.6). There is a significant difference in
the extent to which they increase however particularly between CONTAREA at sm70 (CONT70)
and CONTAREA_BUF at sm60 (C_BUF60) the buffering effect combined with CONT70 being a high
threshold might explain the discrepancy in area. Similarly there is a difference of nearly 10%
between CA% at the sm 70 threshold (CA%70) and LPI at the sm70 threshold (LPI170). The

difference between these two is the area of the catchment that is not part of the largest patch.

The relationship between the metrics and the 2 day stage record give strong support to the
potential presence of a threshold (Figure 5.7). Here the data is clustered around 25 cm with very

low values. There is then a very rapid response between 27 cm and 28 cm, which continues to the
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peak of the data recorded at 38 cm. it is apparent that there is some small scale fluctuation in the

metrics below 27 cm with a range of metric results not correlated to the stage level. This is the

base level measured over the study period with small scale fluctuations in soil moisture not

generating connection to the outlet and increasing flow. Subsequent larger soil moisture reflects

the increase in connectivity and result in higher stage levels. There is some variation but this is

again due to different threshold and metric methods.

Connectivity Metric

Threshold

SATAREA

Sm50

Sm60

Sm70

CONTAREA

Sm50

Sm60

Sm70

SATAREA_BUF

Sm50

Sm60

Sm70

CONTAREA_BUF

Sm50

Sm60

Sm70

CA%

Sm60

Sm70

LPI

Sm50

Sm60

Sm70

Al

Sm70

DIVISION

Sm50

COHESION

Sm70

RANGE_OMNI

Sm50

Sm60

Sm70

RANGE_EW

Sm60

Sm70

RANGE_NS

Sm40

Sm50

Sm70

100

Table 5.3: Table of metrics and
threshold combinations that scored 8
or over. Those metric and threshold
combinations that achieved a
maximum score of 9 are highlighted in

purple.
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Figure 5.6: Graph showing the relationship between 14 day cumulative antecedent precipitation (AP14) and
the high standard metrics. LPI70 and CA%70 were plotted on the secondary right-hand axis as they are

recorded in percent.
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Figure 5.7: Graph showing the relationship between 2 day stage data and the high standard metrics. LPI170

and CA%70 were plotted on the secondary right-hand axis as they are recorded in percent.
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5.7 Network Index and CPNI

By contrast to the complex responses derived from the connectivity metrics, the Network Index
was able to generate spatially meaningful probability predictions as a result of the different soil
moisture conditions (Figure 5.8). Here the persistent soil moisture areas identified in Figure 4.22
were clearly highlighted particularly area A. B was evident in wetter antecedent conditions
however the Network Index did not show strong evidence of connection of C even during very
high levels of saturation. The persistence of flow pathways varied greatly over time. However
there was a degree of spatial connection identified for all of the scenarios. The lateral connection

and the upstream persistence of the channel changed markedly over this period.

The transition between survey 1 and 2 showed the reduction in organised flow towards a uniform
band of relatively low likelihood. Survey 3 showed very high potential for connectivity with strong
connection laterally persisting more than half way up the catchment. This was not just limited to
the active areas identified in Figure 4.22 as secondary areas became active to register as high
connectivity prospects. The difference between survey 2 and 4 is interesting as it showed 4 is
more extensively connected within the channel itself but that 2 has a more uniformly high chance
of connection up the channel. This is despite survey 4 being drier than survey 2 (Table 5.1). The
uniformity of the upstream part of survey 2 suggested that it was wetter than survey 4 but that it
is disconnected. Survey 4 showed a distribution that had soil moisture drier on the whole but was
wet enough in certain places to result in a greater extent to its spatial connection. The difference
in their soil moisture average is very small (4%). This showed the difference than can exist as a
result of the spatial organisation of soil moisture rather than simply the overall average. The
surveys 5 and 6 are the driest and show very low values for the likelihood of connection. Here the
majority of the catchment is estimated at zero. For survey 5 there is a low likelihood of
connection with only active area A and to a lesser extent B influencing that probability upstream.
Survey 6 shows minimal activity with the vast majority of the catchment displaying zero chance of
connection. The area that is present had very low values. The value in this method is that it
shows temporally those flow pathways that are active. This distribution changes with the soil

moisture variation spatially rather than as an average.
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Figure 5.8: Network Index for connection probability values for each of the 6 soil moisture surveys.

Developing from the Network Index, the Cumulative Probability Network Index (CPNI)
accumulates the probability of connectivity as a function of soil moisture using topographic flow
pathways. There is a significant difference between the Network Index and the CPNI. Due to the
accumulation of probability the extent of the flow paths were reduced resulting in a likelihood of
connection as a function of soil moisture. This produced some interesting results. The core active
areas were identified with survey 1 and 3 which also showed secondary and tertiary active
contributing areas. These were mainly limited to 3 areas on the northern slope and the linking
route between the main areas of saturation on the southern slope to the channel. The difference
between survey 2 and 4 remained, although the persistence of connection upstream was greater
for survey 2 than for the Network Index. Although the spatial extent of predicted connection was
still greater for survey 4 the cumulative probability for connection was higher for survey 2. This
shows a complication of the Network Index. The Network Index identified pathways as a function
of the minimum soil moisture value for a route way. This gave a good indication of pathways that
are likely to be persistent however it does not account for the potential for that minimum value
to be superseded by high soil moisture values along its contributing flow path. The CPNI does this
and shows that the potential for areas identified by the Network Index are more likely for survey
two than those wider spatial areas seen for survey 4. Surveys 5 and 6 showed little potential for
connection as the accumulated likelihood from such low soil moisture results in spatially small

areas with low probability of connection.
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Figure 5.9: Cumulative Probability Network Index for connection probability values for each of the 6 soil

moisture surveys.

The CPNI also permits the identification of areas of persistent disconnection. This is particularly
the case in the south-eastern corner of the site which remained disconnected throughout the
study period. The Network Index indicates that this is due to flow pathway orientated eastwards
and is corroborated by slope aspect evidence (Figure 4.4). In addition to this clear ridges of
disconnection emerged between the active contributing areas present both on the northern and
southern slopes of the valley. These vary in size dependant on the antecedent conditions however
they persist in a number of locations at the head of the slopes. It is also notable that the third
area (C, Figure 4.22) of persistent moisture was not connected for any of these soil moisture
scenarios. This was disconnected by intervening dry soil moisture resulting in a curtailing of
cumulative probability 100 m short of the western edge of the catchment. This disparity was also

recognised for the Network Index.
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Chapter Summary

This chapter has presented the results from the metric analysis and model predictions for
hydrological connectivity. It was found that soil moisture was represented best as a discrete
percentile as opposed to a temporal univariate distribution. Soil moisture was found to have a
strong correlation with antecedent rainfall (AP14) and stage data allowing for an objectivity
function to be calculated of a series of hydrological connectivity metrics. A range of these metrics
performed well with SATAREA, CONTAREA, CA% and LPI achieving the maximum score of 9.
Semivariograms and complex FRAGSTAS cluster analyses performed poorly by comparison. These
successful metrics identified a threshold response with antecedent rainfall and stage at
approximately 60 % soil saturation. In addition to this the Network Index and the Cumulative
Probability Network Index developed a good spatial understanding of the catchment and a strong
probabilistic representation of the catchment using both topography and soil moisture. These
results will now be developed and discussed in the following chapter, drawing out conclusion

about the most promising hydrological connectivity approach.
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6.0 Discussion

6.1 Soil Moisture Distribution

Soil moisture has for some time been seen as a pattern generated from topographic forcing
(Weileret al., 2005; Western et al., 2001; James and Roulet, 2007). Developments in the
assessment of soil moisture patterns have led to the perception that they are representative of
hydrological connectivity flow pathways representing active areas for potential surface and
through flow (Meyles et al., 2003). Despite this being challenged by Tromp Van Meerveld and
McDonnell (2005) amongst others as not acceptable across different catchments, this perception
has been increasingly used across hydrology. It is important to consider the flow defining
variability that can be attributed to within the soil itself when deciding the likelihood of issues
arising from the distribution of soil moisture. In the Sykeside catchment the distribution of soil
moisture seems difficult to attribute to topography given the drained nature of the catchment
channel (Figure 4.21). The drained nature of the channel results in a much lower soil moisture
content than the surrounding slopes of the valley. Yet due to the nature of the catchment the
main channel, despite being dry, is clearly identifiable both visually and through slope and flow
accumulation analysis (Figure 4.3 and Figure 4.6). The suggestion that the importance of
topography is undermined in this catchment as a result of this drainage is however misguided.
The drainage of the channel is limited to the channel itself and although this subsequently results
in faster connection to the outflow it does not affect the flow pathways that water takes down
the valley sides short of decreasing the flow time through the drawdown of moisture from the
drier channel soil (Beven and Germann, 1982). There are recognisable core active areas in the
catchment that seem to reflect topographic forcing through slope analysis (Figure 4.6) particularly
where steeper slopes cause funnelling and accumulation onto flatter surfaces. These areas persist
even in low antecedent rainfall conditions (Figure 4.3). Their extent however cannot be explained
by topography alone. Further analysis of the catchment using the Topographic Wetness Index
(TWI) as a simple method of estimating likely areas of high soil moisture was carried out to

ascertain whether it could predict these important active areas (Figure 6.1).

This reflected many of the results identified from the flow accumulation estimation. However the
TWI identifies the contributing area for lateral surface flow. The potential importance of the
frequency of lateral channels in the northwest of the catchment is clear and an element that was
not evident from flow accumulation. The shorter nature of the slope combined with the larger
channel density results in a well drained slope. By comparison the southern slope has fewer
flowpaths that do not penetrate as far into the slope as is the case for the northern slope. On the

basis of this analysis there is a greater likelihood of higher soil moistures, on average, for the
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southern slope. This is in line with the soil moisture distribution that was recorded. TWI also
suggests that the variability in slope angle of the southern slope will have little impact on the
organisation of surface flow. Where the valley is constricted in the east, the number of flowpaths
is greatly reduced. The shape of the slopes in this part of the catchment, particularly on the
southern side, suggest a tendency towards disconnection, although given its relatively high slope
angle flow from the planar surface is likely to be greater than in areas disconnected by lateral
surface organisation further west. The area of high slope angles that was also representative of a
complex aspect distribution shows relatively low connection with very short narrow flow
pathways (A). This suggests that despite the potential for the best connectivity derived from slope
and aspect data, this area is potentially physically disconnected suggesting relatively high soil
moisture should be present here. This also seems to be the case for the area across the channel
on the northern slope (B). The channel itself is consistently highlighted by the TWI, although this is
a truer representation of the channel without the drainage issue. Overall the lower reaches of the
southern slope are predicted to have the highest soil moistures, particularly in the west. The
northern slope has more dense flow pathways suggesting it will be drier overall. The catchment is
predicted to be drier in the east with the narrowing of the channel. The orientation of the south-
eastern corner is shown to accumulate away from the rest of the catchment and this may indicate

the potential for high soil moisture than average for the northern slope.
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Figure 6.1: Topographic Wetness Index for Sykeside Farm generated from flow accumulation estimation. (A)
represents the area of high slope angles seen in Figure 4.3. (B) identifies an area with the potential for high

soil moisture.
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Subsequently the difference between the soil moisture surveys and TWI were calculated to
estimate whether there was significant deviation from the pattern that TWI estimated. Given that
TWI does not represent a temporally variable prediction of soil moisture, the distribution of TWI
instead predicts soil moisture distribution. This can be seen by the large temporal variation seen
in Figure 6.2. It is clear that the range of the distribution is consistent across all the surveys when
calculated as a difference of TWI. This is despite the variability in the expected development of
soil moisture from connected to randomly distributed. There is also a progression in magnitude in
line with soil moisture. However this is not the case for survey one which is lower than would be
expected. However this representation of distribution only serves to highlight the normal
distribution of the soil moisture rather than truly give an indication of the usefulness of TWI to sail
moisture prediction. This discrepancy between TWI and soil moisture gives an insight into where
the assumptions within TWI do not hold. Given that TWI assumes constant depth, conductivity
and connectivity, continuity in soil depth and consistency at this site suggest any difference
between TWI and the soil moisture can be attributed to connectivity. This indicates that the TWI
is not a faultless appraisal of soil moisture distribution and that variability within the catchment

that might be attributed to hydrological connectivity is present.
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Figure 6.2: Topographic Wetness Index differences with each soil moisture survey and a graph showing the distribution of each survey divergence distribution.
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This assessment of the implication of TWI on the soil moisture distribution indicates that there is
certainly a limit to the efficacy of this method, even for a small catchment with a shallow active
soil horizon. Despite the ease with which TWI can be integrated into physical hydrological models
this study questions to what extent its predictions can be trusted. This is not a new conclusion
having been highlighted by a number of previous studies (Western et al., 1999; Bobert et al.,
2001; Sorensen et al., 2006), however the solution to this problem is one that has become a
challenge. The impact of soil moisture particularly in humid temperate climates is significant in
understanding how water flows across a catchment. It is apparent that an understanding of soil
moisture distribution itself is necessary if modelling prediction methods cannot be relied upon to

give a reasonable estimate.

6.2 Metrics

The statistical development of the assessment of soil moisture as a method of estimating
hydrological connectivity has progressed through its advocacy by Western at al. (2001) using and
perfecting initial geostatistical approaches (Allard, 1994). This development has generated an
increasing cohort of papers assessing the potential for metrics in representing catchment
connectivity response (Guo, et al., 2002). The performance of the metrics that were selecting by
this study from this group had varied success and developed these assessments bringing together
the different forms of analysis together using a similar catchment to that used by Western et al.
(2001) to correlate these approaches together in order to ascertain how these methods

compared.

6.2.1 Successful Metrics

The metrics that proved to be successful were limited to the higher soil moisture (sm) percentile
thresholds (Table 5.2). There were four distinct metrics that achieved 9 on the objectivity
function. This level wasn’t not achieved by Ali and Roy (2010) when they made similar metric
assessments for the Hermine catchment. There is likely to be some discrepancy between the two,
however, due to different meteorological analysis approaches. In addition to this their study
required a multiple depth consideration that was not applicable for the Sykeside catchment. That
having been said it is important to ascertain the transferability of metrics, highlighted in the
Hermine study, between forested and grassland catchments. The successful metrics identified by
Ali and Roy (2010) are displayed in Table 6.1. It is immediately apparent that this table is
dominated by semivariograms. The simpler areas based approaches that were used only appear

on two occasions at high sm thresholds (sm50 was the highest thresholds for sm for the Ali and
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Roy (2010) study). This is in stark contrast to the results this study which has a broad range of
metrics that satisfy the criteria of the objectivity function. Indeed all the metrics but SATCLUST
achieved a thresholds response of 8. The presence of SATCLUST in Table 6.1 is interesting given its

poor performance in this study.

Depth Connectivity Metric Threshold
5cm RANGE_NS cp50
RANGE_NS sm20
15¢cm RANGE_OM cplo
RANGE_EW cp10
RANGE_NS cp25
SATAREA sm50
SATCLUST sm50
30cm RANGE_NS cp25
45cm RANGE_OM cp90
RANGE_EW sm50
RANGE_EW sm40

Table 6.1: Successful connectivity metrics for the Hermine catchment, Quebec. Metrics that are
not included in this study are omitted. “cp” is a distributed multivariate threshold derived from
normal distribution percentiles based on depth. This is a depth equivalent to dp that is seen in this
study. Although this method is not relevant to this study those metrics that performed well for

this threshold form have been included. Adapted from Ali and Roy (2010).

The best performing metrics for this study were instead orientated towards simpler area based
metrics (Table 5.2) like SATAREA and CONTAREA. The metrics that were investigated clearly
highlighted the threshold distinction seen in the rainfall and stage data. This is not apparent from
the MSMC (mean soil moisture content) itself (Figure 4.23) which shows a good distribution of
values between the recorded range of 0.7 m®*m™ and 0.3 m®*m. Therefore it was interesting that a
range of the metrics, although based on soil moisture thresholds, reflected this threshold

distinction.
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The presence of saturated area (SATAREA) reflects very much the short nature of the surface flow
pathways of this catchment. Although SATAREA is seen as one of the significant metrics tested by
Ali and Roy (2010) it was not expected that SATAREA would perform as well as contributing area
(CONTAREA). This is broadly the case with SATAREA given that it is not being found to have the
same level of significance at the sm60 threshold, however this is a relatively small difference
compared with other metrics. It is likely that this symmetry indicates that both saturated area
metrics are representative of each other. It also shows that saturated area as a whole reacts
rapidly with limited examples of stranded unconnected area of saturation. Had this been the case
SATAREA would not have performed so well. However the fact that it was not at the same level as
CONTAREA suggests that there was some discrepancy between the two. The importance of soil
saturation area for hydrological connectivity has long been established (Burt et al., 1985; Stieglitz
et al., 2003). In larger catchments with deep soils the distinction between saturated area and
contributing area is more important with most models focussing on contributing area as a likely
representative factor for hydrological connectivity (Quinn et al., 1991). However in catchments
with shallower soils or with shorter flow paths this difference is much less (Ogden and Watts,
2000). The result of this metric agrees with this hypothesis given that the potential connectivity
length in this catchment is not so great as to exclude saturated unconnected areas of the
catchment. Instead the process is more a progressive wetting up that is similarly represented in
SATAREA and CONTAREA. It might be suggested that given CONTAREA is the best performing
metric, that modelling approaches like Topographic Wetness Index (TWI) can be considered as a
representative method of estimating soil moisture distribution. However there is a distinct
difference here between a statistical function based on a cumulative topographic area and that
area which is saturated above a threshold and topographically connected to the channel. The
incorporation of the soil moisture distribution itself instead indicates that the contributing area as
defined by soil moisture is significant in predicting hydrological connectivity but that topographic

methods of estimating this are not sufficient as suggested by Figure 6.2.

Interestingly the other two metrics were also focussed on simple area measures. These were the
only metrics from the cluster analysis from FRAGSTATS to be significant for all three modes of
analysis. The presence of class area, a proportion based saturated area metric (CA%) is not a
surprise with it being largely a different representation of SATAREA. However CA% consistently
performs less well. This indicates that the proportion does not convey as much information. The
limited range that is present for many of the FRAGSTATS metrics (either as a percentage or as a
function between 0 and 1) buffer the expression of threshold changes. In this way not only have
many of the metrics performed less well as part of the coefficient of variance their range is not
sufficient to distinguish an adequate relationship with antecedent precipitation (AP14) and stage

data (Table 5.2).
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The last of the four metrics was the Largest Patch Index (LPI: the largest patch as a proportion of
the catchment). The fact that the largest patch showed a consistent representation of the
catchment shows the degree to which the catchment changed over time. Given that the
catchment was often one complete patch the representativeness of this metric at low thresholds
was unlikely. However its relevance at high thresholds where LPI effectively represents the degree
to which the largest patch represents catchment factors, was very high. This is not what would be
expected in larger catchments where patches are hillslope specific. However if you consider a
catchment as a mosaic of hillslopes the largest patch is often the most important as it represent
the largest contributing flow path (Bronstert and Plate, 1997). As a result the good results for LPI
show that the catchment has a temporal variation in organisation. However this patch is not
necessarily connected to the channel. Although the form of this catchment suggests that that is
likely this could not be assumed on other hillslope surfaces. Instead, this method represents a
form of sampling whereby the largest patch becomes a proxy for saturated area as a whole.
However more specifically to this catchment LPI represent the degree to which a number of
persistent active areas are connected (Figure 5.2). The relationship between LPI and hydrological
connectivity is complicated and it is not a metric that can be presumed to be immediately
transferable to other sites even with similar flow regimes. For this catchment it is an
amalgamation of the expansion and contraction of the most persistent active area under low
saturation conditions with larger scale connected contiguous groups under high saturation
conditions. This balance is good for this study because of the consistency of large saturated areas.
Even if there was no spread between persistent areas of saturation, then the expansion and
contraction of that patch would reflect the hydrological conditions. The additional inter-patch
connection enhances this metric in wet conditions. The problem with translating this metric to
other catchments is largely because there is not a topographic element to this metric identifying
whether links between patches would have a resultant impact on hydrological connectivity. This
method could however be very useful in identifying gullies from soil moisture and subsequently
identifying the migration of soil moisture within the gully and into the gully itself from

contributing areas as a single hydrological unit.

The metrics that satisfied the objectivity function for this study were few and limited to simple
area based methods. Although these are documented in Ali and Roy (2010) there are not the
metrics that are considered to have the most potential for soil moisture connectivity metrics.
Thus it is interesting to develop why it is that the other more complex metrics did not meet the
criteria set out to find the best metric and what implication this has for them as methods for

ascertaining hydrological connectivity.
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6.2.2 Non-Hydrologically Representative Metrics

Of the 11 distinct metrics five achieved a nine (out of nine) in the objectivity function (Table 5.2).
Of the five that were successful, none developed in complexity beyond area measurements. The
other six metrics that were not successful represented the more diverse and methodologically
detailed soil moisture assessment but failed to represent temporal variability, stage and
antecedent rainfall data adequately. These are broadly defined as cell adjacency cluster analyses
and semivariograms. This is not to say that these performed uniformly badly as there are a range
of results. Itis also important to note that each of these metrics had threshold examples, notably
sm70, where their performance was relatively high. However the fact that simple metrics
outperformed these approaches calls into question the use of complex assessment methods to
ascertain hydrological connectivity when their performance cannot match that of simple area

estimates.

The cell adjacency cluster analyses of the Adjacency Index (Al), COHESION and DIVISION struggled
to represent the catchment in a manner that satisfied the three objectivity function analyses.
Each of these methods attempts to ascertain the uniformity of the cells above the threshold by
either assessing the degree to which the cells are physically adjacent to one another (Al) or as a
function of individual patch areas (DIVISION and COHESION). Temporal variation across
catchment responses was a key failure of these methods generating results that did not
sufficiently distinguish between different soil moisture conditions. A notable exception of this was
DIVISION, which showed high variation for the low sm thresholds which unlike all of the other
metrics declined in variability with increasing threshold (Appendix A). However this was because
of the inverse nature of the metric. These methods were not sensitive enough to the changes
across the catchment. Despite considerable temporal changes between soil moisture surveys the
degree of difference resulting from these metrics was not sufficient. It is this lack of temporal
distinction that causes these metrics to underperform as the results from analysis against
antecedent precipitation and stage were consistent with the simple area based metrics. An
explanation for these poor performances is that given these methods look to test how cohesive
the patches above the threshold are, it suggests that the persistence of key active areas in the
catchment, that were consistently present across the thresholds (Figure 5.2) affected the efficacy
of these approaches. This is emphasised by the COHESION metric (a function of individual patch
area perimeter ratio with total surface area) which showed the lowest amount of variation of all
of the metrics and is supported by the variation for Al which is similarly poor. This poor variation
undermines any potential significance with the two hydrology variables as the relationship is likely

to be false.
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Clearly the impact of soil moisture organisation, especially the potential for active areas that
expand and contract as part of temporal moisture variation, can have a significant impact on
metrics designed to statistically assess cluster distribution. The organisation of the threshold data
was too consistent for these methods to conclusively identify difference between them. This was
the case irrespective of whether area and perimeter ratios (COHESION) or cell adjacencies (Al)
were used. This is of particular importance when considered in conjunction with the growing
importance of the “active area” concept (Ambroise, 2004). This idea is gaining increasing
importance especially regarding soil moisture. As a result the potential for using this approach to
estimate at risk areas for water, nutrient and sediment transport within a catchment is growing
(Newson, 2010). It is not feasible to have metrics that cannot cope with persistent organised soil
moisture particularly in shallow soiled temperate catchments for which hydrological connectivity
is so important. Active areas are an important feature in discerning and identifying areas of
hydrological connectivity and these cluster methods sensitivity are greatly reduced by their

presence, rendering them of little use as a hydrological metric.

The other notable, and perhaps more significant, metric that proved unsuccessful in this study
were the semivariogram based metrics. These have proven to be something of a corner stone to
the geostatistical analysis of soil moisture in recent years (Badossy and Lehmann, 1998; Wang et
al., 2001; Herbst and Diekkriger, 2003) despite suggestions that they do not necessarily derivate
between different connectivity conditions (Western et al., 1998). Although semivariograms are
increasingly used as part of more developed connectivity metrics like Western et al.’s (2001)
integrated connectivity scale length, the indicator semivariograms are very much a part of
identifying potential connectivity variation using soil moisture and subsequently is being
increasingly tested to ascertain whether they generate a significant response (James and Roulet,
2007). The semivariograms for this study reflected the results seen in earlier investigations on
grassland catchments (Western et al., 2001) with continuity increasing with wetness. The
omnidirectional range (RANGE_OM) was found to be very similar to that of RANGE_EW largely
due to the influence of the channel. The RANGE_NS was significantly smaller due to the lower
potential distance. In the context of previous studies the ranges were in line with the separation
distances found by James and Roulet (2007) between 100 m and O m. This is relatively low by
comparison to previous studies of this nature where ranges of up to 990 m have been found
(Western et al., 2001). However this is likely to be a result of the catchment being relatively small
and it is similar to results from Meyles et al. (2003) of 8 m to 180 m on a grass and peat

dominated catchment.

There is a strong similarity between spatial (sm) and temporally distributed (dp) thresholds in

terms of the shape of the distribution across the thresholds (Figure 5.5). However the range of the

115



results between the two threshold forms is much smaller for dp and as a result shows it to be less
dynamic. This is reflected by poor coefficient of variance performance (Appendix A). The
performance of semivariograms is limited in this study largely due to temporal variation at high
sm thresholds. The consistency of the signal distribution across the thresholds results in the best
performance with the antecedent precipitation and stage data of any metric. Unusually this
persists beyond lower sm thresholds that sm50. This is because there is inherent variability of soil
moisture data that is above the threshold. This gives a dynamism to this metric that is not present
for the other metrics as it addresses actually soil moisture values above the threshold as opposed
to simply identifying binary results above or below thresholds. As a result it appears that
semivariogram ranges are good at correlating with stage and antecedent responses but that these
ranges are limited in their potential distribution. This results in representative ranges that do not
have sufficient sensitivity to give a distinct signal. The muted nature of these relationships leads

to semivariogram ranges failing to meet the criteria of the objectivity function used for this study.

This lack of temporal variation is not seen in Ali and Roy (2010) where range data (both directional
and omnidirectional) were found to have threshold results that were over 100% (Figure 3.1).
However they found that they performed particularly poorly when representing discharge. The
efficacy seen in this study might be due to its small size resulting in flashy stage that takes a very
short time to manifest rainfall. This would explain the strong correlation between stage and
rainfall and could explain why problems that Ali and Roy (2010) experienced regarding
representativeness with discharge are absent here. This does not undermine the conclusion
however that temporal variability in this catchment was not adequate to distinguish different
hydrological conditions sufficiently. This, in combination with other studies highlighting that
semivariograms shows continuity rather than connection (Western et al., 1998) and problems
regarding representation of hydrological response (Ali and Roy, 2010), challenge the wide ranging
use of this method. That is not to say that this study conclusively proves that semivariograms
cannot be use as clearly here and in Ali and Roy (2010) the difference was not so significant as to
make that assertion. Yet it is clear although having potential as an initial indication of change in
soil moisture distribution it is not a sufficiently rigorous metric for representing hydrological

connectivity itself.

The exception from these two groups is the persistent poor performance of SATCLUST (humber of
saturated patches). It is an exception in that it fits neither nonhydrologically successful group and
that it is the only metric tested that did not meet the intermediate criteria (a score of 8 on the
objectivity function) at any threshold. This is of particular interest because Ali and Roy (2010)
identified it as significant for their study. SATCLUST is fundamentally related to saturated area

(SATAREA) as it uses this to calculate the number of patches. Yet the good representation of
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hydrological condition found using SATAREA is not present for SATCLUST. SATCLUST is arguably
the simplest metric that was used yet the difference in its representativeness between this study
and Ali and Roy (2010) are substantial. This is likely to be due to the manner in which the soil
moisture is distributed and highlights the difficulty of identifying metrics that can be used across
different hydrological conditions. Ali and Roy (2010) found that SATCLUST showed a high degree
of variability irrespective of the threshold used. This was not the case to the same extent in this
study with high variability only being seen for soil moisture thresholds (sm) (Appendix A) proving
to be one of the most temporally variable of all the metrics. The problem with SATCLUST in this
study was the propensity for the metrics itself to be normally distributed. With such a small
catchment containing a large range of hydrological conditions the range tended towards 1 cluster
at each end of the soil moisture spectrum. In other words the peak cluster number was not the
least hydrologically connected condition. The dominance of key active areas in dry conditions
provided a limit to which clusters could form. This resulted in a tendency for the data to move
from a cluster number of 1 at low thresholds where the catchment is one patch through an
increase of cluster number as the patches disconnect. At a critical point the number of patches
would peak and then the SATCLUST value would decline. This results in a strong temporal
variation but a poor response to the other methods of analysis that assume a linear response.
These results bring into question the use of integer number of soil moisture patches in locations
where there is the potential for a normal distribution over the range of hydrological conditions

expected, especially if that is not explicitly addressed.
6.3 A way forward: Cumulative Probability Network Index

The results of the metric analysis highlight the difficulty in creating connectivity metrics that can
generate results that are representative of the hydrology of a catchment or hillslope. Although
metrics were identified that passed the objectivity analysis these were simple areal estimations
that do not develop the understanding of the hydrological connectivity in a catchment, instead
providing simple corollaries of mean soil moisture. Those metrics that provided more information
about either the distribution of soil moisture clusters or continuity struggled to represent the
catchment satisfactorily for the necessary range of hydrology parameters. Although further
development of connectivity metrics are being developed, particularly from the connectivity scale
length of Western et al. (2001) progressing from Euclidean distance towards hydrological distance
through topographic flow pathways (Ali and Roy, 2010), the potential for simple computed

metrics are limited in their expression of the catchment.

The potential solution that has been suggested is using topography to estimate potential flow
paths through the rate determining step (i.e. the lowest value along a flow path) (Lane et al.,

2004). By combining this topographic, yet temporally sensitive, approach with the identification of
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the need to represent hydrological connection as a probabilistic function instead of a discrete
threshold (Ali and Roy, 2009), a better understanding for spatial variation can be established. This
is of particular importance especially regarding connectivity metrics because the characterisation
of connectivity through a single value metric greatly reduces the knowledge of spatial flow

distribution itself.

The Network Index results show that, through using a soil moisture derived probabilistic
connectivity distribution, spatial patterns that are otherwise lost in single threshold driven
analysis re-emerge. The distribution seen identifies area where flow is curtailed and limited as a
result of topographic flow pathway limitations. Thus potential flow can be identified, better
disseminating, spatially, the impact of certain surface soil moisture conditions and how those
impact on the likelihood of connection across the catchment. Using the Network Index definite
areas of potential connection are identified. However this only shows the individual cell likelihood
of connection and does not address the cumulative effect of soil moisture along flow pathways
that are present and the extent to which these manifest themselves in different conditions. Due
to the nature of the Network Index it provides the indicative cells from which hydrological

connection can emanate.

Subsequently, the Cumulative Probability Network Index (CPNI) develops the Network Index
approach by giving an indication of which areas will connect as a result of the accumulated
probability of the soil moisture. Thus this method highlights those flow pathways that are likely to
connect to the channel rather than the potential flow pathways. This specifies areas of potential
connection from the Network Index to highlight those areas where topography and soil moisture
conditions are most favourable for connection. As a result clear areas emerge as being
significantly active and contributing as a function of both topography and soil moisture over time
(Figure 5.9). Although these can be seen as a result of the Network Index the extent of their
impact on the catchment is dependant as much on the spatial distribution of soil moisture as on
topography, making the effect of antecedent conditions more readily apparent. This method
combines easy to measure structural topographic data with important temporally variable
functional soil moisture data to give a combined estimate of hydrological connectivity. This
combination is an important step forward in providing a realistic representation of hydrological

connectivity (Bracken and Croke (2007).

This CPNI method could be developed by testing this model on larger scale catchments with
different land uses, to ascertain how well the model copes with longer flow pathways with a
greater lag time. Through doing this the model could be more rigorously tested regarding

different flow regime, particularly given that the rainfall conditions during this study were
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relatively dry. The effect of longer lag flow paths would be particularly interesting to see whether

the model would still accurately represent temporal variation of active areas.

Chapter Summary

It is apparent that the metrics outlined in this chapter go a long way to identify the potential for
hydrological connectivity via different temporal and magnitude thresholds of soil moisture. Well
performing metrics were identified satisfying statistical temporal, hydrological and meteorological
analyses. These results were further developed by the introduction of the Cumulative Probability

Index that promoted the index form as a promising method to estimate hydrological connectivity.
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7.0 Conclusions

Hydrological connectivity has the potential for wide ranging implications for hydrological study.
Developments in the philosophical approach to how hydrological science is performed have
opened the door for innovative concepts and theories that aim to unify hydrological knowledge.
Hydrological connectivity has emerged as a unifying idea, with the potential to combine structural
landscape features with variable temporal antecedent and rainfall conditions. The measurement
of connectivity has proven to be challenging not least because temporal conditions are very
difficult to measure. Soil moisture has emerged as a relatively simple way of hydrological
connectivity estimation in shallow soiled catchments. Subsequently there has been an increase in

the use of metrics to represent hydrological connectivity as a function of soil moisture.

This thesis tested a number of these metrics to ascertain their efficacy relative to temporal
variability, antecedent rainfall and stage data. Each metric was subject to a range of soil moisture
thresholds in order to identify connectivity thresholds and to see the effect this had on metric
performance. It was found that soil moisture distribution thresholds were very poor at
representing connectivity in the catchment with none of the metrics achieving high results for the
metric analysis. Discrete soil moisture percentages performed much better with high soil moisture
values distinguishing connectivity across a range of metrics. The simple area based metrics
performed the most consistently with a high level of satisfaction being achieved by saturated and
contributing area estimation. This indicated the highly representative nature of soil moisture with
hydrological connectivity through strong correlations with antecedent rainfall and stage data. By
contrast more complex cluster analysis methods failed to temporally differentiate the soil
moisture conditions as a result of persistent active areas. This undermined their performance as a
whole and highlights their fragility when there is enduring continuity in soil moisture distribution.
Semivariograms also struggled to differentiate the soil moisture despite correlating strongly with
stage and rainfall data. This was not sufficient evidence to undermine the assertions made by
Western et al. (2001) about the usefulness of semivariograms for estimating the changes in soil

moisture distribution but did cast doubt on their efficacy in different environmental condition.

The method that was found to be the most promising for estimating hydrological connectivity
from soil moisture was a model derived from the topographically based Network Index. Although
the Network Index was successful at identifying potential flow paths and the degree of likelihood
of their connection the Cumulative Probability Network Index (CPNI) identified the accumulated
probability of flow pathway connection as a function of the soil moisture. This provides a far more
specific and rigorous estimation of hydrological connectivity as a direct function of soil moisture.
The combination of topographic and soil moisture input data and the cumulative nature of the

probability function that it creates presents an excellent combination of structural and functional
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connectivity information that is key to generating an authentic hydrological connectivity
estimation. Through this source areas for overland flow can be identified with the development
potential in the future to include through flow estimation. The CPNI provides a great deal of
potential for the estimation of hydrological connectivity particularly in shallow upland catchments

identifying active pathways and areas specific to antecedent moisture conditions.
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9.0 Appendix A — Objective Connectivity Scores

CoV

CoV SCORES

dp10 | dp25 dp50 dp75 dp90 sm20 sm30 sm40 sm50 sm60 sm70

SATAREA 291 3.39 7.27 4.32 8.25 4.58 30.93 52.14 71.44 99.07 130.13

CONTAREA 4.07 5.35 18.09 44.23 59.56 4.58 41.07 68.60 81.46 135.58 | 188.37

SATCLUST 0.00 | 75.87 24.78 10.40 17.71 0.00 158.75 | 144.08 | 111.70 | 107.76 86.00

SATAREA_BUF | 2.71 3.24 7.15 4.28 8.08 4.32 30.19 51.39 70.86 98.02 129.43

CONTAREA_BUF | 2.71 3.69 32.20 79.59 64.30 4.32 38.50 61.92 77.72 120.54 | 192.35

CA% 3.29 3.82 6.74 4.70 8.89 4.02 30.39 51.94 71.07 98.74 | 129.47
LPI 3.29 | 4.32 25.23 5.03 8.52 4.02 21.86 15.55 71.05 93.75 | 118.09
Al 348 | 4.34 7.10 2.50 19.00 4.04 17.85 | 2715 | 2856 | 45.32 81.21

DIVISION 23.46 | 9.65 6.88 0.37 2.96 232.87 | 163.75 | 132.16 | 73.33 37.51 4.76

COHESION 0.05 | 0.22 4.15 5.26 9.52 0.06 5.61 12.21 22.69 41.31 83.77

RANGE_OMNI [ 47.92 | 24.91 22.98 27.01 57.21 87.48 46.71 52.64 59.68 79.71 85.98

RANGE_EW [ 3651 | 17.78 23.86 21.29 41.38 73.99 42.57 44.93 56.66 79.44 91.10

RANGE_NS 29.83 | 27.79 31.94 34.96 60.46 47.63 47.31 50.33 65.09 82.35 93.06

Objective Function: Black=1 Red=2 Purple=3
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Stage

Q(SHRT) SCORE

dp10 dp25 dp50 dp75 dp90 sm20 sm30 sm40 sm50 sm60 sm70

SATAREA 0.00 0.00 0.00 0.51 0.59 0.00 0.00 0.00 0.77 0.77 0.86
CONTAREA 0.00 0.00 0.00 0.00 0.60 0.00 0.00 0.00 0.77 0.77 0.81
SATCLUST 0.00 0.00 0.00 0.00 0.00 0.50 0.00 0.00 -0.66 -0.71 0.51
SATAREA_BUF 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.77 0.77 0.64
CONTAREA_BUF | 0.00 0.00 0.77 0.00 0.00 0.00 0.00 0.00 0.77 0.77 0.64
CA% 0.00 0.00 0.00 0.60 0.54 0.00 0.00 0.71 0.77 0.77 0.81

LPI 0.00 0.00 0.00 0.66 0.54 0.00 0.00 0.54 0.77 0.77 0.81

Al 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.71 0.77 0.81
DIVISION 0.00 0.00 0.00 0.00 -0.69 0.00 0.00 0.00 -0.77 -0.77 0.00
COHESION 0.00 0.00 0.54 0.00 0.00 0.00 0.00 0.00 0.00 0.77 0.81
RANGE_OMNI 0.71 0.63 0.60 0.60 -0.20 0.71 0.77 0.77 0.71 0.81 0.81
RANGE_EW 0.71 0.63 0.60 0.60 -0.20 0.71 0.77 0.77 0.71 0.81 0.81
RANGE_NS 0.80 0.73 0.77 0.81 0.26 0.64 0.71 0.76 0.77 0.81 0.81

Objective Function: Black =1
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Red=2 Purple=3




Antecedent Precipitation

AP14
dp10 dp25 dp50 dp75 dp90 sm20 sm30 sm40 sm50 sm60 sm70
SATAREA 0.61 0.63 0.54 0.71 0.62 0.39 0.51 0.57 0.71 0.90 0.94
CONTAREA 0.56 0.63 0.46 0.78 0.65 0.39 0.49 0.59 0.72 0.95 0.92
SATCLUST 0.00 -0.47 -0.59 0.37 0.46 0.00 -0.47 -0.57 -0.58 -0.31 0.54

SATAREA BUF 0.63 0.66 0.55 0.71 0.66 0.39 0.51 0.57 0.72 0.90 0.94

CONTAREA BUF | 0.63 0.77 0.47 0.23 0.78 0.39 0.49 0.57 0.71 0.92 0.91

CA% 0.46 0.49 0.54 0.59 0.55 0.32 0.50 0.57 0.69 0.90 0.94
LPI 0.46 062 | 006 | 0.73 0.61 0.32 0.57 0.52 0.71 0.83 0.93

Al 032 | -004 | -019 | 016 | -018 | 0.39 0.49 0.54 0.74 0.77 0.76
DIVISION 046 | 062 | 030 | 018 | -025 | -032 | -053 | -057 | 077 | -094 | -0.85
COHESION 0.46 0.66 0.40 0.15 0.18 0.32 0.35 0.47 0.55 0.63 0.78
RANGE OMNI | 026 | -045 | -045 | -025 | -017 | 0.34 0.54 0.54 0.85 0.76 0.72
RANGE_EW 0.58 0.52 0.44 042 | -036 | 054 0.84 0.87 0.59 0.72 0.76
RANGE_NS 0.68 0.60 0.62 0.69 0.00 0.74 0.70 0.73 0.81 0.69 0.76

Objective Function: Black=1 Red=2 Purple=3
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