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Abstract

The STAMINA (Stability And MlItigatioN of Arable systems in hilly landscapes) model is a new
crop yield model than takes into account the impact of terrain on crop growth. The ability to
model yield variations as a function of terrain can help policy makers plan for potential changes
in climate. In its original form the STAMINA model is too complex to be run at a regional extent.
The literature pointed to the key drivers of crop growth being linked to water availability in the

landscape. The research was therefore split into two sections.

The first section outlines the investigation of soil moisture in the landscape. Two field
experiments were undertaken. The first measured surface soil moisture at over 100 locations,
using a Delta-T ThetaProbe on eight occasions in three different fields. The results from
regression models showed that up to 80% of the variation in surface soil moisture can be
explained using 1:10,000 taxonomic soil units. Radiation and wetness indices combined
explained a maximum of 41% of the variation. These variables also explained significant
additional variation when combined with 1:25,000 soil units. The second experiment measured
soil moisture at six depths from 100 mm to 1 m at 38 locations in two fields using a Delta-T
profile probe. Regression models showed that 1:10,000 taxonomic soil units combined with depth
explain up to 67% of the variance in soil moisture. These results highlight the importance of the

drainage characteristics of the soil profile in determining soil moisture content.

The second section focuses on the development of an index approach to apply the STAMINA
model at a regional extent. This method and STAMINA version 1.8 were tested on three
representative catchments in a 10 km” area of Bedfordshire. They succeeded in highlighting
similar areas of the landscape that are at risk from low yields. Grid size analysis suggested that a
grid size of 100 m was sufficient for running the index based version of the STAMINA model.
This still maintained an accurate representation of the topographic features that control the
modelled yield variability. Further investigation into the soil hydrology module in STAMINA
version 1.8 suggested that predicted yield was very sensitive to a change in the way soil water

drainage was modelled, in particular the potential for a soil to recharge over the winter months.
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“I lift up my eyes to the hills,
Where does my help come from?
My help comes from the LORD,
The maker of heaven and earth.”

Psalm 121 v1-2

(Holy Bible, New International Version)
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1 Introduction

1.1 Agriculture and climate change

Agriculture in the 15 member states of the European Union (EU) (as at August, 2003)
employed on average 4% of the population (Eurostat, 2005). In the United Kingdom
(UK), in 2003 it employed over half a million people and contributed £7.9 billion to the
economy. In the UK 77% of the total land area is used for agriculture and almost 20% for
arable crops (Office of National Statistics, 2205). It is therefore important to understand
both the processes that influence crop yield énd assess the risks to farming in the context

of the projected changes in climate. The National Union of Farmers (2005) state that:

“It is critical to an industry so dependent on climatic conditions to be aware of the

changes and how to tackle them”

The general trends in the UK climate are expected to be that
e CO, concentrations and temperatures increase;
e Precipitation decreases in the summer and increases in the winter months;

e There will be an increase in the occurrence of extreme events Hulme ef al.,

2002).

An example of such an extreme event occurred in the summer of 2003, when a severe
drought significantly decreased the yields in crops across Europe (EC, Joint Research
Centre, 2003). Changes in climate are not only expected to influence yield but also
management practices in agriculture. Many of the expected changes are linked to soil

water contents (National Union of Farmers, 2005). These include:
e Decrease in summer soil moisture resulting in an increased need for irrigation;
¢ Increased drainage to prevent water logging

e Inability to work the land without damaging soil structure.
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It is important for scientists to understand soil water dynamics in agricultural land and
how these may change as a result of changes in climate This knowledge can then be used
to offer advice to farmers and policy makers on management strategies to mitigate against
the risks for farming in the future. These risks have been identified as particularly
important in hilly landscapes (Richter et al., 2003). This research examines water
dynamics in hilly agricultural land and assesses the effect of water availability on crop

yields in hill slopes using modelling techniques.
1.2 Impact of terrain on agriculture

Crop yield in undulating and hilly landscapes, has been shown to be a function of soil
properties, including texture and drainage characteristics These factors control soil
available water (Irmak et al., 2001, Pachepsky e al., 2001). Soils often display properties
in the form of topo-sequences where properties are linked to terrain due to the
development and movement of soils within slopes (Brady and Weil, 1998). The change in
drainage properties down a slope is also a recognised phenomenon and groups of soils
with the same parent material which display this characteristic are known as a sdl catena
(Brady and Weil, 1998). It follows then if yield is a function of soil properties and soil
properties are driven by terrain that yield should be significantly correlated with terrain
variables. This has been shown in several studies (Zeleke et al., 2004, Pachepsky et al.,
2001). Igbal et al., 2005 showed that a combination of terrain and soil properties
explained up to 80% of the yield at a field scale.

Climate is a major driver of crop growth. In hilly landscapes the climatic effect is
modified by topography. Hence the relationship between landscape characteristics and
yield is important as it changes the risk of farming in hilly landscapes compared to
farming in areas of low relief. The relative spatial distribution of yield in an area is not
necessarily stable in time. It is noted that in depression areas and at the base of hill slopes
excess water can cause very low yields in wet years (Pachesky el al,. 2001, Kravchenko
and Bullock, 2002 Kaspar ef al., 2004,) and yet these can be the most productive in dry

years, the converse being true of convex areas (Jaynes ef al., 2003). The variability of
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yield within a field is shown to be higher in years of increased water stress (Kravchenko
et al., 2005) and it is suggested that topographic effect on yield is at a maximum in

extreme meteorological conditions and topography (Kravchenkoand Bullock, 2002).
1.3 STAMINA project — context

Crop growth and crop yields have been shown to be a function of terrain in many small
scale academic studies as outlined in the previous section. A national assessment as part
of the STAMINA project (STability And MlItigatioN of Arable systems in hilly
landscapes) (http://www.rothamsted.bbsrc.ac.uk/aen/stamina/), which is a European
Commission (EC) funded project (Project Number: EU-QLK-2002-01313) based on
extensive long term arable farming records in Romania, clearly showed the effect of
terrain on the agricultural productivity of land. This showed the effects of slope and
aspect on yield values, with south facing and shallower slopes showing higher yield
values. This study was one of the major drivers in the STAMINA project (Simota, 2006,

personal communication).

The ability to predict drought or water logged conditions gives the potential for the
classification of land as suitable or unsuitable for agricultural use (Naden et al., 2000).
STAMINA, examines the modelling of crops within hilly landscapes (Boxl.1).
Traditionally crop growth models assumed a flat surface the new approach in the
STAMINA project was to create a model that accounted for the variation in crop growth
which was driven by terrain. The aim was to create a model that could be run for past and
future climate scenarios at a regional level and to assess the changes in yield and other
agro-meteorological indicators at a regional extent (Richter et al., 2003). The new
approach taken in STAMINA integrates crop, micrometeorological and soil water balance
models with a Digital Terrain Model (DTM) in a Geographic Information System (GIS)
environment. This then leads to the development of risk indicators for crop growth, which

include the effects of terrain.
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In order contribute to the understanding of the risks of farming in hilly landscapes the
STAMINA model needs to be run at a regional level. If this is possible then the model
can be used to make assessments and inform policy makers of changes which may occur
in the future, as a consequence of climate change, and to estimate how those potential
changes, outlined in section 1.1, will effect hilly regions. In its current form the model is
too complex to run at a regional level as it takes several days to run fora few hundred
cells. The first part of this research addresses the drivers of the spatio-temporal variability
in soil moisture and how data available at increasing spatial extents affects the ability to
model these variations. The second part investigates a method to apply the STAMINA

model at a regional extent and addresses the issues of scale and data availability.

The STAMINA project team agreed that an index based approach was the most
appropriate way to simplify the model formulation in order to apply it at a regional extent
and developing this method was a deliverable of the STAMINA project. However
regional simulations using the STAMINA model have not yet been undertaken due to
problems with code development and issues linked to more general model Hrmulation.
Some of these were analysed as part of this research and are outlined in chapters 6 and 7.
The work carried out for this thesis is set in the context and challenges of continual model
development. The detailed sensitivity analysis outlined in chapters 6 and 7 was developed
by the author from problems in the model formulation identified in collaboration with

project partners.
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“Climate change is very likely to enhance drought and temperature stress, which — as both
are exponents of the energy and water balance — are likely to be exacerbated by terrain. The
interaction between agro-climate and terrain has not been implemented in models to assess
the impact on arable crops. Uncertainty in crop production needs spatial resolution to an
ecologically and practically useful scale to be meaningful for land use planning (sub-region).

Therefore, our overall objective was to improve quantitative methods for assessing the
sensitivity of arable agro-ecosystems in Europe. To achieve this objective and obtain physical
and bio-physical evidence for this interaction we have:

(a) down-scaled and calibrated an agro-meteorological model in hilly terrain,

(b) implemented this model into a crop growth model and evaluated it at large field and
catchment scale, and

(c) linked the integrated model to terrain-derived input variables and derived a series of Agro-
Environmental Indicators (AEI) related to crop performance and sustainability.

(d) These AEI were generated for several case studies in Europe and communicated to
various groups of potential users and stakeholders.

This last objective involved the participation of institutions analysing the farming practices and
regionalisation techniques.”

Box 1-1 Extract from the executive summary of the STAMINA final report showing the aim and
objectives of the overall STAMINA project (Richter ef al., unpublished)

1.3.1 STAMINA model - overview

This section gives an overview of the STAMINA model, which links crop growth to
terrain. It outlines how it was developed and how terrain is included in the modelling
process. This will be contrasted in this thesis with an alternative method to model this
interaction, developed to apply the model at a regional level. The calculation metods of
the DTM parameters used in the original (physically based) STAMINA model were

developed by the author in collaboration with Rana and Ferrera in 2004.

Traditionally crop modelling has assumed a flat surface with meteorological inputs being
the same at all points in the landscape. The principle behind the STAMINA model is that
meteorological conditions vary within hill slopes. For example, in the northern
hemisphere, a south facing slope will receive more radiation than a north facing slope.
These varying meteorological values will consequently influence the yield at a given

point in the landscape. The STAMINA model takes meteorological values measured at
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the lowest point in the catchment and calculates individual inputs for the crop growth
model based on the terrain characteristics a each cell within the slope (Figurel.l).

Meteorol - %
. Ws“' { (tercain properties) ~

Figure 1-1 The principles of the Mico-Meteorological part of the STAMINA model. Data recorded
at a the lowest point in a calchment are distributed in the catchment based on topographic
variables

1.3.2 The physically based approach to the STAMINA mode!
The physically based STAMINA model works on a grid based system. Here each cell is
defined by

o Topographic parameters;
* Soil properties;
s Crop information.

The model has three key components:

s A micre-meteorological module, which manipulates meteorological
variables measured at a base station and distributes them to each cell in the
landscape, based on the topographic parameters. This module uscs a
physically based approach (o distribute:

s Wind speed and direction;

®  Global and net radiation;
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= Soil, latent and sensible heat fluxes;

= Air temperature

e A soil hydrology module which vertically distributes water through the soil
profile and calculates drainage from the base of the profie. The formulation of

this part of the model is based on the physical properties of the soil;

e A crop growth module, which simulates the growth of the crop based at each

cell based on meteorological parametersand water availability.

The physically based approach in the STAMINA model requires each cell in the
landscape to be characterised by aseries of parameters. These parameters are then used in
the equations which describe the physical processes. These were calculated using
LandMapR™, a suite of software for automatically classifying landforms into landform
facets using a high-resolution Digital Terrain Model (DTM). LandMapR™ gave a wide
range of shape parameters which could be manipulated to define the landscape with
respect to physical processes. In the model formulation the relative and absolute location
of a cell within a slope is defined by its horizontal and vertical distances from stream or
ridge cells. The topographic features, in this context, are defined by the flow paths of
water from a ridge cell to a stream cell. Figure 1-2 shows the definition of the absolute

distances calculated for each cell.

Nicola J. Baggaley PhD Thesis 2007



——
Y L

| ™

=

Figure 1-2 The topographic paramelers required for defining a cell in the landscape for input into
the physically based STAMINA model

The calculaled for input into the STAMINA model arec:

o The vertical height difference between a given cecll and the ridge above that
cell. This was given by the “z to crest(zZ2cr)” parameter in LandMapR™;

e The “half length of the hill”. This is given by half the “strcam to divide length
(Lsi2div)” in LandMapR™;

» Slope and aspect calculated directly by LandMapR™ and converted from
degrees to radians for input into the model;

e “Delta Z” is calculated by subtracting the height of the base station from cach
cell in the area to be modelled.

The shape of the landscape is also required for the calculation of wind speed and wind
direction. The calculations combine the profile curvature and the percemtage of the
vertical distance belween the stream and the ridge any cell represents. A series of logical
statements arc then applied to classify the landscape into either “step”, “regular™ or
“irregular” (Figure 1-3 ):
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Figure 1-3 The definition of the "shape”® of the landscape in the STAMINA model as based on the
pmmooofmd in the upper and lower parts of the hilisiope that are convex or concave (In
p curvalure

e IF more than 50% of land within a catchment is convex (Profile curvature>0)
then the catchment is “step” shaped;

o IF more than 50% of the cells in the top 50% of catchment are convex (Profile
curvature>0) AND more than 50% of the cells in the bottom part of the
catchment are concave (Profile curvature<() then the atchment is defined as

“regular”;

o TIF ncither of these criteria is fulfilled then the landscape is “irregular®.

1.3.3 The problem
The STAMINA model, as it stands, uses complex physically based approach to

distributing the major controls on evapotranspiration (ET), global radiation, wind speed,
wind direction and temperature as a function of terrain This is the approach outlined in
section 13.2. The model cannot be run in its current form at a regional level due to the
processing time for a large number of grid cells. If the grid size were increased to reduce
the number of cells the representation of the landscape, including small areas which may
have significant topographic characteristics, would be lost. An approach is required to
apply the model at a regional level while maintaining the key controls on crop growth
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within the Jandscape. The aim was to use regional meteorological stations and generate
distributed parameters across a regional level (Figure 1-4).

*1;"_41-"

Figure 1-4 The principle of applying the STAMINA model at a regional level based on data
measured at a regional melecrological station

1.4 The approach adopted
in an attempt to apply the STAMINA model at a regional level the approach taken is to

assume that the key controls on crop growth that will vary with landscapc position are
watcr availability, global radiation and temperature. The method selected was to change
the form of the energy balance approach for distributing micro-meteorological parameters
to an index based approach (Figure 1-5). The rescarch carried out by the anthor and
detailed in this thesis investigates the use of indices which take into account the flow and
accumuiation of water in the landscape, the variability of solar radiation and temperature
but to assume wind speed, wind direction and heat fluxes are constant as a function of
termain. The index based approach replaces the energy balance module by a simple scaling
of metcorological variables measured at the reference point (Figure 1-4). Two methods
are available for modclling the vertical movement of water in the STAMINA model:

e The ISBA approach (Figure 1-5) is linked to the energy balance module and
modcls drainage from the top 100 mm and from the base of the profile at 1 m.
The top 100 mm in this approach is the layer which interacts with the
atmosphere. This approach requires hourly metcorological inputs;
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e The cascading approach (Figure 1-5) models drainage between 100 mm layers
to a depth of | m and then drainage from the base of the profile. This option
can be nm for daily meteorological inputs.

Both of these options are available when using the physically based mode] but
only the cascading approach is available in the index based model. This is due to
the different formulations of the index and ISBA approaches. In addition the index
based approach is designed to be nm for daily metcorological data.

= e e (=
indox Basad Modsl

Figure 1-6 The two approaches to the application of the STAMINA madel, showing how terrain
variables are inpul into a micrometecorological module (Index based or Energy balance) which
links to a soil hydrology module and then into the crop growth module. The concept was then to
improve the index based approach based on a regression estimator.
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1.4 Aim and objectives of this thesis

1.4.1 Aim

The aim of this thesis is to model soil moisture in the landscape, in time and space and

incorporate these results into a method of applying the STAMINA model at a regional

level.

1.4.2 Objectives

Objective 1: To investigate data sets and methods which can be used to model
the controls on soil moisture in the landscape and to determine the scales at

which they are available for use;

Objective 2: To collect field data in order to develop regression models to
explain the spatial and temporal variability of soil moisture within the

STAMINA field sites;

Objective 3: To develop models which explain soil moisture variation in the

landscape using data available at different spatial scales;

Objective 4: To develop a method of applying the STAMINA model at a

regional level based on the analysis of soil moisture in the landscape;

Objective 5: To apply sensitivity analysis to the regionalised modelling
approach and to assess the appropriateness of the model in the light of the data

available at a regional level;

Objective 6: To assess the methods developed in the light of available data

and the potential use for the modelling of risk in agriculture.
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1.5 Development of this thesis

This thesis is divided into eight further chapters. These chapters reflect the ongoing
development of the STAMINA model and the direction taken by the project throughout
the period of work on this thesis. Chapters 4 and 5 focuses on the analysis of the data
from the field experiments set up as part of the STAMINA project and seeks to answer
some of the research questions posed in the literature about the spatial and temporal
drivers of soil moisture. The second part focuses on the development of the method to
apply the STAMINA model at a regional extent and issues thatoccurred during the model
development and that I was required address as part of my involvement with the

STAMINA project.

Chapter 2 reviews the literature regarding the spatial distribution of soil moisture in the

landscape. The discussion covers:

e The distribution of soil moisture in the landscape, the methods by which it has
been modelled and the limitations imposed by the lack data available at large

spatial extents;

e The temporal nature of soil moisture in the landscape and the concept of
temporal stability of spatial patterns;
e The indices that have been developed in an attempt to model soil moisture:
» Their application and success within the fields of hydrological modelling
» Their ability to estimate distributed soil moisture in the landscape;
=  Methods which have been implemented with the aim of improving the
predictions of distributed soil moisture in time and space.

e The software which is available to calculate topographic wetness indices

e The effect of DTM grid size and soil data availability on the ability to

accurately represent terrain based processes
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An aim of this project is to apply the STAMINA model at a regional level. The second

part of the literature review outlines:

Methods which can be used for the regional application of data and models

The selection of representative sites for the comparison of two versions of the
STAMINA model followed by a brief discussion on the software available to
do this.

Chapter 3 outlines the methods used in this study. This includes:

A description of the Bedfordshire (UK) study area and the data available for

modelling the variability of soil moisture at different scales;
The field methods used to monitor the spatio-temporal evolution of soil
moisture in the study area. Two field experiments are discussed:

» Surface soil moisture surveys;

» Profile probe measurements.

An outline of the methods used to process the digital terrain data in order to

calculate the indices required, including a description of the software.

Chapter 4 presents the results from the eight surface soil moisture surveys carried out in

2004 and 2005. It includes an analysis of the results in time and space with respect to soil

data and terrain indices. It also examines the effects of data availability at different spatial

extents and the effect this has on our ability to characterise the spatial variability of soil

moisture in the landscape.

Chapter 5 presents the results from the soil moisture access tubes over the 2003 and

2004 growing seasons. It includes analysis of the temporal stability of soil moisture. It

examines soil moisture variability with respect to soils series, depth, and soil textural

class.

Nicola J. Baggaley PhD Thesis 2007



2 15

Chapter 6 outlines:

Chapter

The development of the method for applying the STAMINA model at a

regional level;

The method by which representative study sites were chosen and the results of

this analysis;

The results, in terms of yield variability, of the comparison between the two
versions of the STAMINA model;

The results from using a regression approach to adapt the results of the
regionalised STAMINA model based on the physically based STAMINA

model;

A comparison of the drivers in the index and physically based versions of the

STAMINA.

7 presents the results of the sensitivity analysis of the physically based

STAMINA model to the drainage function used.

Chapter 8 presents the results of the sensitivity analysis of the regionalised STAMINA

model with reference to grid size and soil scale.

Chapter 9 presents the conclusions of this research:

The implications of the soil moisture results on developing a regionalised

STAMINA model;

The drivers of soil moisture in the landscape and how these compare to the
drivers in the STAMINA model;

The issue data availability and the impacts onspatially distributed modelling;

Further work required.
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2 Literature review

2.1 Soil moisture — an introduction

Soil moisture influences many phenomena ranging in scale from the likelihood of
flooding to the nature and structure of microbial communities (Killham, 1994) (Figure 2-
1). These factors affect land management, which in turnimpacts the value of land. It is
therefore important to understand the processes which control the movement of water in

the landscape and determine its magnitude at a given location.

Figure 2-1 The factors in the landscape that drive soil moisture and can be used to predict it
(Left) and the phenomena that it influences (Right)

The processes which control soil moisture are in turn driven by a series of spatially
variable landscape characteristics Figure 2-1). Since the affects of soil moisture
potentially have significant economic implications, not just for farming, it is valuable to

model the relationship between soil moisture and measurable landscape attributes. The
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purpose of modelling these processes is to aid predictions of destructive events and to

highlight areas vulnerable to their effects. The following discussion outlines the:
e Effect of soil moisture on landscape phenomena;

e The processes which are responsible for the transfer of water between the

atmosphere, soil and drainage features;
e The temporal variations in soil moisture;

e The measurement of soil moisture and the problems associated with

available measurement techniques;

e The measurable factors which can be used to explain the spatial organisation

of soil moisture in the landscape;

e The development of indices which attempt to model the distribution of soil

moisture in the landscape;

¢ The computer software available for the calculation of these indices

2.2 Effects of soil moisture

Soil water makes up less than 0.1% of the fresh water stored on the earth’s surface (Alley

et al., 2002). However it is a key state variable in the terrestrial hydrological cycle.

It controls the partitioning of energy at the earth’s surface as it determines the balance
between sensible heat (direct heat transfer) and latent heat (heat transfer through water
vapour) fluxes (GSWP, 2004). Since it controls these fluxes it has also been suggested
that it may influence precipitation at a continental scale (Salvucci ef al., 2002). At a
seasonal and continental scale Shukla and Mintz, (1982) showed that increased spring
soil moisture lead to increased summer precipitation although Salvuccief al. (2002) argue

that at shorter time scales the soil moisture effect is not the direct caue of increased

precipitation.
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Water content in the soil determines soil properties such as infiltration capacity which in
turn influences the extent to which precipitation infiltrates into the ground or runs off
directly into streams and rivers (Beven and Wood, 1983). It has been shown that the
existence and spatial distribution of saturated areas can have a large impact on storm
flow. Modelling has indicated that in variety of circumstances a spatially organised
pattern of soil moisture predicts much higher peak runoff values (Schmidt ef al., 2000.)
These all lead to soil moisture conditions being a major driver in flood risk in a

catchment.

The availability of soil moisture has an influence on vegetation distribution (Breshears
and Banes, 1999). For example Ma et al., (2004) concluded that land in a semi-arid valley
in China was not suitable for reforestation, but should instead be replanted with shrubs, as
the soil moisture content was not high enough to support tree growth. From an
anthropogenic perspective soil moisture conditions influence contaminant transport
(Frankenberger et al., 1999) and the potential for erosion and landslides (Borga ef al.,
2002).

2.3 Processes which control soil moisture in the landscape

The amount of water entering the soil profile depends on the infiltration capacity . of the
soil. Infiltration is driven by two forces: the suction gradient and gravity. The infiltration
capacity decreases with increasing soil water content (Rowell, 1994). The rate of
movement through the soil decreases as soils dry out, as the unsaturated hydraulic
conductivity is decreased at higher matric potentials (Lal and Shukla, 2004). The upward
movement of water through the soil is linked to moist subsoil below drier topsoil
(Rowell, 1994). Water leaving the soil profile by evaporation from the soil surface or
transpiration from plants is primarily driven by meteorological conditions: solar radiation,
temperature, humidity and wind speed. Evaporation is at a maximum at increased soil

water contents and on hot sunny days with dry winds.
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Horizontal flow in the landscape that contributes to stream flow is outlined by Dingman,
(2002). The horizontal movement of water down slope is split into three types. The first is
overland flow. This is either a function of soil moisture in the profile exceeding saturation
(Saturation overland flow) or rainfall intensity exceeding infiltration capacity (Hortonian
overland flow).The second is subsurface flow in the unsaturated zone This is both flow
through the soil matrix and bypass flow through macro pores in the soil profile. The third

is flow in the saturated zone. This comes from groundwater or perched saturated zones in

the soil profile
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Figure 2-2 The processes which drive soil moisture in the landscape (Adapted from Rowell,
1994)

2.3.1 Temporal variation of soil moisture

An analysis of the spatio-temporal dynamics of soil moisture is important for the
understanding of the processes that control it. It is proposed that if time stable sites which
represent the average soil moisture in an area can be located then large scale field
sampling campaigns can be reduced to a few representative locations (Western and
Grayson, 1998). Time stable sites are those at which the relative soil moisture is time

invariant with respect to spatial location. The ability to identify the temporal persistence
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of a spatial pattern is particularly important in setting up monitoring networks to validate
airborne and satellite measured soil moisture over large footprints (Mohanty and Skaggs,
2001, Cosh et al., 2006, Starks et al., 2006). If stable patterns of soil moisture can be
identified they can also be used in a more efficient use of water resources. If certain areas
are identified as consistently dry these can be the focus of irrigation measures (Starr et

al., 2005)

The first analysis of the temporal stability of soil moisture was by Vachaud et al., (1985).
Two forms of analysis were used. These have been used subsequently by other authors in

other situations.

The first was to calculate the relative difference (d;,) (Equations 2-1) from the mean soil

moisture for each sample point in the field. The mean value of the relative

diﬁ‘erence({,j) gives an estimate of the bias of the location with respect to the mean

field soil moisture and the standard deviation (¢(d;y)) is an estimate of temporal stability

(Vachaud ef al., 1985).

Ail = Si.t _Sl
— 1 )
S, = -ZS P Equations 2-1
nia
A,
611 ==
4T

Where:
Si—  Soil moisture at a point, i, at time .
(S_,) — Spatial average soil moisture at time #;

A;~ Difference between the soil moisture at a locationi at time 7 to the mean

soil moisture in an area at time #;
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The mean soil moisture in an area can be estimated by a measurement at a location with a
low standard deviation and a known bias (Grayson and Western, 1998). The second
method of analysis used by Vachaud et al., (1985) is to calculate Spearman’s Rank
Correlation Coefficient (r5) (Equation 2-2) for each date with respect to every other date
in the monitoring period. A high Correlation Coefficient indicates that each point in the

field is consistently higher or lower than each of the other locations.

(=02 (R, £, )

r,=1- Equation 2-2
n(n2 - l)
Where:
rs— Spearman’s rank correlation co-efficient between the measurements at
timefand ¢’}
n—  The number of measurement points at the time #;

R;;— The rank of the a measurement at point / and time ¢ with respect to the

other measurements at time 7;

R;;— The rank of the a measurement at point 7 and time ¢’ with respect to the

other measurements at time ¢’.

In the surface layer Parent et al., 2006 show that at a 48 hour to 1 week time scale soil
moisture is associated with the periodicity of rainfall events and at a two week scale the
length of dry spells. Lauzon e? al., (2004) also showed that soil moisture was driven by
the periodicity of rainfall events at a 1 to 16 day time scale and viewed at a longer time

scales soil moisture was driven by a seasonal effect.

If time stable sites are to be used for soil moisture monitoring and if they are to be
selected a priori for an experiment or monitoring network then it is important to be able

to identify the physical characteristics of those sites (Jacobset al., 2004).
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Since the Vachaud et al. (1985) study several further studies have been carried out, which

analyse the spatio-temporal patterns in soil moisture in the landscape. In general these

more recent studies show that the mean relative difference isup to £50% and the standard
deviation is up to +30% (Jacobs et al., 2004, Cosh et al., 2006, Lin, 2006, Starks et al.,
2006). Martinez-Fernandez and Ceballos, (2003) have higher standard deviations and this

could be because their study area is much larger than the others, at 1285 km” and that the

sites within this area are hydrologically independent. These are all much larger than the

values given by Vachaud et al., 1985.

The general principles that come from these studies are that:

Temporal stability is linked to soil texture (Vachaud ef al, 1985, Starks et al.,

2006), although the exact nature of this link is not consistent between studies;

Both the consistency in time of the spatial pattern and the temporal stability of
a given point with respect to the mean soil moisture increase with depth. This
is to be expected as the influence of biological and climate conditions is

expected to decrease with depth (MartinezFernandez and Ceballos, 2003);

The persistence of the spatial pattern of soil moisture is a function of soil

topography and cropping patterns (Jacobs ef al., 2004).

2.4 Water and plant growth

Water in the soil is held in three types of pores (Rowell, 1994):

Macropores >50 um. Water will drain freely from these pores and when they
are filled the soil is said to be saturated. Once the macropores are empty the
soil is at Field Capacity (FC). This is the point at which the suction gradient
acting upwards is balanced by the gravitational head acting down. For well
structured British soils this is taken to be a matric potential of -5 kPa (White,
1997);
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e Micropores 50-0.2 pm. Water is stored in these pores and is removed by
evaporation and transpiration from plants. Once the micropores are empty the
soil is said to be at Permanent Wilting Point (PWP) as at this point there is no
further water available for plant growth. This is defined as a matric potential
of -1500 kPa;

e Residual micropores <0.2 pm. This water, which is strongly bound to soil
particles and is not available for plant growth. It is mostly associated with clay
particles. This, in general is water held at matric potentials less than -1500

kPa.

The Available Water Content (AWC) (Equation 2-3) for plant growth (Lal and Shukla
2004) in a soil is defined as:

AWC = FC - PWP Equation 2-3

The AWC also not only depends on the matric potential at which water is held in the soil
but also on the ability of a plant to adapt to changing water potentials. Furthermore the
water held in the soil between FC and PWP is not always equally available to a plant for
growth, in fact this is only the case if most of the water is available at low suctions and if

atmospheric conditions do not force excess ET from the plant (White, 1997)

The available water content of soils is positively correlated with soil Organic Matter
(OM) as this increases the FC of soils. The clay content of soils does not have a large
impact on the AWC of soils as increasing clay content leads to both an increase in FC and
PWP. FC is also a function of aggregation and structural porosity of a soil. (Lal and
Shukla 2004)

2.5 Controls on soil moisture

There is agreement that a wide variety of interconnectd factors influence soil moisture
distribution, with different factors being of varying importance at different scales

(Hawley et al., 1983, Bardossy and Lehmann, 1998, Rhode and Seibert, 1999, Gémez-
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Plaza et al., 2001, Florinsky et al., 2002, Pallindo, 2002, Svetlitchnyi, 2003, Romano and
Fu et al., 2003, Canton ef al., 2004, Ma et al., 2004, Romshoo, 2004, Hébard et al.,

2006). The main factors outlined in the literature are outlined below.
Terrain properties including slope, aspect, curvature, elevation, landform classes

Terrain controls the flow of water in the landscape, in the surface and to a lesser degree in
the subsurface (Western ef al., 2004) It is seen as a critical factor in any attempt to model
soil moisture throughout the landscape (Reid, 1973). It has been identified as the key to
the cost-effective modelling of soil moisture distribution due to the wide availability of
DTMs at high resolution for large spatial extents. In the UK the Ordnance Survey (OS)
provides coverage with Land-Form PROFILE™ data at a 10 m grid size.

In unsaturated conditions topography is said to control rainfall redistribution to give the
observed patterns observed in the landscape (Nandakurma, 1994, Romano and Pallindo,
2002). Topography also controls many pedogenic processes, such as the development of
clay and organic matter. These then have an influence on soil properties, for example soil
hydraulic conductivity, and consequently soil moisture (Leenhardt er al., 1994,
Svetlichnyi, 2003). Moore ef al. (1993) suggest that the spatial variation of soil properties
may be captured in terrain attributes. In more extreme terrain, topography controls

climate, vegetation and soil development to a greater extent (Wanget al., 2002).

Landform classes (e.g. ridges, valley bottoms, depression areas) display differing
topographic and soil characteristics. Their ability to explain the variance of soil moisture
(Park and van de Giesen, 2004) highlights the interaction of processes that occur to give
many of the patterns that we observe in the landscape (Hawley ef al., 1983).

Soil properties and lithology

It is apparent that topography is not the sole factor controlling soil moisture and that other
factors influence both water redistribution and the loss of water from the soil. The

importance of soil properties as a major driver of soil moisture, has been suggested in
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many recent studies (Pellenq et al., 2003, Ridolfi et al., 2003, Buttle et al., 2004,
Buttafuoco ef al, 2005, Wilson ef al., 2005, Lin et al., 2006a). The physical properties of
soils control both hydraulic conductivity and water retention. The water retention
properties subsequently influence the amount of evapotranspiration that occurs from the

soil surface, further influencing soil moisture (Western ef al., 2004).

Rhode and Seibert, (1999) suggest that both the topographic variation in an areaand also
the underlying geology influence the occurrence of Mires in two Swedish study sites.
They suggest that Geology modifies the topographic effects in an area. The underlying
geology influences the deep drainage characteristics in an area. In areas of shallow
bedrock the lithology has the potential for creating preferential flow paths due to changes

in hydrological characteristics from the overlying soil
Vegetation and land use

The vegetation distribution, rooting depth and surface cover all control evapotranspiration
and evaporation from the soil, Several studies have shown that as vegetation increases
throughout the growing season this decreases the influence of topography on soil

moisture (Kang et al., 2000, Western ef al., 2002, Cantén ef al., 2004).

Further to this, Hébard et al., 2006 suggest that the primary control on soil moisture in
landscapes with significant human influence, in particular the drainage networks, is in
fact the land management processes, and that other local controls such as topography and

insolation are not major drivers of the soil moisture.

Meteorology

Several meteorological factors influence soil moisture these include precipitation, solar
radiation and wind speed both directly and also through their affect on
evapotranspiration. Meteorological conditions vary in any landscape and are often a

function of terrain. These factors will have an impact on rainfall reaching the ground,
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solar radiation and temperature, all of which have an impact on evapotranspiration and

the vertical movement of water in the soil profile.
2.6 Modelling soil moisture variation

The hydrological response of a catchment to rainfall is a function of runoff rate,
infiltration rate and precipitation characteristics (Figure 2-3). These are in turn driven by
topography, surface properties, soil and vegetation within the catchment Hawley et al.,
1983, Aryal et al., 2003, Buttle et al., 2004). The distribution of precipitation as runoff or

infiltration is determined by the antecedent soil moisture conditions.

Near surface Antecedent i
soil soil Surface Slope
properties moisture roughr:ess
b Depth of
Topography [ _Infiltration rate Runoffrate 9™ excess
] precipitation
Antecedent

soil
moisture

Rainfall intensity

A '
Independent Invariable in
of surface small areas due to
conditions data limitations

Figure 2-3 Factors that influence the hydrological response of a catchment (After Hawley et al.,
1993)

2.7 Indices for distributed soil moisture modelling

2.7.1 Terrain based wetness Indices
Several terrain based Wetness Indices have been developed in an attempt to highlight the

distribution of soil moisture, based on simplified representations of the physical processes
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that are occurring in the landscape, including the key factors that control it (Barlinger al.,
1994). The understanding that terrain is significant in explaining soil moisture variation
has been the foundation for the development of topographic indices (Moore et al., 1991).
Two similar indices have been developed. The first comes from the TOPMODEL
approach outlined above. The equation (Equation 2-4) is based on a grid representation of
the landscape (Beven and Kirkby 1979):

o= lr{ tagﬂ) Equation 24
Where:
®—  Topographic wetness index;
a—  The upslope area draining through a point (m?);

B—  The slope of the surface (mm™).

Five key assumptions and limitations in the wetness index approach of TOPMODEL are
outlined in Beven, (1997):

e Steady state down slope surface discharge occurs. The discharge is a product

of average discharge and specific catchment area

e The local hydraulic gradient can be approximated by the slope of the ground
surface;

e The saturated hydraulic conductivity decreases exponentially with depth in the

soil profile;
e Steady state conditions apply within the catchment;

e The catchment has spatially uniform soil properties.
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Two further relationships are also implied by the Steady State Wetness Index (SSWI) in
the TOPMODEL framework (Wilson and Gallant, 2000):

e Locations in the catchment with the same topographic wetness index have the

same ratio between the local and mean depths to the water tablg

e Points with the equal values of SSWI will respond in the same way to a given

rainfall input.

Beven (1997) also suggests that to obtain the best results from the SSWI there needs to be

a shallow soil overlying impermeable bedrock.

The second set of indices, based on similar assumptions, has been developed from woik
by O’Loughlin et al. (1981) (Equation 2-5) and includes some parameters, which define
soil hydraulic characteristics. The equation is based on an irregular grid derived from

contours (O’Loughlin ef al., 1986):

1 ;
W.(x,y)= i _[ qdA Equation 2-5
Where:

W;— Steady State Wetness Index;
M-  Slope (mm™);
b—  Length of the contour base of the element (m);
T~  Local Transmissivity (Saturated Hydraulic Conductivity*Soil Depth) (m*d™);
q—  Net subsurface drainage flux (md™);
A-  Upslope catchment area (m?).
Both these indices are based on the steady state assumption. This is rarely achieved in

practice due to recharge rates within a catchment being spatially non uniform. Factors

such as evaporation from the soil profile mean that all the water from the physical
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upslope area does not reach a given cell Beven, 1997, Western et al., 1999, Aryal et al.,

2003).

Topographic wetness indices have been developed further and versions applicable to a

non steady state proposed. Barling et al., 1994 proposed a quasi-dynamic wetness index

based on the steady state wetness index of Beven ef al., 1979. Nandakurma et al.,1994

have proposed a transient wetness index based on the work of O’Loughlin(1981), (1986).

These both use the concept of effective upslope area (Equation 2-6), that is the area

drained within a given time period (Equation 2-7). As time increases these indices tend

towards the prediction of the SSWI.

Where:

Where:
Ae_

A;—

ter—

KS e

A =— Equation 2-6

Specific upslope area per unit contour width (m);

Effective contributing area (determined by following each drainage path upslope

and accumulate drainage time until it reaches a specified time) (mz);

Flow width (m).

tep = —2 Equation 2-7
K, tan

Time required for water to travel from E to F along a flow line (d);
Saturated hydraulic conductivity (md™);
Effective porosity (m’m™);

Slope of impermeable boundary (assumed to be slope of the soil surface) (mm™);

Horizontal distance between E and F (m).
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2.7.2 Terrain based radiation indices

It is also possible to define indices which represent the distribution of temperature and
radiation in the landscape. Radiation drives a series of processes such as
evapotranspiration and plant growth (Kumar et al, 1997). Terrain modifies radiation
inputs at the surface, hence the determination of radiation receiwved at a point requires
either a dense network of measurement stations or a modelling approach to distribute
values measured at a base station (Duguay, 1993). Kumar er al.,, (1997) suggest that
empirical approaches are only suitable where a point value is required. The alternative
methods that have been developed to overcome this problem use parameters derived from

a DTM to calculate the distribution of radiation across a wide area.

Out of the several packages that calculate wetness indices the Terrain Analysis Program
for Environmental Science — Grid based (TAPES-G) suite of software also calculates
radiation and temperature for sloping surfaces. The following discussion outlines the
principles behind the temperature index and shortwave radiation on a sloping surface as
calculated by the TAPES-G Solar Radiation module (SRAD) (Further details can be
found in Appendix I). SRAD calculates radiation and temperature on a daily basis for a
period of the year as specified in the input file. It then outputs average values for this
specified time period. The output is a single value for each grid cell of a DTM. The
approach used to calculate short wave radiation incident on a sloping surface is outlined
in Wilson and Gallant (2000).

Extra-terrestrial solar irradiance is adjusted for transmittance of the atmosphere using a
lumped transmission approach. The direct beam (including diffuse radiation from within
5° of the direct beam) is then adjusted for a sloping surface and added back to the diffuse

beam. This adjustment is based on:
e The angle between the beam and the normal to the slopeg

e The effect of shading based on obstruction of the direct beam by the

surrounding landscape;
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e Reflected radiation received from sites facing a given cell. This is a function

of shading and the albedo, of the surface.

SRAD adapts both the direct and diffuse beam radiation based on long term monthly
averages of cloud transmission and sunshine fraction data for the area modelled. On
sloping sites the cloud transmittance is also adjusted for the effects of shading and the

multiple reflections that occur between the land surface and the clouds.

The approach used to calculate Short Wave Radiation on a Sloping Surface (SWRSS) is
outlined in Wilson and Gallant, 2000. Both direct beam and diffuse beam solar radiation
are calculated from extra-terrestrial solar irradiance incident outside the earth’s
atmosphere. These are adjusted for the transmittance of the atmosphere using either a
lumped transmission approach or calculations that account separately for scattering and
absorbsion by water vapour and other molecules within the earth’s atmosphere (Equations

248

Ry = (0.271-0.2947™)R,,

1 -
R,, =—cos@cosd +cos Psin 6 cosh
r Equations 2-8

Rjin = Ry (Tsy + (tlapse *elev))”

Where:
Reon— Amount of sunlight incident on a point just outside the earth’s atmosphere
(KIm-d™);
r— Ratio of earth-sun distance to its mean;

®-  Latitude of the observer (°);
o— Declination of the sun (°);

h—  Hour angle of the sun from solar noon (°);
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Raim— Direct beam short wave irradiance incident on a flat surface

under clear skies (KJm-zd'l);

Ruim— Diffuse beam short wave irradiance incident on a flat surface (KJm-zd“);

Tse— Ratio of the radiation incident oat the top of the atmosphere

incident on the earth’s surface (Transmission co-efficient at sea level);

m~  Ratio of the path length in the direction of the sun at the zenith
angle to path length in the vertical direction;

tiapse— Transmissivity lapse rate.

The data available for this project lead to the selection of the lumped transmission
approach. There are two parts to the diffuse radiation, one which comes from within 5° of
the direct beam and therefore varies as the sun moves across the sky énd the second
which comes equally from all parts of the sky. In order to accurately predict the radation
on a sloping surface the part which comes from within 5° of the direct beam part must be
added back to the direct beam solar radiation and subtracted from the other, isotropic,
diffuse radiation. This is done using the circumsolar fraction which specifies the
proportion of diffuse radiation which comes from within five degrees of the direct beam

and is an input parameter

The total short wave irradiance incident on a sloping surface is the sum of the diffuse,
direct and reflected radiation adjusted for the effect of slope. The direct solar radiation is
adjusted for slope based on the angle between the beam and the normal to the slope
(Equation 2-9) and also for the effect of shading based on obstruction of the direct beam

by the surrounding landscape.

Ry = Ry €OS Equation 2-9

Where:
Rgis— Direct irradiance on a sloping surface without shading (KJm-"'/d");

i— Function of 8, 3, @, y and h (as in Equation 2-8).
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This shading affect is calculated using the sky view fraction. The diffuse beam and
reflected radiation are also adjusted based on the sky view fraction. This is the visible
fraction of sky and is calculated based on horizon angles from profiles taken across the

terrain. These are the averaged, for 16 discrete angles, around a given cell.

Reflected radiation in a sloping landscape is received from sites facing a given cell. This
is a function, not only of the sky view fraction but also of the albedo, or reflective

properties, of the surface (Equations 2-10).

v =licosH¢

o=

Ry =Ry + Rap)1-v) Equations 2-10

Where:
A Sky view fraction;
He - Horizon angle (°);
N-  Number of cosine angles;
@ -  Directions at which the horizon angle is calculated;
o-  Fraction of sunlight reflected from the surface (Albedo);

Rs— Reflected radiation from other surfaces (KIm-2dh.

All these fluxes defined above assume a clear sky. SRAD then adapts them based on long
term monthly averages of cloud transmission and sunshine fraction data for the area
modelled. On sloping sites the cloud transmittance is also adjusted for the sky view
fraction and the multiple reflections that occur between the land surface and the clouds
(Equations 2-11).

n n
Ry =Ryt Rdifh[']_v_ + (1 = N)ﬂ:l
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R sns
.- p{3=]
iss Equations 2-11

Where:

Rg—  Daily incoming solar radiation on horizontal sites (KJm-zd")

n/N — Ratio of the observed duration of sunshine to the maximum

possible for that place and date (Sunshine fraction)

Bs- Cloud transmittance adjusted for the multiple reflections between the

ground surface and clouds
Rins— Total daily short wave radiation without shading (KJm-zd")
Rus— Total daily short wave solar radiation on sloping sites (KJm-*d™")

These short wave radiation fluxes are calculated instantaneously & 12 minute intervals,
symmetrical around solar noon and then summed over a day. The gridded output file is

then average of all the days in the time period specified when the SRAD is run.

2.7.3 Terrain base temperature indices

The temperature in the landscape is modelled in SRAD using long term averages of
maximum and minimum surface and air temperatures and lapse rates (Equation 2-12).
Temperature is a function of elevation, Leaf Area Index (LAI) and the ratio of radiation

received at a given point in the landscape to that on a horizontal surface (Equation 2-13).

T, .(z-2
T=7;—————’””“(0 - b)+C(S—§)(1— Z” )
100 LAT Equation 2-12

R
- Equation 2-13

%!
Il

Where:

T—  Temperature at a grid point (°C);
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Tiapse — Monthly temperature lapse rate;

Thn— Temperature at the reference station (°C);

z—  Elevation of the grid cell;

zy—  Elevation of the reference station (m);

LAI - Leaf area index at the grid cell (m*m™);

C—  Constant=[1];

S—  Short wave radiation ratio at each point;

Ri— Daily total short wave irradiance on sloping sites (KIm-2d™);

Ry— Daily total short wave irradiance on horizontal sites (KJm-*d™);
Equations and symbol definitions from (Wilson & Gallant, 2000).
2.8 Discussion of the use of terrain based indicators

There has been much discussion in the literature as to the assumption that terrain can be
used as a single predictor for surface soil moisture. It is suggested that the evidence in the
literature does not wholly substantiate the simple relationship between soil moisture and
wetness index (Western ef al., 2004). The development of the wetness index was set in
the context of hydrological modelling, in an attempt to predict runoff and consequently
stream flow. In many cases, when used in hydrological modelling, it has been seen to
perform well (Barling et al., 1994, Beven, 1997). However, when it has been used to
predict soil moisture in the landscape the results are less convincing (Beven, 1997,
Western et al., 2004). This suggests that the underlying processes controlling soil
moisture are more complex and not just driven by terrain. Small scale processes may be
linked to local surface heterogeneities causing flow convergence and divergence in the
landscape (Burt and Butcher, 1985). It is also suggested that the dominant control on
surface soil moisture may be evapotranspiration, linked to vertical water movement and
not lateral sub-surface flow (Lamb ez al., 1997, Western et al., 1999,). Furthermore the

spatial variability of soil moisture may be linked to the soil structure and vegetation to a
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greater extent than the flow processes represented by the wetness index (Nyberg, 1996).
The ability of hydrological models, which use the wetness index, to give successful
predictions of channel flow may be due to compensation by other parameters in the
model and not necessarily the model’s accurate prediction of the distributed soil moisture
(Beven, 1997). In addition a more general reason for the lack of correlation between the
wetness index and soil moisture may be that the assumptions on which it is based are not

fully satisfied (Beven, 1997, Seirbit et al., 1997)

The time varying component of soil moisture and the extent to which different
topographic attributes and soils control soil moisture has been the source of much

discussion. The general conclusions are:

e Spatial structure of soil moisture as defined by geostatistical methods changes

with time (Romshoo et al, 2004, Buttafuoco ef al., 2005);

e Increased water content reduces the varnability of soil moisture content

(Romshoo et al., 2004);

e Variables defining the vertical movement of water in drainage and ET are
more important in dry conditions (Western et al., 1999, Peters-Lidard et al.,

2001, Pelleng, 2003);

e Variables defining the horizontal movement of soil moisture and infiltration
are more important in wet conditions (Burt and Butcher, 1985, Western ef al.,

1999, Gomez Plaza et al., 2001, Peters-Lidard ef al, 2001, Aryal ef al., 2003).

An example of the difference in the prediction of soil moisture in dry versus wet
conditions comes from analysis of the large Tarrawarra (Catchment in Victoria, Australia)
data set (Western et al, 1998). It shows that solar radiation indices dominate the
explanation of variance in dry conditions, and that a combination of the steady state
wetness index and solar radiation predict more variance in wetter conditions (Westerner

al., 1999). Wilson et al., (2005), again using the Tarrawarra data set, suggest that terrain
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attribute weightings for regression models, which predict soil moisture, should be adapted
depending on the average soil moisture within the profile. This study also suggests that
residual patterns, not explained by terrain, are down to soil properties and vegetation
characteristics. As in many studies there is not enough soils data at a sufficiently fine
scale to be able to quantify these effects or draw conclusions as to their limitations.
Further to this discussion it is suggested that soil properties are a major driver in soil
moisture distribution (Crave and Gascuel-Odoux, 1997, Buttfucco ef al., 2005) and that
increasing the detail of soils data leads to improved estimates of soil moisture (Linef al,

2006a).
2.9 Software packages for calculating terrain indices

Several software packages are available to generate the parameters required to calculate
terrain variables needed to model soil moisture from a DTM. Appendix II outlines the
advantages and disadvantages of using a wide range of different packages. The decision
as to which package to use in this study was based on both the potential use for modelling
a wide range of drivers of soil moisture and the requirements of the STAMINA project.
TAPES-G (Terrain Analysis Program for Environmental Sciences), a product developed
by CSIRO (Commonwealth Scientific and Industrial Research Organisation) Australia
was selected for further use in this project. It consists of a set of modules, which use
primary topographic variables calculated by the core program element. (Wilson and
Gallant, 2000).

The reasons for selecting TAPES-G (Appendix II) are:

e It allowed a wide variety of terrain indices to be calculated within the same

suite of software;
e It used a grid system which was required for further modelling;

e [t allowed for the introduction of soils and multiple flow directions in wetness

index calculations;
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e It calculated indices without needing the flow parameters required for full
hydrological models such as TOPMODEL (Beven and Kirkby, 1979) and
TOPOG (Vertessy et al., 1994).

2.9.1 TAPES-G

TAPES-G consists of a set of modules, which use primary topographic variables
calculated by the core program element. The principle is that simplified physical models
are then used to calculate parameters that represent hydrological, geomorphological and
ecological processes. The simplification of physical models aims to maintain the key
factors that control the processes, but sacrifice some of the physical complexity to obtain
improved estimates of the spatial pattern in the landscape (Wilson and Gallant, 2000).
The core of TAPES-G calculates:

e Slope;
e Aspect;
e Flow Direction;
e Profile, Plan and Tangent Curvature;
e Upslope Area (Gallant and Wilson, 1996).
TAPES-G uses four methods to force the flow direction and hence alter the estimates of

upslope area (the area draining into a specific cell) and representation of stream network.

The four methods are:
e D8 Distributes flow to 1 of 8 adjacent cells with the steepest decent;

¢ Rho8 Stochastic version of D8 with the expected direction as the aspect of the

cell;

e FD8/FRho8 Modifications of the above algorithms that allow water to flow to
more than one adjacent cell. They weight the proportion of the water into each

cell using slope;
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e DEMON A method for routing water across cells in “stream tubes”, rather

than on a cell by cell basis (Wilson and Gallant, 2000).

2.9.2 DYNWET-G
This module calculates two wetness indices based on both topographic and optionally soil

properties. These aim to represent soil moisture distribution and saturation zones (Wilson

and Gallant, 2000).
The steady state wetness index is the topographic wetness index used in TOPMODEL
(Equation 2-4). This index requires:

e The upslope area, in this case is the total area, which drains into the cell (this

can change with the flow direction algorithm used);
¢ The slope which represents the slope of the local hydraulic gradient.

The assumption made in the steady state wetness index is that the recharge occurs at a

constant rate until equilibrium is reached in the catchment (Barlinget al., 1994).

The quasi-dynamic wetness index, instead of using total upslope area uses effective
upslope area. This is determined by selecting the area that water would drain from in a
specific time after a rainstorm event (Barling et al., 1994). The quasi dynamic wetness
index, in addition to topographic attributes requires three soil characteristics which

represent the speed at which water moves through the soil profile. These are:
e Saturated Hydraulic Conductivity;
e Porosity;

e Soil Depth.

These parameters can be specified as constant over the catchment or as parameters

varying, depending on the soil type, at a given location.
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The drainage time is specified in the input parameters of this module and should be less
than the time required for the catchment to reach equilibrium (Barling e al., 1994,
Wilsonand Gallant, 2000).

2.9.3 SRAD

This module calculates:

e Short Wave Radiation Ratio;

Short Wave Radiation on a sloping surface;
e Short Wave Radiation on a horizontal surface;
e Incoming atmospheric Long Wave Radiation;
e Net Long Wave Radiation;
e Net Radiation;
¢ Minimum, maximum and average air temperature;
o Surface Temperature (Wilson and Gallant, 2000).
The two parameters of interest in this study were distributed average temperature and

SWRSS. The key equations and description of the calculations of these parameters are

outlined in Section 2.7.
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2.10 Grid size and soil scale

When working with DTM data, a key question that must be answered is “What resolution
DTM is required?” This to some extent depends on the processes being modelled and the
nature of the required results. For example, it has been shown that in TOPMODEL
hydrological conductivity can be changed and this will compensate for the increase in
grid size (Brassington and Richards, 1998) and still give acceptable stream flow
estimates. However when examining spatially distributed terrain attributes it is noted that
changing grid size changes both the statistical and spatial distribution of topographic
attributes (Quinn ef al., 1995). Several specific observations have been made as to the
effects of increasing the grid size of a DTM (Zhang and Montgommery, 1994,
Brassington and Richards, 1998, Thieken et al., 1999, Florinsky and Kurakova, 2000,
Kumar et al., 2000, Wilson and Gallant, 2000, Thompson ef al., 2001, Kienzle, 2004).
These are that it:

e Decreases the average slope kngth;
e Increases the specific catchment area of a cell;

e Has a greater effect on second order DTM derivatives such as slope curvature

than on first order derivatives;

e Changes the correlation coefficients with other environmental variables,

including soil moisture;
e Changes flow directions and channel network representations;
e Changes the distribution of the topographic wetness index;
e Decreases the information content in the DTM;
e Aggregation of a high resolution DTM gives better results than a low

resolution DTM.

One major conclusion from many studies is that grid sizes for hydrological applications
should not be greater than the maximum slope length in an area as at this point a large

amount of information is lost from the DTM (Figure 2-5) (Zhang and Montgommery,
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1994, Beven, 1997). Figure 2-4 (Hengl, 2006) shows the loss of dctail in the
representation of terrain as the grid size is increased. The grid size is represented by the
vertical bars and it can be seen that as it is increased from 0.5 to 2.5 m small variations in
the topographic surface, shown here as a curved line are no longer represented accurately.

As discussed earlier the detail of the soil data included in hydrological modelling and soil
moisture prediction is important. More detailed data has been shown to lead to better
predictions. In soil landscape modelling it has been shown that the scale of soil and
terrain data should be approximately the same to avoid bias in the results Zhu et al.,
1997, Quinn et al., 2005)
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Figure 2-4 The effect of the loss of detail in the representation of terrain as the grid size is
increased (From Hengl, et al, 2006)

2.11 Approaches to modelling at a regional level

The process of applying models at a larger scale is known in many cases as “up-scaling™
This may refer to changing the form of the model, interpolating or aggregating results or
inputs. The term “up-scaling” is also applied to the application of ficld data results
beyond the scale at which they were measured. There is much debate in the literature as
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to the exact definition of the term ‘up-scaling’. One definition is the change in support or
grid size using various methods of aggregation (McBratney, 1998). Bicrkens et al. (2000)
outline three specific changes inscale (Figure 2-5).

FICEKCIC Interpolation
Ooee =
ceee
eeo o e

Exirapolation
" e

Figure 2-8 Schematic representation of the scaling methods interpolation, extrapolation and
upscaling (After; Bierkens et al., 2000)

In this discussion the term “up-scaling” will not be used due to its ambiguity and the
more specific terms of interpolation, extrapolation, spatial aggregation and regional
application of a model will be adopted. In the context of this study a method is sought by
which the results of a model run over small areas of the landscape can be continuously
applied at a regional level. The methods outlined above are all possible ways by which
this could be achieved. However each has specific requirements regarding the form of the
model and the data needed. The following discussion examines each of the methods and
outlines the potential for its use in the regional application of the physically based
approach to the STAMINA model

The first method outlined above, Interpolation, requires autocorrelation between samples
(Bierkens ef al., 2000). In the context of agricultural modelling with soils data there are
hard boundaries in any soils data sct at which it is expected that there will be a step
change in the response of the model. In the case of this study the model relies on soils
data and therefore interpolation is not an appropriate method for the regional application
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of the model as the soil boundaries in the data will change with the input scale of the soils

data.

The method of extrapolation requires the sampled or small areas that have been
modelled to have characteristics representative of the region in which the model is to be
extrapolated. If meaningful relationships between model results or field data in a small
area and variables contiguous at a regional level, such as DTMs, can be developed there
is no theoretical reason why they cannot be applied at a larger extent. This assertion
requires the processes acting in the small area to be those acting in the wider landscape
(Bierkens et al., 2000).

Aggregation of model inputs, in this case of the grid size of the DTM needs to maintain
and still be representative of the structure of the landscape (Kienzle, 2004). In landscape
studies it is suggested that the absolute maximum for grid size, and the point at which
information is lost is the typical hill slope length in the area (Brassington and Richards,
1998). When model inputs are aggregated consideration should be given to the proportion
of land in a reference area with a given attribute and the frequency distributiors of
variables, ensuring that they do not change significantly as grid size is increased (De

Vries et al., 1998, Kienzle, 2004).

In the case of a model applied at a regional lewel it may be necessary not only to
aggregate the model inputs and to develop relationships in order to extrapolate the model
results, but to simplify the model (Bierkens et al., 2000). Lark and Stafford (1998)
suggest that any regionalised model or classification scheme should maintain the ability
to predict variables correctly at a reference point. In relation to modelling this statement
needs to be carefully considered as the more complex model designed for running at a
small scale is often more vigorously calibrated and validated. Caution however needs to
be used when the form of the model is changed as the processes represented in the two
versions may not be the same. In this case the predictions of the two models may vary at
a given reference point. This variation may assist in the interpretation in that it may
highlight where modelling different processes predicts more precisely the state at any

given point.
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A proposed method of adapting the results of a simplified approach is to use a regression,
or meta-model as used in the MARS (Monitoring Agriculture with Remote Sensing)
project (Taylor et al., 1997). This method would make use of the more specifically
calibrated results of the complex physically based approach combined with the regional
application of the simplified model. This approach is only applicable if there is a
significant relationship between the two model outputs in areas that represent the

landscape characteristics at a regional level.

A major consideration in the regionalisation of any model is the data available at any
specific extent. In the case of this study in England and Wales the availability of DTM
data is not a problem. The Ordnance Survey (OS) provide national coverage at a 10 m
grid size. Soils data for England and Wales (available from the National Soils Resources

Institute (NSRI)) however, is only available:
e At a national level at 1:250,000 scale;

e For certain 10 km square OS tiles are mapped as individual soil series at
1:25000 scale;

e For individual fields and small areas mapped as soil series at 1:10000 scale.

The STAMINA model also relies on meteorological data, which in the UK is only
available for regional meteorological stations at a daily time step. If the STAMINA model
is to be applied at a regional level it needs to be in a form that can use the data sets,
available at that scale. (King ef al., 1998). Stein et al., (2001) also notes that when the
results of a regionalised model are interpreted the scale that they represent needs to be

considered.
2.12 Selecting representative areas in the landscape

In the context of this study the physically based version of the model can only be run on
small areas of the landscape. Consequently an approach is needed by which areas of the
landscape can be classified based on their similarity or differences to the surrounding
areas in order to select areas, which are representative of the wider landscape. Areas,

which are then identified as being different, can be selected for concurrent use of the two
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modelling approaches. The following discussion outlines some of the approaches used to
define areas of the landscape based on specific pre-defined characteristics or numerical

attributes, which fall into distinct groups in a feature space.

Original hierarchical classifications of landform elements were based around
geomorphological features and landscape development. The bads of these initial
classifications was terrain, geology, soils and vegetation (Howard and Mitchel, 1980). It
can also be important to characterise the landscape for specific purposes based on a set of
distinct physical characteristics (Shreierand Lavkulich, 1978, Thwaites and Slater, 2000).
These descriptors may not correspond directly to geomorphological units, and hence

numerically based classification schemes are important (Shreierand Lavkulich, 1978).

The methods that have been developed to undertake these landscape classifications were
initially photo interpretation and manual classification and have developed to more
numerically based approaches which combine varying data sets (Shreierand Lavkulich,
1978). A lot of work on landscape classification has centred on the use of clustering
techniques, and more recently the use of fuzzy clustering. This is the process by which
the outputs from the classification are not crisply classified into a specific class, but
where each pixel is classified in terms of different degrees of membership to each of the
defined classes (Irvin et al., 1997, Lagacherie et al., 1997, De-Bruin and Stein, 1998,
Burrough et al., 2000, MacMillan et al., 2000b, Thwaites and Slater, 2000, Lui and
Samal, 2002,). However clustering simply divides the landscape into similar regions and
although this could be used in the project it does not indicate the degree to which a subset

of the region is representative of the whole.

In the context of this study landscape elements need to be defired which are different
from each other, but together represent the geomorphological characteristics of the region
which is being modelled. A limitation of numerically based approaches is they do not
take into account the knowledge of geomorphological features such as major catchments
or changes in superficial geology or soils. It is therefore important to visually assess any

classification or the results of a process by which similar or different areas are defined.
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Two pieces of software exist, both which use the principle of defining similar areas of the
landscape based on the similarity of histograms of terrain properties in a given area to
those in a moving window passed across the landscape. The two software packages, CAS
(Computer Aided Sampling) (Behrens, (2003) personal communication) and CLAPAS
(CLAssement de PAysages et Segmentation) (RobbezMasson,1994, Lagacherie ef al.,
2001) were compared as part of an MSc thesis (Skinder, 2005) for the area used in this
study. It was concluded that they both gave similar results, but that CAS was simpler to
use. CAS is used in this case to select representative small sub-catchments which together
represent the topographic characteristics of the area. Two main similarity comparisons are
used in CAS. The first is a modified version of the %* test (Equation 2-14), which
compares the relative frequencies of the variable in the base map to that of the reference
area. The second is a new cumulative distribution index (CDI) based on cumulated

frequency distributions (Berhens ef al, unpublished).
n _ 2
=Y GO =TR) quation 2-14
i=1 rb,

Where:

¥m— Modified Chi® based on percentages and adjusted for no data values

10;— Relative frequency in the reference map;

P;— Relative frequency in the window of the base map.
The results of the CDI are applied to each cell in the landscape. The value given to each
cell is the basis of the comparison of the histogram of values in the window around it, of
user defined size, and the histogram of values in the reference area. The values are

between zero and one with one being the most similar to the reference area and zero

being the least similar.
2.13 Summary

In summary the literature points to soils being a major driver in the spatial distribution of

soil moisture at a small catchment scale. It also suggests that detailed soils information is
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the key to understanding hydrological processes within slopes. It is suggested that the
distribution of soil moisture using soil maps at increasingly detailed scales will generate
models that improve the prediction of soil moisture. The literature also points to the
interaction of soils with terrain and therefore further analysis of how these interact in the

modelling of soil moisture is required.

Furthermore the use of indices to distribute rainfall and solar radiation in the landscape
needs to be investigated, including an assessment of the most appropriate wetness index

to use to distribute rainfall in the index approach to the STAMINA model.

The aim of the STAMINA model is to simulate yield distributions in hilly landscapes
based on parameters calculated from a DTM. The literature suggests that at increasing
grid sizes a DTM will lose the detail of terrain features. It is therefore important to apply
a sensitivity analysis of the STAMINA model to grid size to obtain the appropriate level
of detail required for model outputs. In the light of the investigations in the literature it is
also suggested that soil properties may also have a significant impact a the distribution
of crop yield. Hence detailed sensitivity analysis of the STAMINA model to soil
properties is required, particularly as in modelling at a regional level there is a lack of

detailed soils information.
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3 Materials and Methods

3.1 Introduction

Field work was carried out as part of this study to examine the dynamics of soil moisture
within the landscape. This chapter outlines the methods used in the field component of
this study. It then addresses the DTM data processing that was required to creat the
indices required for analysis of the field data and running the STAMINA model. There

are three components:
o Field site descriptions and the data available for analysis and modelling;

e Outline of the soil moisture sampling both: soil moisture vertical profiles and

surface measurements;

e DTM data processing including running TAPES-G, SRAD and DYNWET-G

for the study area;

e Description of the Lysimeter experiments (Brown et al, 1997)
3.2 Site description and data

3.2.1 Study area

The 100 km? study area, in Bedfordshire, UK, (Figure 3-1) was chosen for its ease of
access from Silsoe, the varying slopes and aspects, and the availability of a 1:25,000
scale soil map. It extends from OS grid reference (510000, 240000) in the south western
corner to OS grid reference (520000, 250000) in the north eastern corner. It forms the
northern edge of a sub-catchment to the river Ivel, the southern edge which is defined by

an outcrop of the Lower Greensand running east of Haynes.

The main river in the area is the Ivel which runs south to north up the western edge,
joining the Great Ouse about 3 km north of the area. The landscape is gently sloping and

the dominant topographical feature is the chalky till plateau running from Haynes in the
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South West to Mogerhanger in the North. This is at a maximum elevation of 90 m. The
other significant topographic features are associated with outaops of the Lower
Greensand in the north east and around Old Warden. These range in elevation from 50 to
70 m and are the location of the field sites for this project. The superficial geology in the
lower lying areas is Oxford, Ampthill and Gault Clays, Glacial Gravels and River
Terraces. The drainage of the soils is governed by the underlying geology, and river
network. Gley soils are prevalent along the course of the River Ivel, Brown sands are
developed over the Lower Greensand. The soils and geology of this area are described in

Wright (1987).
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3.2.2 Feld sites

Two fields, Stone Hill and Church Mcadow (Figure 3-2), within a small sub-catchment
were selected for the measurement of soil moisture. These sites were selected as part of
the STAMINA project because they represented some of the maximum slopes in the arca.
The ficlds gencrally had moderate to strong slopes (4°-11°) with small parts having
moderately steep slopes up to 15° (Hodgson, 1976). The soils in the two fields were
subsequently mapped at 1:10,000 scale by Rodney Burton in 2003. The field method for
mapping can be found in Appendix HI.

Figure 3-2 Photos showing the three field sites at which soil moisture was measured. (Top Left
Stone Hill; Top Right, Church Meadow; Bottom, Mox Farnm)

Stone Hill (7.8 ha) was part of the Shuttleworth estate and was managed for Shuttleworth
Agricultural College by Guy Kiddy. It had a range of aspects from SE to SW. and the
elevations ranged from 39 to 55 m. It contained more than 80% sandy soils (mapped at
1:10,000). The dominant soil series in each field was Maplestead a coarse loamy Argillic
Brown Earth (Figure 3-3). The upper parts of Stone Hill are on the Lower Greensand and
the base of the field is underlain by Ampthill Clay (Wright, 1987).

Church Meadow (7.4 ha) was also part of the Shuttleworth estate but farmed by Peter
Alien. It had a range of aspects from NW to SE and the clevations ranged from 50m to
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67m. This field site contained greater than 30% heavier clay soils. The dominant soil
series was again Maplestead (Figure 3-3). Church Meadow is underlain by Till in the
upper part and the Lower Greensand at the base of the field (Wright, 1987).

A third field in Mox Farm (10 ha) (Figure 3-2), was also used. This field was farmed by
Paul Walsh. It was located on the other side of the ridge and drained into a different
catchment. This field had N to NE facing slopes. The slopes were shallower than in Stone
Hill and Church Meadow, generally between 3° and 6°. The elevations in Mox Farm
range from 44 to 56 m. This field only had 1:25,000 soils data available. The three soil
series mapped were heavy clays with increasing clay contents at depth (Figure 3-3). This
field is underlain by glacial till (Wright, 1987).
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57
The following table (Table 3-2) outlines the cropping pattern in each of the fields in
the three years in which sampling was carried out.

Table 3-2 Crop rotations in Stone Hill Church Meadow and Mox Farm over the soil moisture
measurement campaigns

Field site Growing Season Crop
Church Meadow (7.4 ha) 2002-2003 Winter Wheat
2003-2004 Oil Seed Rape (Oats were planned)
Stone Hill (7.8 ha) 2002-2003 Sugar Beat
2003-2004 Winter Wheat
2004-2005 Winter Wheat
Mox Farm (10 ha) 2004-2005 Spring Barley

3.3 Data available for analysis

Three key data sets available for this area are: elevation, soils and meteorological
data. The following discussion outlines the specifications of these data sets and the

way in which they were used in the project.

3.3.1 Digital Terrain Model

The elevation data obtained for this study were OS Land-Form PROFILE™ data with
a 10 m grid spacing. These data were made available in 5 km? tiles in DXF format.
These were converted into ESRI Grid files. The OS Land-Form PROFILE™ data is
obtained from 5m interval contour data obtained from photogrametric mapping at
1:10,000 scale. Areas not visible on the original aerial photography were ground
surveyed. This gives a vertical accuracy for the points of 2.5 m in this area (Land-

Form PROFILE™ user guide).

3.3.2 Soil Maps and data
The soil data for this study came from two national databases held by NSRI. These
were the Land Information System (LandIS) and National Soil Map (NATMAP):

e LandIS holds properties of individual soil series. These are in the form of

representative profile descriptions for each soil series for different land

uses;

e NATMAP is a vector map at 1:250,000 scale. The attributes for each
polygon are the name of the soil association and the soil series which are
included in the association in order of dominance at a national level

(Figure 3-4).
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Further, local soils data was also available. These were a 1:25,000 (Biggleswade
Sheet TL14 (Wright, 1987)) of the 10 km’ study area and 1:10,000 field survey maps
were available from a survey by Burton (2003) (Figure 3-4).In order to obtain the data
useful for analysis each of the threc scales of soil maps were combined with the
LANDIS data so that each polygon had the attributes of the soil series for arable land
use (Table 3-1). The problem with the 1:250,000 scale map was that the dominant
series at a national level do not necessarily correspond to the series found in an arca
when mapped at a more detailed scale. This is shown in the analysis of soils mapped
at 1:25,000 and present within cach of the NATMAP polygons (Appendix IV).

Figure 3-4 Avallable soll maps at increasingly detailed scales from 1:250,000 soil association
maps to 1:25,000 and 1:10,000 scale soll series maps

In order to use this soils data in the STAMINA model a soil property database (Table
3-3) was put together, primarily using soils data from LANDIS. It was decided, by the
STAMINA project team, that for the purpose of the STAMINA model the rooting
depth and therefore the depth to which the modelling takes place is the base of the
“B” Horizon The “C” Horizon and Rock layers were not added to the databasc. Some
of the soil series mapped were not found in LANDIS and information was added to
the database from soil survey books and bulletins. These records did not have the
required Van-Genuchten parameters, used in the soil hydrology part of the model to
calculate water retention characteristics of the soil. These were calculated using pedo-
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transfer functions (Mayr et al., 1999), which required bulk density, organic carbon,

sand, silt and clay as inputs.

Table 3-3 Description of the soil parameters required for running the STMINA model

Soil Property Description

SERIES Soil Series reference number

LAYER_NO Layer number (1 is the upper most layer in the soil profile)
LOWER_DEPTH Depth of the base of the layer below the ground surface (m)
SAND_TOTAL Total sand content (%)

CLAY Total clay content (%)

CARBON Organic carbon (%)

BULK_DENSITY Bulk density of the soil (kg m™)

ALPHA V.

X 'an-Genughten parameters

SWC RES Residual soil water content (Vol/\Vol)

3.3.3 Weather data

Weather data was available from four standard Delta-T weather stations (Delta-T,
2004), installed as part of the STAMINA project (Figure 3-5). These stations were
located in order to monitor the variation of meteorological variables within the

topography represented in the Shuttleworth field sites.

Each weather station comprises a DL2e data logger with an LAC1 15 channel input
card. The sensors fitted to each station are described in Table 3-4. To counter drift in
the weather station clocks they were reset each time data was downloaded. To ensure
that the clocks are set to an absolute reference the system clock, to which they are

reset, is calibrated with the UK speaking clock.

The weather data required a significant amount of data processing to obtain both
hourly and daily meteorological data sets. Missing data, due to equipment failure,
from the base station had to be replaced by data from other stations in the catchment.
This was not ideal as these data will be affected by topography. To minimise this
effect data from the closest working meteorological station were used. A result of this
was that it prevented the use of other stations for the comparison of the

meteorological characteristics at different points in the landscape.

The data set from the station at the southern most point of Stone Hill (Figure 3-3) was

used in the analysis in this thesis. The full range of measured parameters from this
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station were used and input into the STAMINA model. The other 3 stations were
maintained as part of the STAMINA project.

The data from two other permanent weather stations was used in extending the time
series of data for the purpose of running the STAMINA model. These stations were
located in Silsoe (OS Grid Ref: 508000, 235300) and Wobum (OS Grid Ref: 494500,
233500)

Figure 3-8 Della-T weather station with wind vane, anemomeler, nel-radiometer, global
radiation sensor, rain gauge, air temperature and relative humidity sensors

Table 3-4 Delta-T sensor descriptions and units of measurements (Deita-T, 2004)

“Sensor Description Units
Wind vane (WD4) Compass degrees
Anemometer (AN4) ms-1
Global Radiation Sensor (ES2) kW.h
Rain gauge (RG2) mm
Air Teamperature/Relative Humidity (RHT2nl) °Ci%
Net radiometer (NR2)* mv

3.4 Measurement of soll moisture

There are several methods for determining the moisture content of soils as
summarised in Lal and Shukla, (2004). The methods are divided into two groups. The
following discussion outlines these methods and describes the Delta-T probes used in
this study.
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Direct methods

These involve removing soil samples from the ground and subsequent calculation of
soil water content in the laboratory. The disadvantages of these methods are that they
are destructive and time consuming, particularly if samples at depth are required. It is
also not possible to monitor the same location on several sampling occasions. For
these reasons direct methods are not appropriate for this study, which aims to monitor

soil moisture at different depths over time.
Indirect methods

These include Neutron Probes, which measure the change in energy of neutrons
emitted from a radioactive source. The thermalised neutrons which arrive back at the
sensor are counted and related to the hydrogen and therefore water content in the
soils. This method can be used with an access tube and is therefore non destructive.

There are however health hazards and the method is expensive.

The other indirect methods that can be used to measure soil moisture both at depth
and in the surface layer are based on measuring the dielectric properties of soils.
There are two main methods The first is Time Domain Reflectrometry (TDR),
where two metal rods are inserted into the ground and the average dialectric constant

over the length of the rod is measured.

The second method is that based on the principles outlined in Gaskin and Miller,
(1996). The principle of this instrument is that there is a transmission line with known
impedance. The extension to this, the soil probe, has impedance based on the
dialectric constant of the soil surrounding it (Figure 3-6). The difference in the
impedance between these two sections of the probe causes a reflection back along the
probe and a standing wave to be set up. The reflection co-efficient is a function of the
difference of the impedance of the transmission line and that of the measurement
probe. This can be calculated from knowing the amplitude difference between the
transmitted and reflected waves. This is the method used in the Delta-T ML2 probes

used to measure surface soil moisture for this thesis.
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—+_6

Resistor

Soil Probe

Coaxial
Oscillator transmission
line

Figure 3-6 Diagrammatic representation of the MLURI soil moisture probe (From: Gaskin and
Miller 1996)

A similar method is used in the Delta-T soil moisture profile tube probes. These
generate a 100 MHz signal, which is applied to two stainless steel rings, generating an
electromagnetic field (Figure 3-7). This is reflected back from the soil and the voltage

of the resulting standing wave is measured (Delta-T Devices Ltd., 2001).

Power applied

Electromagnetic field
100 mm into the soil

Stainless steel
rings

Figure 3-7 Principle of the Delta-T PR1 soil moisture probe (Delta-T Devices Ltd., 2001)

This method is preferred in this study as it is cheaper than the TDR method,
measurements can be taken at varying depth below the surface and the equipment is

highly portable and has small access tubes.

3.4.1 Surface soil moisture surveys

In 2004 three surface surveys were carried out in Stone Hill. A further five surveys
were carried out in 2005, three in Church Meadow and two in Mox Farm (Table 3-4).
Two further surveys were undertaken in Mox Farm, but these did not sample the
whole field as they were interrupted by rain and the results are excluded from the

analysis. The surveys were done on a 30 m paced grid, giving a minimum of 100
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points (Figure 3-6). This grid was driven by the location of “tramlines” within the
field in order to minimise damage to the standing crop, although measurements were
taken from within the crops in order to prevent the results from bias due to soil

compaction.

Table 3-5 Sampling dates and locations for the eight surface soil moisture surveys

Field site Date

Stone Hill 7™ April 2004
21% May 2004
13" July 2004

Church Meadow 17™ June 2005
1% July 2005
15™ July 2005

Mox Farm 10" June 2005
11™ July 2005

Soil moisture data was measured using a Delta-T, ML2 (Delta-T, 1999 sensor and
moisture meter (Delta-T, HH2). This sensor uses the inductance method as outlined
above (Gaskin and Miller, 1996). The monitoring probe collects soil moisture data
from the top 100 mm of the soil. The location of each point was recorded using a
Global Position System (GPS) device. The resident time at each location was 90
seconds and the positional precision less than 0.5 m in x and y (with z values
approximately 50% worse). Sufficient carrier phase data was logged over the

recording period for each point to be differentially corrected.

During the first survey it was noted that micro topography and local variations in crop
growth may significantly influence the results. In order to account for these local
variations four measurements were taken at each point, and the average was used for
analysis. Four measurements at each point were sufficient as Analysis of Variance
showed that there was greater variation across the field than at any given sampling
location. At several sites in cracking clay soils inserting the probe without damaging it
was difficult and resulted in less than four samples at these sites. The error in these

measurements was + 5% vol/vol using the generic calibration of the instrument

(Delta-T, 1999).
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Soils legend

BE - Bearsted
CcK - Cuckney

cN - Cottenham

a8 - Ebstree

HKkB - Huchiesbrook
MJ = Melford

MM - Maplestead
WC = Wik

Wh - Whiclham

Figure 3-8 Layout of the field surveys in Stone Hill in 2004 for each of the three sampling
dates, showing the soil boundaries at 1:10,000 scale (Burton , 2003) and the GPS locations of
the sampling points

3.4.2 Soil moisture profile probe measurements

Soil moisture data was collected from the field sites in Stone Hill and Church
Meadow using soil access tubes, in conjunction with a profile probe (Delta-T, PR1)
(Delta-T, 2001) and moisture meter (Delta-T, HH2). This sensor uses the inductance
method (Gaskin and Miller, 1996). The monitoring probe collects soil moisture data at
six depths; 100, 200, 300, 400, 600 mm and 1 m. The access fubes were 28 mm in
diameter and were inserted into a hole augured by a 25 mm diameter auger. This was
done in an attempt to prevent the occurrence of air gaps down the length of the tube.
These would introduce inaccuracies in the readings by preventing the propagation of
the electromagnetic field, thus biasing the results. The tubes were installed with the
top of the tube S5cm proud of the ground surface, this helps to prevent water from
entering the tube. Additionally a rubber collar was fitted around the tube to prevent
water from running down the side of the tube and a rubber cap prevents water from
entering the tube itself. Figure 3-9 shows a soil access fube installed at site 1 in
Church Meadow. The Delta-T cquipment with generic calibration has an accuracy of
% 5% volivol s0il moisture (Delta-T, 2001).
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Figure 3-8 Example of a Delta-T soll moisture Access Tube installed in Church Meadow
showing the rubber cap and collar fitted in an attempt to prevent water entering the tube and
bypass fiow down the length of the tube.

Church Mcadow (4.7 Ha), being the smaller of the two fields, contained 16 of the
fubes and 22 were placed in Stone il (7.8 Ha) (Figure 3-10). Their locations were
selected to give a wide range of topographic characteristics and to sample in as many
of the soils, mapped at 1:10 000 scalc as possible. The co-ordinates of the range of
points were extracted in ArcGIS. They were localed in the field using GPS with an
accuracy of approximately Sm. Once all access tubes had been installed their actual
position was recorded with differentially comrected GPS. The resident time at cach
location was 10 minutes using carricr phasc signal giving a positional precision within
0.5 m in x, y (with z values approximately 50% worse). The 38 access tube sites were
monilored from March to August 2003 and during the same period in 2004.
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Figure 3-10 Locations of the 38 soll moisture access tubes installed in Stone HiN (22) (Top)
and Church Meadow (16) (Bottom) The ooi boundaries at 1:10,000 scale (Burton, 2003) are
shown along with OS Land-Form PROFILE™ elevation data resampied to a 20 m grid
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In the second year of the experiments six of the access tubes were not replaced, due to
breakage during the removal of the tubes in 2003. The sites which were not sampled
in 2004 were selected through analysis of the wetness index and soil type. The crop in
Church Meadow in 2004 was Oil Seed Rape and as the crop developed it became
impossible to reach the tubes. Sampling was eventually abandoned and none of the

measurements from this field were used in the analysis.

3.5 DTM calculations

3.5.1 Introduction

Derivatives and indices derived from DTM data were required for both analysing the
soil moisture measurements and running the physically based and index versions of
the STAMINA model. The parameters calculated for the physically based model,
using LandmapRTM (Macmillan et al., 2000a), are outlined in section 1.3.2. The use of
TAPES-G (Gallant and Wilson, 1996) and SRAD (Moore et al., 1993) to calculate the
topographic wetness indices and radiation indices respectively wetness is outlined in

section 3.5.4.

The 10m DTM derived from OS Land-Form PROFILE™ elevation data was
resampled in order to obtain the required grid sizes for modelling. TOPOGRID
(Hutchinson., 1989) was used to achieve this with a cubic convolution interpolation.
To run both TAPES-G (Gallant and Wilson, 1996) and LandMapRTM (Macmillan et
al., 2000a), the critical upslope area was required. This is the area at which overland
flow paths become permanent streams. In order to determine the maximum grid size,
at which major topographic features are lost from a DTM, the average hill slope
length was calculated. The following discussion outlines the data processing required

in order to calculate the critical upslope area and hill slope length from a DTM.
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3.5.2 Calculation of critical upslope area

TOPAZ (Garbrecht and Martz, 1992) was used to calculate a critical upslope area grid
from the 50 m DTM. (A 50 m grid size represented an appropriate compromise
between the desired detail and the available Centre for Ecology and Hydrology (CEH)
1:50,000 river data). The value of each cell in the grid is the area of land from which
from which water drains into that cell. This is known as the upslope area. This grid

was classified using the following criteria:

s Any cell with an upslope area value greater than a chosen threshold area.

These cells were given a value of one;

e Any cell with an upslope area value less than a chosen threshold area.

These cells was classified as “No Data”.

Cells with a value of one represent permanent streams. This grid was then converted
to a vector format, which showed the streams for a specified upslope area. The length
of the calculated stream network was compared to the mapped (CEH) 1:50,000 river
centre line data.(figure 3-11) This was repeated for various threshold values. The
upslope area that gave the closest matching length of the CEH data was assumed to be
the critical upslope area for the region (Table 3-5).

Table 3-6 Summary table showing a subset of the critical upslope areas and the

corresponding length of the river network and how this differs from the length of the CEH river
centre line data over the 100 km? study area

Upslope Area Length of “Upslope Difference between “Upslope Area” rivers

(ha) Area” Rivers (km) and CEH rivers (km)
500 259 515
125 559 215
75 728 46
[EEEE 607 : 776 i SEeE -3 &
63 789 -16
50 873 -100

This method of calculating a stream network does not produce braided streams.
However the mapped CEH data contained a significant amount of braiding,
particularly in the main river channel. The braiding was removed by eye from the

CEH data before the analysis was carried out.
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Figure 3-11 Description of the method used to calculate the critical upsiope areas from the

CEH 1:50,000 river data and the OS Land-Form PROFILE™ DTM
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3.5.3 Calculation of drainage density
The drainage density (Equation 3-1) of the area was calculated using the CEH
1:50,000 data. This is defined by Horton (1945)

Area
DrainageLength

DrainageDensity =
Equation 3-1

HillSlopeLength = %DrainageDensity Equation 3-2

The study area has a half length (Equation 3-2) of 500 m. This is the absolute
maximum grid size that can be used and still maintain the shape of the land with
respect to the main drainage features. In practice this is much larger than the grid size
at which the detail of the terrain is lost. The 500m grid size will lose any information
on slope curvature which may point to flow convergence or divergence in the
landscape. A further point that should be noted is the availability of the drainage data
at 1: 50,000 scale. This data will not define the more minor steams that will play a
part in dissecting the landscape and hence defining flow paths at a finer scale. These

will be more apparent in a smaller gridded DTM.

3.5.4 The settings for use of TAPES-G/ DYNWET-G/SRAD

The wetness indices were calculated using DYNWET-G. The SSWI uses purely
terrain attributes and is calculated from a depressionless DEM output from
TOPOGRID, where each of the ‘sinks’ (cells at which flow paths terminate and there
is no outlet) were filled. The critical upslope area was estimated to be 65,000 m? and
the maximum cross grading area (upslope area above which flow paths are calculated
using the D8 algorithm to prevent flow divergence in valley bottoms (Wilson and
Gallant, 2000) was 100,000 m* . The flow above this point is modelled using the
multiple flow direction algorithm FD8 to minimise the occurrence of multiple parallel
flow paths (Gallant and Wilson, 1996). The DEMON algorithm (Wilson and Gallant,
2000) is reported to give better estimates of the upslope area. However this cannot be
used in DYNWET-G, so FD8 was used to maintain consistency between the attributes
calculated in TAPES-G and DYNWET-G.
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3.6 Method for the lysimeter experiments

Results from lysimeter experiments (Brown ef al, 1997) were used to test the drainage
function in the soil hydrology module in the STAMINA model. This results of this
investigation are documented in chapter 7. The method used in the lysimeter

experiments is outlined below.

The lysimeters were planted with Winter Wheat sown on 11th October 1995 and
harvested on 5th August 1996. The total average rainfall for the year prior to the
experiment was very similar to the 25 year long term average. The temporal
distribution of this rainfall was however different. There was a very dry spring (<50%

long term average) and wet summer (>150% long term average). (Brown et al., 1997)

Flow was collected from the base of the lysimeters, through a tipping 0.2 mm tipping
rain gauge, at an hourly resolution (Brown ef al., 1997). The daily results were all that

was available for the comparisons made in this study.

The STAMINA model simulated the period from 1st July 1995 to 1st November 1996.
The input of hourly meteorological data was from a weather station on the lysimeter

site and each of the lysimeters was treated as the reference point within the model.
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4 Surface soil moisture surveys

4.1 Introduction
This chapter outlines the results from the surface soil moisture surveys. It addresses:

e The meteorological variations in the days and months leading up to the

field surveys;

e The temporal variations in soil moisture and how these relate to the

rainfall patterns;

e The drivers of soil moisture. This involves a comparison of the
importance of soil classes and terrain variables for explaining the variation

in soil moisture.

The question of how these results compare with published data is then addressed
along with the implications of the results for the regional application of the

STAMINA model.
4.2 Rainfall

Monthly rainfall data was compiled for the period March 2003 to September 2005
from the weather stations in the study area. Data from the Silsoe meteorological
station was added for January and February 2003 and October to December 2005.
This data was compared to the 30 year regional average from a combined data set for
Woburn and Silsoe, Bedfordshire (Figure 4-1). The rainfall pattern for the years in

which modelling and soil moisture measurements were carried out shows that:

e 2003 was significantly drier than the 30 year average, an annual rainfall of

455 mm compared to the 30 year average of 652 mm (Figure 4-1b);

e In 2003 Spring and late Summer were the driest periods with respect to the

average rainfall (Figure 4-1a);

e In 2004 the annual rainfall was close to the 30 year average, at 602 mm

(Figure 4-1b);

Nicola J. Baggaley PhD Thesis 2007



-73-

¢ In 2004 there was a very wet August, 223% of the average, and a dry
September, 22% of the average (Figure 4-1a);

o 2005 was drier than the 30 year average, with the exception of the rainfall
in June. The cumulative rainfall, however was greater than in 2003 (Figure
4-1a);

o If the exceptional rainfall in August 2004 is ignored all three years show
cumulative rainfall below the 30 year average (Figure 4-1b).
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Figure 4-1 (a) Monthly rainfall data for 2003-2005 compared (o the 30 year average (1970-
2000) compiled from weather stations at Silsoe and Woburn, Bedfordshire (b} Cumulative
monthly rainfall data for 2003-2005 comparad to the 30 year average (1970-2000) compiled
from weather stations at Silsoe and Wobum, Bedfordshire
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4.3 Surface soil moisture analysis

The survey design and methods are outlined in Chapter 3. The results from the eight
surface surveys which were completed are outlined in this chapter. These surveys

were at:
e Stone Hill: 7th April, 21st May and 13th July 2004;
e Church Meadow: 17th June, 1st July and 15th July 2005;
e Mox Farm:10th June and 11th July.

The soil moisture spatial patterns in each of the fields are shown in Figure 4-2 and the

associated daily rainfall in Figure 4-3.

Several analyses were carried out separately on each field for each sampling date.

These were:

e A visual assessment of the spatial patterns of soil moisture and an
Analysis of Variance (ANOVA) of the average soil moisture at each of
the field sites with respect to sampling date. The aim of these analyses was
to assess how the soil moisture conditions related to the rainfall data and
which areas of the field appeared to have the highest and lowest soil

moisture;

e An ANOVA of the soil moisture in each of the field sites with respect to
soil series mapped at 1:10,000 scale and 1:25,000 scale. The aim of this
analysis was to assess if a more detailed soil classification, with smaller
taxonomic units was more effective at explaining the variation in soil
moisture at each of the field sites and to gauge whether this changed over

the growing season;

e The significant effects were then investigated using Fisher Least Squares
Difference (Fisher LSD). This showed homogeneous groups of soils,
which display the same soil moisture characteristics. The aim of this
analysis was to consider if soil series with similar physical characteristics

displayed the same soil moisture patterns;
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e A Regression analysis was then carried out on the soil moisture results
with respect to the terrain variables calculated by TAPES-G and SRAD
combined with soil series at 1:10,000 scale and 1:25,000 scale. The aim of
this analysis was to examine how a combination of soils and terrain predict
soil moisture and how the variation explained by adding terrain changed

with the scale of the soil map.
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Figure 4-2 Surface soll moisture measuraments (Top 100 mm) in Stone Hill, Church Meadow
and Mox Farm. Taken using Delta-T ML2 ThetaProbe
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Figure 4-3 Daily reinfall data (Data from Stone Hill weather station) for the time periods prior
to the surface soil moisture sampling. Vertical lines highlight the sampling dates in the
relevant fields (a) 2004 (b) 2005

Nicola J. Baggaley PhD Thesis 2007



-78 -

4.4 Temporal variation

4.4.1 Stone Hill - 2004

The soil moisture in Stone Hill (Figure 4-2) reflects the daily rainfall data for 2004
which shows a dry period, (2 mm rainfall in the previous 10 days) before the 21st
May sampling date and increased rainfall (37 mm rainfall in the previous 10 days)
before the 13th July sampling (Figure 4-3). The results from Stone Hill showed that it
was significantly wetter on 7" April (14 mm rainfall in the previous 10 days) and after
a wetter than average autumn and winter (Figure 4-1) than on the 21* May and
13" July, where it was not different (Figure 4-4). The spatial patterns appear to be
quite stable in time, with the same areas of the field being wetter or drier at each
sampling date. The wettest area at the southern most point of the field is associated

with the poorly draining Wickham soil series (Table 3-1).

4.4.2 Church Meadow - 2005

Church Meadow was significantly wetter on the 1% July than on either the 17" June (4
mm rainfall in the previous 10 days) or the 15™ July (5 mm rainfall in the previous 10
days) (Figure 4-4). This reflects the daily rainfall with 75 mm of rainfall (More than
the monthly average) in the week prior to the 1% July (Figure 4-3). The spatial pattern,
as in Stone Hill (Figure 4-2), appears stable in time. The wettest areas are in the flat
area in the southern part of the field where the soils, Ashley and Hanslope, have a
higher percentage clay content. The driest part of the field was again on the steepest
slopes and also in the sandy series, Bearsted and Cuckney (Table 3-1)

4.4.3 Mox Farm - 2005

Soil moisture at Mox Farm (Figure 4-2) appeared to reflect the daily rainfall data
(Figure 4-3). The field was significantly drier on the 10™ June, immediately following
a 20 day period, with only 7 mm of rainfall, than on the 1" July, a week after 75 mm
rainfall fell in a week (Figure 4-4). The spatial pattern in Mox Farm showed that the
driest area was associated with the lowest elevations, at the base of the dry valley. The
wettest part was in the most northerly corner and was associated with the soil
boundary between the Evesham, Oxpasture and Drayton soil series, mapped at

1:25,000 scale.
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Figure 4-4 Results from ANOVA by sample date, bars show the 95% confidence intervals on

the mean. (a) Stone Hill, 2004 (b) Church Meadow, 2005 (c) Mox Farm, 2005
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4.5 Soil moisture variation with respect to soils

The results presented here are from an ANOVA carried out on the soil moisture field

experiments with respect to:

e Soil series mapped at 1:25,000 scale in Stone Hill, Church Meadow and
Mox Farm (Biggleswade Sheet, TL14 (Wright, 1987));

e Soil series mapped at 1:10,000 scale, in Stone Hill and Church Meadow
(Burton, 2003).

4.5.1 Stone Hill- 2004

Stone Hill only has two soil series when mapped at 1:25,000 scale. The map picks out
the Wickam series in the southern corner of the field, and the rest is mapped as the
Cottenham series. The soils mapped at 1:25,000 explain 19% to 15% of the variation

in soil moisture in the field. There was a decrease between April and July.

In Stone Hill the variance in soil moisture explained by taxonomic soil units at

1:10,000 scale decreases from 55% to 29% between April and July.

Investigating the significant soil series effect using Fisher LSD shows the soil series
at 1:10,000 in Stone Hill fall into three groups, each having different soil moisture
characteristics (Figure 4-5) .These are:

e  Wickham;
e Maplestead and Melford;

e Cottenham, Ebstree, Cuckney and Bearsted.

These groups correspond to soils with similar soil properties (Table 3-1).These groups
can be distinguished in the moisture results for the 21st May and on the 7th April. On
the 13th July the soils show more similarity in soil moisture, with Melford not being
significantly different from Maplestead or Bearsted (Figure 4-5). These soil groups
have similar properties. Maplestead and Melford are well drained permeable loamy
soils over the Lower Greensand; Melford has a higher clay content. Whickham is a
clay loam over clay and the others are freely draining sandy loams or loamy sands

overlying the Lower Greensand.
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4.5.2 Church Meadow-2005
There are four soil series in Church Meadow when mapped at 1:25,000 Hanslope,
Eyeworth, Cottenham and Bearsted. The soils mapped at 1:25,000 explain 38% to

33% of the variation in soil moisture in the field, again there was a decrease between

June and July.

In Church Meadow the variance explained by a taxonomic soil map at 1:10,000 scale
decreases from 76% to 61% between June and July. Investigating the significant soil

series effect using Fisher LSD shows three groups of soil series (Figure 4-5):
e Moulton, Ludford and Melford;
e Ashley and Hanslope;

e Cuckney and Bearsted.

These groups correspond to soils with similar soil properties (Table 3-1). Maplestead
showed the same characteristics as Molton and Bearsted. These groups can be
distinguished in the moisture results for the 15th July and on the 1st July, although on
the 1st July. Maplestead was significantly drier than Moulton. On the 17th June
Ashley was significantly drier than Hanslope and there was no significant difference
between Molton and Melford. These soil groups have similar properties. Molton,
Ludford and Melford are well drained soil permeable loamy soils over the Lower
Greensand, Melford has a higher clay content. Ashley and Hanslope are a clay loam
over clay and Cuckney and Bearsted are freely draining sandy loams or loamy sands

overlying the Lower Greensand.

4.5.3 Mox Farm - 2005

The taxonomic soil units at 1:25,000 scale explain very little of the variation in the
soil moisture measurements. On 10th June the variance explained was insignificant
and on the 11th July only 4% of the variation was explained by soil series.
Investigating the significant soil series effect using Fisher LSD showed that Evesham
was significantly wetter than Oxpasture but neither are different to the Hanslope
series. Mox Farm showed a significant difference in the average soil moisture
conditions in the field between the 10th June and the 11th July, but no interaction

between soil series and date of sampling.
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Figure 4-5 Results from ANOVA by soil series for each sampling date, bars show the 95%
confidence intervals on the mean. (a) Stone Hill, 2004 (b) Church Meadow, 2005 (c) Mox
Farm, 2005
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4.6 Soll moisture variation with respect to topography

The results presented here are from the Regression Analysis carried out to compare
the amount of variation explained by a combination of terrain variables

e Steady State Wetness Index (SSWI), the Quasi-Dynamic Wetness Index
(DYNWI) calculated by DYNWET-G .(Figure 4-6);

o Short Wave Radiation on a Sloping Surface (Wm™) (SWRSS) calculated
by SRAD (Figurc 4-6).

A grid size of 50 m was used for each of these temain variables. This grid sizc was
selected becaunse increasing the grid size from 20 m to S0 m generally increased the
variance explained by the terrain attributes. Increasing the grid size to 100 m
consistently decreascd the variance explained by the terrain variables (Appendix V).

634-70
701-72

i in-m
A74.1- 76
J%N1-78.
_78.1-80
Joo.1 -2
8 1-84
“Jos.1-86

Figure 4-8 Indices in each of the three experimental fieids (a) SSWI (b) DYNWI (c) SWRSS.
The left 3 figures show the sub-catchment and field boundary of Mox Farm. The right 3
figures show the sub-catchment and field boundaries of Church Meadow at the top of the
catchment and Stone Hill at the bottom of the calichment. (10*Vertical exaggeration)
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Combining the soil moisture values with indices and taxanomic soil units for use in
creating regression models was done by using GIS overlay and intersect tools within

Hawths Tools for ArcGIS (Figure 4-7).

X co- Y co- Soil moisture

Each soil moisture ordinate ordinate measurement

measurement has an
x and y co-ordinate

These points were ¢ eve v
overiaid on the raster A o o ® . X co- Y co- Soil moisture SsSwWi

Hawths tools

.
\d
of SSWI (for example) o .. . . x ordinate ordinate measurement
.
.

(Intersect Point Tool)
for ArcGIS was then
used to assign each

soil moisture value of
SSWI depending on
which cell it was
located in

These points were
overiaid on the soil
vector map

X co- Y co- Soll moisture SSWI Soil
ordinate ordinate measurement

Hawths tools
(Intersect Point Tool)
for ArcGIS was then
used to assign each

soil moisture a soil
series depending on
which polygon it was

located in.

Regression models were then developed
from the resulting tables

Figure 4-7 Description of the methods used to obtain the data required to generate

regression models for analysing soil moisture distributions

4.6.1 Stone Hill-2004

The maximum amount of variance explained by terrain was in Stone Hill. The
variance explained was at a maximum on the 21* May. Here the SSWI and SWRSS
combined explain 44% of the variation in the soil moisture. Individually the SSWI
explains 35% and SWRSS 31% (Figure 4-8). This implies that there was some
interaction between these terrain variables, but also that some of the variation was
explained uniquely by one or the other. This was also true on the ™ April. On the igh
July SWRSS was not significant when combined in a regression analysis with the
SSWI. This implies that the variation explained by SWRSS was also explained by
SSWI. The variation explained by terrain decreases on the 13" July (Figure 4-8)
immediately after a prolonged period of rainfall (Figure 4-3). In Stone Hill the
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DYNWI explains less or a similar proportion of the variation to the SSWL The
increased variation cxplaincd by thc SSWI comparcd to the DYWI carlicr in the year
suggests that the arca is tending towards a steady state situation, where a greater
proportion of the upslope area is contributing to the soil moisture at a given location.
This could be due to increased rainfall input over the winter and early spring and Icss
vegetation cover meaning increascd overland flow and a reduction in the interception
ratcs,

4.6.2 Church Meadow-2005

The patterns in Church Meadow in 2005 wcre similar to those seen in Stone Hill in
2004. The DYNWI cxplains a similar proportion of the variation in soil moisture to
the SSWI. The maximum variation explained by terrain was 32% on the 17 June
(Figure 4-8). The variation explained by a combination of the SSWI and SWRSS
decreases through the growing season, to 22% on the 15* July. On all three dates
some of the variation was cxplaincd uniquely be either the SSWI or SWRSS.

4.6.3 Mox Farm-2005

The results from Mox Farm show that most of the time temrain does not explain a
significant amount of thc variation in soil moisturc. When it was statistically
significant the maximum variation explained was less than 10% (Figure 4-8)
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Figure 4-8 Variance in measured surface soll moisture explained by SSWI, DYNWI, SWRSS
and SSWI+SWRSS for each of the eight soll moisture field surveys
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4.7 Soil moisture with respect to terrain and soils combined

The results presented here are from the Regression Analysis produced to compare the
amount of variation explained by a combination of the terrain indices as in section 4.6

and taxonomic soil groups as in section 4.5.

The results shown below are the most effective Regression Models for predicting soil
moisture using both 1:10,000 and 1:25,000 soil maps with different combinations of
the terrain indices SSWI and SWRSS. (Table 4-1). These regression models were
obtained by modelling all combinations of soil, SSWI, SWRSS and then taking the
models with the highest correlations (adjusted r* values) where all the variables in the
model were statistically significant.

Table 4-1 Regression models explaining the largest proportion of variation in surface soil
moisture for each of the eight sampling dates in Stone Hill, Church Meadow and Mox Farm.

Model (i) Terrain + 1:10,000 soil data (ii) Terrain + 1:25,000 scale soil data (Figure 4-8 shows
the variance in soil moisture explained by each of the models)

Field Date Regression Model
Stone Hill 7“7\—pril 2004 (i) 1:10,000 soil + SWRSS

(ii) SSWI + SWRSS
21% May 2004 (i) 1:10,000 soil + SSWI + SWRSS
(ii) SSWI + SWRSS

13" July 2004 (i) 1:10,000 soil
....................................................... (i) 1:25,000soil +SSWI_____ .
Church Meadow 17" June 2005 (i) 1:10,000 soil + SWRSS
(ii) 1:25,000 soil + SSWI + SWRSS
1% July 2005 (i) 1:10,000 soil + SWRSS

(ii) 1:25,000 soil + SSWI + SWRSS
15" July 2005 (i) 1:10,000 soil + SWRSS

Mox Farm 10™ June 2005 (ii) 1:25,000 soil + SSWI
11" July 2005 (ii) 1:25,000 soil + SSWI

4.7.1 Stone Hill-2004

Results from the analysis showed that the amount of variation in soil moisture
explained by soils at 1:10,000 decreased from 55% to 33% over the growing season.
Adding terrain to the Regression Models explained an additional 3% to 11% of the
variance (Figure 4-9). This implies that variation explained by soils at 1:10,000 scale
incorporates most of the variation explained by terrain indices. The variation
explained by soils mapped at 1:25,000 was less than half the variation explained by
the more detailed breakdown of soils in the landscape. The additional variation

explained by terrain indices varies from 5% on the 13% July to 25% on the 21* May
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(Figure 4-9). This again suggests an interaction between the variance explained by
soils and that explained by terrain indices. The variation explained by soils at
1:25,000 scale and terrain indices was always less than the variation explained by
soils alone at 1:10,000 scale. Adding 1:25:000 scale soil to the SSWI and SWRSS
explains no more variation than the regression model using the two terrain indices

(Table 4-1).

4.7.2 Church Meadow-2005

In Church Meadow the variation explained by soils at 1:10,000 was a maximum of
76% on the 17" June. This decreased to 61% by the 15" July. The increased variation
explained by adding terrain indices was only 2% to 3% (Figure 4-8). This implies that
soils mapped at 1:10,000 scale incorporate the variation in soil moisture explained by
adding terrain indices. The results from adding terrain to the 1:25,000 soil data
increase the variation explained by between 12% and 19% (Figure 4-9), showing that
some of the variation explained by terrain was not picked up by the 1:25,000 soil map.
Here the SSWI does not add any further information on soil moisture than the
combined 1:10,000 scale soil data whereas it does add additional information to the

1:25,000 soils data.

4.7.3 Mox Farm-2005

A 1:10,000 scale soil map was not available for Mox Farm so analysis was carried out
on the 1:25,000 soil map and the terrain variables. The proportion of variation
explained by soils was less than 5% on the 11" July and not significant on the 10™
June (Figure 4-8). Terrain indices and soils explain a maximum of 20% of the soil
moisture variation on the 11" July (Figure 4-9). This suggests that soil and terrain

indices are explaining different parts of the variation.
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Figure 4-9 Variation in surface soil maisture explained by a combination of solls and Terrain
indices for each of the eight sampling dates In Stone Hill, Church Meadow and Mox Fam.
Variables included in the Soil + Terrain models can be found in Table 4-1

4.8 Discussion

4.8.1 Local soils and geology
The increasing proportion of variation in soil moisture cxplaincd by soils from Mox
Farm to Stonc Hill to Church Mcadow could be linked (o the underlying geology:

Stowe Hill is mainly underlain by the Lower Greensand but part of the base of the
field is over Ampthill Clay. This leads to the distinguishing of thc Cottcnham and
Wickham soil series mapped at 1:25,000 scale. The lower Greensand is not
homogcncous in space. For example there are lenses that have a higher clay content at
the base of the profile. This leads to the distinguishing of the Maplestead and Mclford
series mapped at 1:10,000 scalc. Thesc soils, both sandy loams at the surface, did not
show significant differcnces in soil moisture. The increased similarity between
Maplestead, Bearsted and Meliord immediately after heavy rainfall suggests also that
soil properties become increasingly important as soils dry out, in particular for soils
with similar surface soil propertics.

Thc insignificancc of 1:25,000 soils dala when combined with terrain in the regression
models for the 7" April and 21* May is thought to be due to the small amount of
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variation in the soils at this scale. Furthermore the small area of the Wickham soil
series is located at the lowest point of the field in the area with the highest wetness

index values.

Church Meadow overlays, in similar proportions, the Lower Greensand and Till.
These two underlying geologies have significantly different drainage regimes and also
overlying soil series. There appears to be a greater change in the depth to the Lower
Greensand than in Stone Hill. This was highlighted as this area was mapped as two
soil series (Bearstead and Cottenham), distinguished by this factor, at 1:25,000 scale.
These factors suggest that a larger amount of the variation in soil moisture should be

explained by the variation in soil series.

This factor is seen in the results in this field, although terrain is less important for
predicting the variation in Church Meadow than in Stone Hill. One reason for this
could be that the Church Meadow sampling dates are much later in the growing
season than the first two sampling dates in Stone Hill and therefore there will be
increased crop cover masking the differences due to terrain. (Cantén et al., 2004,
Kang et al., 2000, Western ef al., 2002). This could be due to increased interception
leading to a smaller percentage of rainfall arriving at the soil surface and restricted

overland flow.

Mox Farm is underlain purely by Till. This is reflected in the overlying soil series.
The three series mapped at 1:25,000 are all a combination of clays and clay loams.
They all have similar drainage characteristics, only varying slightly in their depth to
clay (Oxpasture and Evesham), or structure (Hanslope). This could explain why soils

are not significant in explaining the soil moisture characteristics in Mox Farm.

A major factor in the very small amount of variance in soil moisture explained by a
combination of terrain and soils in Mox Farm could be the much shallower slopes in
the field compared to Stone Hill and Church Meadow. The results showed, as
expected, that increased slopes lead to an increase in the proportion of soil moisture

being explained by terrain.

4.8.2 Controls on surface soil moisture
Western et al. (2004) showed correlation lengths in soil moisture between 30 m and

300 m for the catchments they studied. This was supported by geostatistical studies
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they found in the literature which suggested correlation lengths between 50 m and 200
m at a small catchment scale. The results outlined in this chapter showed that soils
data at a detailed, 1:10,000 scale explain the patterns in soil moisture better than the
1:25,000 scale soil mapping units. It is suggested that detailed scale soil data could go
some way to represent the short correlation lengths seen in previous studies since soil
polygons at this scale have dimensions in the range 30m to 300m. These correlation
lengths are generally much smaller than the sizes of the polygons in 1:25,000 maps.
Lin et al, (2006a) have also suggested that Order I (1:15,840) soils data available in
the USA is important in understanding site specific applications such as precision
farming and hill slope hydrology. The findings here support this view and the concept
of the emerging field of Hydropedology.

The results presented in this chapter reflected the periodicity of rainfall events and dry
spells, as suggested by Parent et al., (2006) and Lauzon et al., (2004). This
relationship could be further explored by more frequent sampling in the different soil
series within the fields and then comparing the power spectrum of rainfall data and
soil moisture data (Lauzon et al., 2004, Parent ef al., 2006,). This type of analysis
would give an insight into the response in different soils and from an agricultural
perspective could lead to quantitative assessment on the need for irrigation and the

trafficability of the soil after rainfall.

The general stability with respect to soil series and terrain was consistent with the
spatial organisation of soil moisture reported in the literature. In this study the
maximum variation in surface soil moisture explained by terrain variables was 44%.
This compares with a maximum value reported by Western et al. (2004) of 51% from

previous literature and 60% in their own studies.

The proportion of variance explained by soils and terrain decreases over the growing
season. The reason for this is thought to be that topographic and soil effects are
becoming masked by increasing vegetation cover (Kang et al., 2000, Western et al.,
2002, Cantén et al., 2004). This may also mask any effects of changing processes
from horizontal soil movement to vertical as suggested by several authors (Western ef
al., 1999, Peters-Lidard et al., 2001, Aryal ef al., 2003, Pelenq, 2003). The results of
this study are only from the growing season and to investigate this change fully a bare

ground plot in each of the soils would need to be sampled throughout the whole year.
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In this study the built in calibration between measured voltage and soil moisture was
used. This lead to measurement errors of up to £5% vol/vol (Delta-T, 1999). Each
field and date combination was analysed individually with respect to soil and terrain.
This will reduce the effects of instrument drift, as the interest of this study was
relative values. The effects of errors in the location of the points will be minimal as
the error in locating each sample was significantly less than the 50 m grid size used
for the analysis of terrain effects. Errors in the measurement locations with respect to
the soil boundaries may have some effect on the results, but the boundaries only

represent the best estimate of the division in gradually changing soil properties.
4.9 Major Results

The key results and conclusions from the surface soil moisture measurements are:

e SWRSS and SSWI together explain more variation in soil moisture than
either individually, which suggests that the two indices may be reflecting

different processes;

e Percentage of variation explained increases when the grid size increases
from 20 m to 50 m. It is suggested that at 20 m there was too much detail
in the terrain indices and the soil moisture reflects the more general trends.

Further investigation could be carried out by smoothing the 20 m DTM;

e The variance explained purely by terrain was consistent with results from

other studies. (Western ef al., 2004);

e Detailed soil information aids the prediction of soil moisture. This has
been suggested in other studies but soils data have often not been available
at a detailed enough scale to quantify the effects (Wilson et al., 2005, Lin
et al., 2006);

o In the absence of this data, terrain data combined with lower resolution soil
data gives better results than terrain data alone. This study has used data
mapped to soil series level. Further investigation is needed to address the

question of how effective adding terrain to soil association data would be;

e The controls on soil moisture are shown here to be a complex interaction

of soils, terrain and underlying geology.
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4.9.1 Implications for the STAMINA model

The STAMINA model requires an index with which to distribute rainfall. These
results suggest that of the two indices discussed here the SSWI is sufficient as it has
similar, and in many cases better correlation with soil moisture than the more complex
DYNWI. The SSWI is however much simpler to calculate and only requires a DTM
and not soils data. It is therefore only dependant on the scale of the available terrain

data and not the more limited availability of soils data.

The indices do not explain all of the soil moisture variation in the landscape but in the
model the vertical redistribution of water, and hence the soil effect, is part of the

model structure.
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5 Soil moisture access tube results

5.1 Introduction

This chapter outlines the results from the soil moisture profile measurements. It

addresses:
e The meteorological conditions throughout the measurement campaign;
e How the spatial patterns of soil moisture change with time and depth;

e The drivers of soil moisture. This involves a comparison of the
importance of soil series, soil texture at the point of the observation and

depth for explaining the variation in soil moisture.

The question of how these results compare with published data is then addressed

along with the implications of the results for the STAMINA model.

5.2 Access tubes

Soil moisture was sampled in Church Meadow and Stone Hill at 38 locations over two
growing seasons. The tubes were removed for harvest and subsequent tillage after the
2003 growing seasons. They were replaced, in 2004, after the tramlines had been
established in the spring. The 38 access tubes in Stone Hill (22) and Church Meadow
(16) sampled soil moisture at six depths from 100 mm to 1 m in a broad range of
landscape positions and soil series as mapped at 1:10,000 scale (Figure 5-1). Full
details of the methods can be found in Section 3.5. Details of the field management

can be found in Table 3-2.
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Figure 5-1 Locations of the 38 soll moistura Access tubes in Stone Hill (Top) Church Meadow
(Bottom) Access tuba numbers are those referred ta in the text. The background map is the
10:,000 scale soil map for each of the fields.
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Analysis was carried out on the results from Stone Hill in 2003 and 2004 and Church
Meadow for 2003 alone. A number of tubes were excluded from the analysis for a
variety of reasons, as specified in Table 5-1.

Table 5-1 Access tube measurement locations excluded from analysis. Figure 5-1 shows
location of the points in the field.

Field

Tubes

location Rates Tibes excluded Reason

. 29" Apr 2003 — Lid removed early in the season
Stons Hill  gm Sept 2003 17-38 90 allowing water to enter the tube

. 8" Apr 2004 — 6" Several tubes were broken on
Stone Hill - A9 2004 17-38  18,22,35 | novalin 2003.

th _ath Loose in ground leading to poor
Stone Hill 2UA‘2)B§204 6 17-38 24 contact. Most readings below the
g range of the instrument

Church 1% Apr 2004 —
Meadow 237 Jul 2003 e, hope RUA
Church < Field inaccessible due to growth of
Mesdow 2004 Sampling abandoned Oil Seed Rape

5.2.1 Measurement errors
Very high and low values were recorded at certain tubes in the two years of this

experiment. It is suggested that these values may be associated with:

e High in situ soil moisture values that are outside the calibration range of
the instrument (5% — 60%), where its response becomes non linear (Delta-
T, 2001) or bypass flow causing water to accumulate in air gaps down the

tube;

e Low in situ soil moisture values that are outside the calibration range of
the instrument (5% — 60%), where its response becomes non linear (Delta-
T) or air gaps caused by the sand caving in when it is augured to place the

tube.

The extreme soil moisture values in the observations from Stone Hill and Church

Meadow were often directly related to the soil profile descriptions.

Low readings, often below the range of the instrument, are found at Stone Hill tubes
21, 22, 24 and 38 in 2003 and in the same horizons at 21 and 38 in 2004. These are in

sand layers below less sandy layers (Example Figure 5-2).
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In Church Mcadow tubes 5 and 8 have very low readings and readings below the
range of the instrument at 600 mm and 300 mm respectively. These results, as for
those in Stone Hill in 2003 and 2004 arc associated with freely draining sandy soils.

Soil Moleture (% VV)
® ° » » 40 ] (]

Figure 5-2 Results from soil moisture access tube measurements (Tube 21) for the beginning
and end of the season in (a) 2003 and (b) 2004

Soil moisture valucs greater than 60% are recorded at 1 m at tubes 17, 26, 33 and 36
in 2003 and 2004 and also at tube 23 in 2004. In 17 and 36 these high values are
associated with gleyed horizons in the soil profile. In 23, 26 and 33 they are
associated with slowly permeable clay rich horizons.
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The measurements from tubes 12, 13 and [4 show very high soil moisture, recorded
values up to 90% vol/vol, at the lower depths in the tubes. These values are associated

with gleyed, clay texture, horizons in the soil (Figure 5-3).

Soll Molsture (% V)

Figure 5-3 Results from soil moisture access tube measurements (a) Tube 12 (b) Tube 13 in
2003 (The red line shows approximate saturated water content)

522 Discussion

Measurements of soil moislure above 60% vol/vol are unlikely in these soils as this is
in excess of their total porosity. Measurements above this level were not excluded
from the analysis, as the aim of the rescarch was to look for spatial pattemns in the
landscapc and thercfore the relative palterns of the measurements. The results
outlined above show that these extreme values appear to be related to real soil
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phenomena. The values below 5% vol/vol are generally lower than the wilting point
of the soils but were not excluded for the same reason. It should also be noted that the
errors in these measurements may be greater than the stated precision of the
instrument (5% vol/vol) due to the non linear response of the instrument at high and
low soil moisture values. The tubes with obvious installation problems had already
been excluded from the analysis (Table 5-1). Further investigation into how extreme
values are interpreted and how they affect the conclusions drawn is required. Crave
and Gascuel-Odoux, (1997) capped values above 80% vol/vol at 80% vol/vol as a
solution to this problem. The difference in their work was that the results are
gravimetric water contents measured in the laboratory and hence extreme values can

be associated with observed phenomena
5.3 Weather conditions

The weather data for the measurement period are shown below for ease of
interpretation for the soil moisture results that follow (Figure 5-4). The context of the
weather, with respect to the long term average, can be found in Section 4.2. The
weather conditions in 2003 and 2004 are very different. It can be seen from Figure 5-2
that 2003 is much hotter and drier than 2004. It is likely that the soil moisture
conditions reflect this difference. The high rainfall in August 2004 may be expected to
cause some soil moisture recharge. Rainfall in the Summer, Autumn and Winter of
2002, however, were above the long tem average and wetter than in 2003 (Met Office,

2006)
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5.4 Soil moisture analysis

Several analyses were carried out separately to take account of the different average
soil moisture conditions in combination with different weather conditions. The

analyses were:

e Average soil moisture in each field for each of the sampling dates was
plotted and the average and standard errors through the growing season
were compared. The aim of this analysis was to examine the range of
values across the field and see if they changed as the field dried out, were
related to the measurement depth and how they related to meteorological

conditions;

e The Spearman’s Rank Correlation Co-efficient was calculated between
soil moisture measurements in the field for each pair of dates (Vachaud et
al., 1985). This was repeated for each measurement depth. The resulting
matrices can be found in Appendix VI. The aim of this analysis was to test
for changes in the spatial patterns in the field and to make observations as
to how the timing of these could be associated with particular

meteorological conditions;

e The relative differences of the soil moisture values from the mean value
of the field were plotted with the standard deviation of these differences
over time shown (Vachaud et al., 1985). The aim of this analysis was to
test whether certain locations were consistently above or below the mean

value for the field;

e The final analysis that was carried out was an Analysis of Variance
(ANOVA). This examined the variation in soil moisture with respect to
soil series at 1:10,000 scale, soil texture at the measurement depth and

depth within the soil profile.

In the literature the proportion of variance explained by terrain indices is a maximum
of 60% and is generally lower than this (Western ef al., 2004) for large data sets, in

excess of 100 points. A complete analysis of the soil moisture results with respect to

Nicola J. Baggaley PhD Thesis 2007



-101 -

terrain indices was not carried out as this would have required analysis of each sample
depth for each sampling event separately (Over 90 analyses for each of the three
field/year combinations) but with less than 22 points in each analysis. A simple
regression between all the samples and the terrain variables showed no significant
correlation. It is thought that this is due to the terrain variables being measured at a
different scale to the soil moisture — there were over 90 soil moisture results for a

single value of a terrain variable.

5.5 Results

5.5.1 Stone Hill 2003

At 100 mm the average soil moisture in Stone Hill decreased, over the growing
season, from 23% vol/vol to 9% vol/vol. There were four peaks in the soil moisture at
100 mm. These were on the 20" May, 11" June, 30" July and 12" September (Figure
5-5). They reflected the response of the soil to rainfall events in the week previous to
the measurements (Figure 5-5). There was a 31 mm of rainfall in the 10 days previous
to the 2™ July measurement, but the measured soil moisture appeared to reflect the
broader trend of deceasing soil moisture. This was probably a result of increasing

temperatures and therefore increasing evapotranspiration.

As the depth within the profile increases there is an increase in the variation of soil
moisture across the field, shown in the increase in standard error (Figure 5-5). At 1
m depth the average soil moisture decreased from 33% vol/vol to 17% vol/vol. The

trend at 1 m depth was much smoother than at 100 mm (Figure 5-5).
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Figure 8-8 Average soll moisture (% volivol) in Stone Hill 2003 for each sampling date at 100
mm and 1 m. Eror bars show the standard error on the mean.

The resulting Spearman’s Rank Correlation Co-efficient (Appendix VI) at 100 mm
showed a fairly unstable pattern of soil moisture within the field, with only
measurement depths close in time showing high correlations. At 200 mm there were
an increased number of significant comclations between sampling dates. The
significant correlations at both 100 mm and 200 mm depth fall into two groups
(Figure 5-15). The spatial pattem of soil moisture is stable, showing significant
correlations, from 29" April to thellth June and then from the 2nd July to the 18*
September (Appendix VI). This change in spatial pattern was linked to increased
temperatures and later in the season, when temperatures decreased, very low rainfall
(Figure 5-4). It could be linked to changing evapotranspiration characteristics. At
increasing depths, from 300 mm to | m, the pattern of soil moisture within the field
appeared to be stable, with significant Spearman’s Rank Correlation Coefficients,
throughout the growing season (Appendix VI). This could be due to the decreasing
influence of evapotranspiration with increasing depths.

The relative differences from the mean were mainly between £50% at 100 mm and
200 mm depth and then increase 1o £100% with increasing depth. In general the
standard deviations were less than £30% (Figure 5-6). As the depth increases fewer
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locations represent the mean value for the field, locations are either consistently
higher or lower than the mean. The variability of soil moisture measurements across
the field is also seen to increase with depth (Figure 5-5). These two findings
correspond to an increase in the variation in soil texture with depth. At 100 mm the
soil is either a sandy loam or loamy sand, where as at 1 m the soil texture ranges from
sand to clay. In general the higher clay content soils are wetter and the soils with an
increased sand content are drier. It is therefore expected that soil moisture
measurements will show both greater variation and be less likely to represent the
mean value as depth with in the profile increases. At depths greater than 300 mm the
points below the field mean soil moisture are more stable in time, have lower standard

deviations, than locations with soil moistures greater than the field mean.

At given locations in the field points show different residuals from the mean value at
different depths. For example at 100 mm and 200mm tube 22 represents the mean
value for the field and has a very low standard deviation. At increasing depths,

however the bias increases to 75% lower than the mean soil moisture (Figure 5-6).
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Figure 5-6 Relative differences from the field mean soil moisture for Stone Hill 2003. Error
bars represent +/- Standard deviation of the difference over the growing season
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The results of ANOVA show that the soil moisture at 1 m was significantly higher
than at any of the other sampling depths, this could be due to the influence of ground
water at this depth (Figure 5-7). Soil series alone explains only 15% of the variation in
soil moisture (Table 5-2). The soils though do fall into four distinct groups with
different soil properties. These were consistent with results of the ANOVA of the
surface soil moisture measurements in Stone Hill (Chapter 4). These groups

(Figure 5-7) show differing soil properties (Table 3-1):
e Cuckney and Bearsted;
e Cottenham, Ebstree and Maplestead;
e Melford;
o Wix.

Results from the ANOVA show that 56% of the variation in soil moisture can be

explained by a combination of depth and series.

Generally measurement points with a higher clay content showed significantly higher
soil moisture than more sandy textures (Figure 5-7). This is due to the higher water
holding capacity of clay soils. However the texture at the measurement depth explains
almost 30% less variation in soil moisture than a combination of depth and series at

1:10,000 scale (Table 5-2).

Table 5-2 Variance explained by soil properties and depth

Factor Variance explained
Soil Texture class 27%

Soil Series 15%

Depth and Series 56%

Depth and Texture *

*Incomplete design in that not all textures are represented at all depths
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5.5.2 Stone Hill 2004

'There was a decrease in the average soil moisture, in Stone Hill, at the beginning of
the scason at both 100 mm and 1 m comparcd to 2003 (Figurc 5-8). This is thought to
be due to the lower rainfall in the previous Summer, Autumn and Winter of 2003 than
in 2002. A key feature in the average soil moisture patterns at 100 mm in 2004 is the
declcaseinsoilmoisnnetolhclS"Juncandthcsubsequcminucasemtiltth"'
August (Figurc 5-8). This was linked to two weeks with no minfall prior to sampling
on the 18" June and a large amount of rainfall at the end of June and through July
(Figure 5-4), where the total rainfall was above the 30 year average (Figure 4-1). The
three peaks, on the 10* May, 25™ Junc and 8" July arc, as in 2003, associatcd with
increased rainfall in the weck previous 10 sampling, At 1 m depth the average soil
moisture increases from 29% vol/vol to 42% vol/vol. The soil moisture at 1 m shows
much less of a smooth trend than in 2003, The largest increase is between the 6 and
10® May (Figurc 5-8). This is associaled with 56 mm rain in the [wo weeks prior to
the 10® May. The range of values, shown by the standard errvor on the mean,
increased with increasing depths as in 2003.
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Figure 5-8 Average soil moisture (% volivol) in Stone Hill 2004 for each sampling date at 100
mm and 1 m, Error bars show the standard error on the mean
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The results from the Spearman’s Rank Correlation Co-efficient (Appendix VI)
showed, as in 2003, that the correlations between dates are quite scattered in the top
200mm, although most are significant. The lowest and in many cases non significant
correlations are associated with 30 July (Figure 5-15). This comes after a 10 day dry
period combined with an increase in temperature (Figure 5-4). The correlations
between sampling dates, as in 2003 increased with increasing depth. This again could
be linked to the decrease in the effects of evapotranspiration on soil moisture at

increasing depths.

The results from 2004 show that the majority of locations have mean relative
differences up to +50% to a depth of 300 mm and as in 2003 the number outside this
range increases with increasing depth (Figure 5-9). This corresponds to the increase in
the variation in soil texture with depth. At 100 mm the soil is either a sandy loam or
loamy sand, where as at 1 m the soil texture ranges from sand to clay. In general the
standard deviations in the top 200 mm are greater than in 2003. However, these as in
2003, decrease throughout the soil profile (Figure 5-9). The standard deviations of the
points are generally lower at the points which are below the average field soil
moisture. In general there are fewer locations in 2004, at any depth, that represent the

average soil moisture in the field compared to 2003.
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Figure 5-9 Relative differences from the field mean soil moisture for Stone Hill 2004. Error
bars represent +/- Standard deviation of the difference over the growing season
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The results of ANOVA show that the soil moisture at 600 mm and 1 m were
significantly higher than at any of the other sampling depths, this could be due to the
influence of ground water at this depth. The increase in soil moisture at 600 m
compared to in 2003 is thought to be due to increasing precipitation and decreased
temperatures leading to soil moisture recharge over the growing season (Figure 5-4).
The soils though do fall into three distinct groups with different soil properties (Table
3-1). These groups (Figure 5-10) are:

e Cuckney and Bearsted,;

e Cottenham;

o Ebstree, Maplestead, Melford and Wix.
The results from the ANOVA show that an increased proportion of the variation in soil
moisture, 66%, is explained by a combination of series at 1:10,000 scale and depth

within the profile than in 2003 (Table5-3). Texture again explains approximately 30%

less of the variation in soil moisture than the combination of depth and series.

Soils with a clays (C) and sandy, silt loam (SZL) texture have very high soil moisture
(Figure 5-10). This could be due to their high water holding capacity, but also their
association with horizons deep in the soil profile which became saturated over the

measurement period.

Table 5-3 Variance explained by soil properties and depth

Factor Variance explained
Soil Texture class 37%

Soil Series 15%

Depth and Series 66%

Depth and Texture 2

*Incomplete design in that not all textures are represented at all depths

Nicola J. Baggaley PhD Thesis 2007



-113-

Soil moisture (% VIV)
e 3 B 8 &§ 8 8 d 8

8L L8 BCL 8 ¢ ¢ 8sa sc
Texture

Soil moisture (% VIV)
2 2
——i
o —-. e em— -
i
i
——i
= !

g 0 _i O | i

E: 30 | 1 |

i :

E 20 | B

E ; ¢ $ 3 '
o |

100 200 00 400 800 1000
Depth (mm)

Figure 5-10 Resulls of the ANOVA for soll moisture average soll moisture in Stone Hill 2004
with respect to (a) Depth (b) Soll texture at the measurament point (LS-Loamy Sand SCL-
Sandy Clay Loam S- Sand CL-Clay Loam SZL-Sandy Silt Loam SC-Sandy Clay) (c) 1:10,000
scale soil series. Error bars show the 95% confidence interval
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5.5.3 Stone Hill discussion

The ANOVA from the surface surveys pick out similar soil groups to those from the
profiles. In the surface surveys Maplestead is not distinguishable from Melford. When
the depth measurements are taken into account the soil types become distinguishable.
This can be explained by the clay at depth within the Melford series, which would be
expected to have a higher water content than the sandy base of the Maplestead profile,
but both series would be expected to be freely draining with respect to the surface

measurements.

The clay loam soil texture showed lower soil moisture with respect to the other more
sandy soil textures, in both 2003 and 2004. This could be caused by other drainage

characteristics associated with the soil profile at tube 20.

5.5.4 Church Meadow 2003

The average soil moisture in Church meadow, as in Stone Hill in 2003, decreases
over the growing season. At 100 mm the average soil moisture decreases from 18% to
7%. There were three peaks in the soil moisture at 100 mm. These were on the 20"
May, 11" June and 30™ July (Figure 5-11). They reflected the response of the soil to
rainfall events in the week previous to the measurements (Figure 5-4). At 1 m depth
the average soil moisture decreases from 32% vol/vol to 14% vol/vol. As in Stone Hill
in 2003 the response to individual rainfall events can be seen in the 100 mm
measurements, but this becomes less evident with increasing depth. Furthermore the
increase in standard error on the mean with increasing depth could be linked to

increased variation in soil texture with increasing depth as in Stone Hill.
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Figure 5-11 Average soil moisture (% volival) in Church Meadow-2003 for each sampling
date at 100 mm and 1 m. Error bars show the standard error on the mean

The resulis from the Spearman’s Rank Correlation Co-efficient (Appendix VI)
analysis show that the spatial patterns of soil moisturc becomc morc stable with
increasing dcpth through the profile. In the top 400 mm there is a decrease in the
correlations between the dates after the 11th June and those earlier (Figure 5-15). This
change in spatial pattern was linked to increascd temperatures and later in the season,
when temperatures decreascd, very low rainfall (Figurc 5-4).This phcnomenon is not
as pronounced in Church Mcadow as in Stone Hill this could be due to the smaller
averall decrease in soil moisture (Figure 5-11) and the shorter time period over which
sampling took place.

The rcsults that the majority of locations have mean relative differences up (0 :50%
to a depth of 400 mm and as in 2003 the number outside this range increases with
increasing depth. The standard deviations in the top 100 mm are greater than in Stonc
Hill in 2003, but as in Stone Hill they dccrcase throughout the soil profile
(Figurc 5-12).

The results of the ANOVA (Figure 5-13) show 67% of the variation in soil moisture
can be explained by a combination of series at 1:10,000 scale and depth (Table 5-4).
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More of the variation can be explained by soil texture at the measurement depth than

in Stone

Hill. The soil series alone explains 31% of the variation in soil moisture

compared to about 15% in Stone Hill. The soils fall into four groups reflecting their

soil properties (Table 3-1):

Bearsted and Cuckney;
Maplestead;
Hanslope;

Ashley.

Table 5-4 Variance explained by soil properties and depth

Factor Variance explained
Soil Series 31%

Depth and Series 67%

Depth and Texture *

Incomplete design in that not all textures are represented at all depths
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Figure 5-12 Relative differences from the field mean soil moisture for Church meadow in
2003. Error bars represent +/- Standard deviation of the difference over the growing season
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Depth (mm)
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Figure 5-13 Results of the ANOVA for soil moisture average soil moisture in Church Meadow
2003 with respect to (a) Depth (b) Soil texture at the measurement point (LS-Loamy Sand
SCL-Sandy Clay Loam S- Sand CL-Clay Loam SZL-Sandy Silt Loam SC-Sandy Clay) (c)
1:10,000 scale soil series. Error bars show the 95% confidence interval
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5.6 Discussion

The results in this chapter suggest that soil moisture shows spatial patterns in the

landscape, which are primarily linked to soil properties. More specifically:

e The flat areas and areas at the base of the fields (Figure 5-14, location 3),

such as tube 17, tend to have increased soil moisture at depth;

Figure 5-14 Photograph of Stone Hill showing (1) Flat area at the top of the field (2) Most
steeply sloping area (3) Base of the field adjacent to the water course

e At a point scale soil texture is a driver of soil moisture, as horizons with
high clay and silt content generally have higher soil moisture. This is

expected as clay and silt increase the water holding capacity of the soil;

* As the variations in texture increase soil moisture becomes increasingly

varied and fewer locations represent the mean soil moisture in the field;

e The average soil moisture varies with soil series. Soil series are determined
at the 1:10,000 scale which suggests that, at a field scale, drainage
characteristics within the soil profile are more important in determining the
soil moisture at a given depth than the specific texture at the measurement
depth. The combination of texture and depth could not be analysed as all
the textures did not occur at every depth. These results highlight the

complex non linear interactions between soil moisture, soil and terrain as
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noted in the literature (Mohanty and Skaggs, 2001, Jacobs et al., 2004, Lin
et al., 2006)

In Stone Hill in 2003 there is a change in the pattern of soil moisture in the surface
layers between the beginning and end of the season. This is consistent with the
observations by Martinez-Ferndndez and Ceballos, (2003) who suggest that there is a
change in the patterns of soil moisture in a field from wet to dry periods. This could
reflect a change in driving processes in wetter and drier conditions as suggested by
Wilson ef al., (2005). In general the patterns of soil moisture are more stable with
increasing depth as in the study by Martinez-Ferndndez and Ceballos, (2003). This
suggests that landscape position, and characteristics, are likely to predict soil moisture
at depth more consistently than at the surface. The analysis of the spatio-temporal
variation of soil moisture with respect to topographic characteristics did not show any

conclusive results. However overall:

e The results from the soil moisture access tubes are consistent with the

surface soil moisture surveys;

e The amount of variation of soil moisture explained by soil series in Church

Meadow is greater than in Stone Hill;

e The soils fall into very similar groups as in the ANOVA carried out on the
surface surveys. These reflected the drainage characteristics of the soils,
although when the soil moisture at depth was taken into account some
soils, which showed the same surface soil moisture, showed significantly

different soil moisture. This reflected changes in texture in the soil profile;
e The surface measurements reflect the recent rainfall events.

This study has shown that the spatial patterns of soil moisture in the field become
more stable with depth. However the locations of points in the surface layer that
represent the average soil moisture in the field are not necessarily the same as those
which represent the average soil moisture at a greater depth. The movement of soil
moisture with respect to the mean with increasing depth highlights the point made by
Fernandez-Gilvez ef al., (2006) that snap shots of soil moisture through a profile can

lead to a bias in the estimate of soil water in the profile. It also shows that care must
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be taken when interpreting surface measurements from remotely sensed data. These
record the soil moisture at the surface and may not necessarily reflect the soil
moisture at deeper levels in the soil. Further analysis which could be carried out on
this data set would be to compare the temporally stable points at 100 mm to the

average values over the 1 m depth.

The results shown here indicate a similar periodicity in the soil moisture at different
time scales as suggested by Lauzon ef al., (2004) and Parent ef al., (2006). The longer
term, variations are associated with drying out of the soil over the season in the very
dry year and the instability of the shorter term variations in the top 100 mm suggests a

link to rainfall events.
5.7 Major results

The key results from this chapter are that:

e Soil moisture variability across the field increases with depth for any given

date;
» Soil moisture variability at a specific location decreases with depth;

e The drainage characteristics within the soil profile appear to be more
important in determining the soil moisture than the texture at the

measurement depth.
5.8 Implications for the STAMINA model

The results outlined in this chapter show significant relationships with soil
characteristics and taxonomic soil groups. In this landscape the processes governing
soil water distribution appear to be more strongly linked to soil characteristics than
directly to terrain. The ability of the STAMINA model to represent soil water

dynamics based on soil properties should therefore be investigated.
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Stone Hill 2003 100 mm

Variable

0.83 0.90 084 051 052 0.07 0.14 0.13 0.03
0.86 0.86: 089 0.53 048 0.12 0.16 0.14 0.04
13-May-03 0.83 0.86 1.00 0.85 0.92 066 059 0.22 0.20 0.11 0.05
20-May-03 090 05L____ 057; 0.15
092 084 1.00 0.70 068 028 0.24 0.16 0.07:
053; 0.66 051 0.70 1.00 0.82 0.40 0.52 0.26 0.27
057 0.68 082 1.00 0.56 0.42 0.28 0.29
0.27 0.28 0.40 0.56 1.00 054 0.46 0.64
9-Jul-03 0.14 0.16 0.20 0.23 0.24 052; 0.42; 054 1.00 0.83: 0.88
16-Jul-03 0.13 0.14 0.90;
0.05 0.15 0.07 0.27 0.29 064: 0.88 0.90 1001
30-Jul-03 0.14 0.23 014 028 020 0.16 0.23 072 0.62 061 0.76.

6-Aug-03
0.18 0.33 0.38 0.54 0.87! 0.95; 093;
-0.01 0.24 0.27 0.43 0.75 0.89 0.88
27-Aug-03 001 0.02 -0.02 0.08 0.04 » 0.48i 0.75; 0911 091
«@ 0.45: 072 0.831 0.79|
12-Sep-03 013 0.lof~ 029 0.33 022 __ 0.35: 0511 067, 026 012 _ 033
18-Sep-03 0.24 0.23 021 0.26 0.13 0.35 0.35 0.43 0.69 0.73; 078

Stone Hill 2004 100mm

8-Apr-04 23-Apr-04 6-Mav-04110-May-04 114-May-04 :21-May-04 j 7-Jun-04 j 11-Jun-041

8-Apr-04 1.00 0.94 0.82 0.67 0.82 0.84 0.84 0.82 0.76
0.94 1.00 0.82 0.74 0.85 0.86 0.90 0.85. 0.76

23-Apr-04 0.82 0.82 1.00 0.67 0.80 0.94: 0.87 0.92 0.81
0.67 0.74 0.67 1.00 0.88 0.75; 0.70 0.63: 0.53

10-May-04 0.82 0.85 0.80 0.88 1.00 0.82 0.85 0.78 0.65.
14-May-04 0.84 0.86 0.94 0.75 0.82 1.00 0.89 0.95 0.88:
0.54 0.90 0.87 0.70 0.85 0.89 1.00 0.90 0.83

7-Jun-04 0.82 085 0.92 0.63 0.78 0.95 0.90 1.00 0.90;
0.76 0.76 0.81 0.53 0.65 0.88 083 0.90; 1.00

0.74 0.71 0.84 0.43 0.57 0.86 0.79 0.89: 0.97;

25-Jun-04 0.76 0.77 0.85 0.50 0.60 0.87: 0.79; 0.90: 0.86
2-Jul-04 0.67 0.70 0.71 0.55 0.59 0.81 0.79 0.83 0.86
8-Jul-04 0.70 0.74 0.81 0.55 0.57 0.87 0.77 0.89 0.86
23-Jul-04 0.60 0.74 0.68 0.48 0.53 0.76 0.75 0.79 0.75
30-Jul-04 0.33 0.45 0.34 0.11 0.12 0.41 0.43 0.49 0.53
6-Aug-04 0.48 0.61 052 0.41 0.43 0.64 0.62 0.62 0.61

Church Meadow 2003 100 mm
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051
0.67
0.26

0.33
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0.76
0.77

0.85;

0.50
0.60
0.87
0.79
0.90
0.86
0.86
1.00
0.81
0.93
0.79

0.64:

0.66

0.67

0.70:

0.71
0.55
0.59
0.81
0.79
0.83
0.86
0.83

0.81;

1.00
0.92
0.85
0.67
0.76

0.70
0.74
0.81
0.55
0.57
0.87

0.77;

0.89
0.86
0.86
0.93
0.92
1.00
0.86
0.70
0.75

1-Apr-03_8-Apr-031 5-Apr-03i22-Apr-03129-A~" ™ 17 May 031 13-M1Y BLON May 03! 28 May 03! 3 Jun 03! 11-Jun 03! 2 Jul 03
1-Apr-03 1M o09a 0.73 0.74; 0.63 0.61; 0.57! 0.60 0.60 0.31 0.50 0.24
8-Apr-03 0.94 1.00 0.75; 0.72; 0.58 0.58: 0.56 0.64 0.69 0.29 0.46 0.32
15-Apr-03 0.73 0.75 1.0C 093: 0.75 0.92 0.86 0.81 0.84 0.6C 0.72; 0.60
22-Apr-03 0.74 0.72; 0.93 10 0.85 0.84 0.89; 0.86 0.92: 0.73 0.85; 0.64
29-Apr-03 0.63 0.58; 0.75 0.85! 10 0.70: 0.8z 0.73 0.74; 0.66 0.78! 0.70
7-May-03 0.61 0.58 0.92: 0.84! 0.70: 1® 0.89! 0.69 0.76; 0.69! 0.66 0.56
13-May-03 0.57 0.56 086 0.89 0.82: 0.89j 1.00 0.83 0.83! 0.72! 0.76; 0.64
20-May-03 0.60 0.64 0.81] 0.86! 0.73j 0.69| 0.88 1® 0.85 0.49 0.7s 0.61
28-May-03 0.60 0.69! 0.84 0.92! 0.74! 0.76! 0.83! 0.85 1 0.77! 0.77! 0.65
3-Jun-03 0.31 0.29 0.60 0.73! 0,66’ 0.69 0.72! 0.49 0.77; 0.77! 067
11-Jun-03 0.50 0.46 0.72! 0.85! 0.78 0.66 0.76: 0.79 0.77! 077 1.00 0.74
2-Jul-03 0.24 0.32 0.60; 0.64 0.70 0.56: 0.64 0.61 0.65 0.67! 0.74 1.00
9-Jul-03 0.30 0.34 0.69 0.74! 0.62 0.70! 0.80 0.60 0.73 0.87 0.79! 0.78
16-Jul-03 0.32 0.35 0.61 0.60! 0.78 0.63 0.67! 0.47 0.58 0.59 0.65 0.77
23-Jul-03 0.31 041 0.78 073 0.67 0.75. 0.77 0.63 0.76 0.70 0.76 0.86

Figure 5-15 Spearmans Rank Correlation Matrices for 100 mm depth for Church Meadow

and Stone Hill (See Appendix VI for full details)

Nicola J. Baggaley

a jijl_03

0.60
0.74
0.68
0.48
0.53
0.76
0.75
0.79
0.75
0.73
0.79
0.85
0.86
1.00
0.83
0.89

0.30
0.34
0.69
0.74;
0.62!
0.70;
0.80;
0.60
0.73!
0.87
0.79!
0.78;
1.00
0.67
0.86:

0.33
0.45
0.34
0.11

0.12
0.41

0.43
0.49
0.53:
0.55
0.64
0.67
0.70
0.83
1.00
0.89

0.32
0.35

0.6|
0.60!
0.78!
0.63]
0.67!
0.47

0.58!
0.59;
0.65
0.77;
0671
1.00

0.80

PhD Thesis 2007

0.48
0.61
0.52
0.41
0.43
0.64
0.62
0.62
0.61
0.59
0.66
0.76
0.75
0.89
0.89
1.00

i ox< Jul-Q3!23-Ju!-03

0.31
0.41
0.78
0.73
0.67
0.75
0.77
0.63
0.76
0.70
0.76
0.86
0.86
0.80
1.00



-124 -

6 Regional application of the
STAMINA model

6.1 Approach

This chapter outlines the approach taken to the application of the STAMINA model at

a regional level. It addresses:

e The method by which terrain indices were used, their selection and how
this links to the field results outlined in chapters 4 and 5;

e The selection of representative catchments in which to apply both

versions of the model;

e The regression approach for combining the results of the two versions of

the model in attempt to improve the prediction of the regionalised model.

It shows the results from the test areas within the study area and addresses the
question: “Is the proposed index based method applicable for the regional application

of the STAMINA model?”
6.2 Index based method

The STAMINA model concept is outlined in Chapter 1. The physically based model
formulation is then discussed along with the topographic parameters which are
required to distribute the meteorological variables to each cell in the landscape. The
version of the STAMINA model used in this analysis was version 1.8. This research
investigates changing the form of this part of the model to an index based approach
(Figure 6-1). This involved using SSWI, SWRSS and Temperature, calculated in
TAPES-G and SRAD respectively, to distribute rainfall, radiation and temperature in
the landscape. The following discussion examines the method by which these terrain

variables are used in the index based version of the STAMINA model.
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Figure 6-1The two approaches to the application of the STAMINA model, showing how
terrain variables are input into a micrometeorological module (Index based or Energy
balance) which links to a soil hydrology module and then into the crop growth module. The
concept was then to improve the index based approach based on a regression estimator

the rainfall, global radiation and temperature measured at the base station were scaled
based on the SSWI, SWRSS and Average Temperature calculated using TAPES-G.
and SRAD respectively (Figure 6-2). The scaling process divided each of the outputs
from TAPES-G by the value at the point where the meteorological variables were
measured. This ensured the value of the index at the reference point was one. These
adapted meteorological parameters were input directly into the crop growth model.
The physically based approach required hourly meteorological data inputs. Regional
meteorological stations only record daily data. In order for the model to make use of
daily data, the cascading approach to distributing water within the soil profile was

required.

Figure 6-2 The three indices used n the index method for applying the STAMINA model at a
regional level. Shown for the 10 km2study area in Bedfordshire
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This approach was chosen as it:

Fitted within the modular framework of the STAMINA model;

Soil moisture surveys, chapters 4 and 5, showed that terrain variables
combined with soil data were a useful and simple way of predicting soil
moisture in the landscape. This was particularly the case in the most
steeply sloping areas of the landscape. Terrain in the study area explained
up to 41% and terrain plus soils up to 79% variation in surface soil
moisture. These, more steeply sloping areas, were the areas of interest for

the STAMINA project;

The SSWI was selected over the DYNWI because it gave similar results
but was much simpler to calculate. It only required a DTM and not soils

data;

The SWRSS was selected due to its physically based approach, and that it
could be calculated in the same suite of software packages as SSWI.

6.3 Selecting representative catchments

Representative areas of the landscape needed to be defined if the outputs of the two

methods were to be accurately compared, and any conclusions drawn valid were to be

across the region. If meaningful regression relationships between the two versions of

the model, in small areas, could be developed then these could be used to improve the

estimates of the regional level model (Taylor et al., 1997). In order to achieve this, a

mcthod of sclecting these small areas within the landscape was required, which

ensured that they were representative of the wider landscape. The method for

selecting these representative areas was to use the software package CAS (Figure 6-3)

(Behrens ef al., Unpublished).
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Figure 6-3 The principles behind CAS (Behrens et al., unpublished)

6.3.1 Method

In order to analyse the sensitivity of the model to terrain complexity, catchments
which represented the hilly regions of the landscape were required. CAS was run to
select catchments, which together represent the SSWI and SWRSS at a regional
extent. The SSWI and SWRSS were divided into 100 classes based on equal interval
breaks. This was done because CAS does not accept continuous input variables. The
landscape was divided into small sub-catchments using ArcHydro Tools (Maidment,
2002) within ArcGIS. The upslope area was decreased until areas, small enough to run
the model (a few hundred 50 m cells), were delineated. The first representative sub-
catchment was selected on the basis that it contained two of the experimental fields
(Stone Hill and Church Meadow). CAS was then run for each 50 m cell using this as a
reference area. The search radius was 200 m square and the tolerance was 100%. The
similarity index, CDI, was then mapped for each 50 m DTM grid cell. Zonal statistics

in ArcGIS were used to calculate the average CDI in each of the small sub-
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catchments. Further sub-catchments for analysis were selected based on the following

criteria, that they:
e Showed low similarity values with respect to the SSWI and SWRSS;
e Were in different major catchments;
e Contained a significant proportion of land with a slope greater than 3°;

e Represented the different soil series at 1:25,000 within the region
(Figure 6-3).

After completing this process two catchments were identified that could possibly be
used on the ridge in the west of the area. From these catchments a third field was
chosen, its catchment becoming the second representative catchment (Figure 6-4).
The third representative caichment was then selected in the north east comner of the

study area (Figure 6-4).

Further analysis was then carried out using CAS for both the SSWI and SWRSS. The
areas within each of the catchments greater than 3° were input into CAS as reference
areas. CAS was run for each 50 m cell above 3° slope, using a search radius of 200 m
square and tolerance of 100%. A raster was created by overlaying the three CDI grids
and selecting the maximum similarity for each cell. This was done using the raster

calculator tool in ArcGIS.
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Figure 6-4 Methodology for selecting representative catchments (a) Showing the use of the
SSWI and the improvement in the representation of the Study Area between using one
catchment and 3, shown by plotting the CDI index from CAS (Behrens, 2003 personal
communication) (b) Selecting an increased number of catchments increases the number of

soils that are represented. The masked areas show areas less than 3°slope
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6.3.2 Selection of representative catchments in the study area

The objective of running CAS was to show that adding catchments into the
representative area increased the areas with high similarity to the reference point. The
results from running CAS on the areas greater than 3° slope show that adding the
catchment in the west of the study area increases the representation of the steeply
sloping upper part of the ridge both in the SWRSS (Figure 6-5) and SSWI
(Figure 6-6). The CDI output from CAS shows that adding the catchment from the
north east of the area does not appear to add any further highly representative areas to
either the SSWI or SWRSS in the study area. However the histograms for the region
and the reference map show that it does pick up some of the areas in the classes lower
than 15 (Figure 6-7). This catchment is therefore important. It also represents a
different part of the region on the opposite side of the River Ivel to the two other

catchments.

The results from CAS show that adding catchments leads to a better representation of
the study area (Figures 6-5 and 6-6). The results can be plotted spatially and the areas
which are not well represented identified. The subset histograms from the three
catchments combined show a similar shape and range to the total area (Figure 6-7).
Figure 6-8 shows the SSWI, SWRSS and 1:25,000 soil series boundaries for each of

the areas with greater than 3° slope in the representative catchments selected by CAS.
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Figure 6-5 CAS run for SWRSS (Top) SWRSS divided into 100 classes (Middle)The CDI
results from running CAS for each of the representative catchments (Bottom) and The
maximum CDI for all of the catchments (Botttom) The masked areas show areas less than

3°slope
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Figure 6-6 CAS run for SSWI (Top) SSWI divided into 100 classes (Middle)The CDI results
from running CAS for each of the representative catchments (Bottom) and The maximum CDI
for all of the catchments (Botttom) The masked areas show areas greater than 3°slope
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Figure 6-8 Indices and soid serias boundaries for the three representalive calchmenls.
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6.4 STAMINA runs for representative areas

The STAMINA index and physically based (Version 1.8) models were run for the areas in
the catchments selected with slopes greater than 3°(Figure 6.8). The chosen crop was
winter wheat and the 1:25,000 soil map was used as an input. The model was run on a 50 m
DTM grid. The model was run for 2002 to 2004 and the results from 2003 and 2004 were
analysed (Figure 6-9). The meteorological station data were those from the base station in
the experimental catchment, but with an added time series from Woburn for 2002 to the
start of the recording in the catchment in March 2003. The 2002-2003 growing season was
included in the model as doing this improves the initial soil moisture content for the period
of interest. The initialisation of the soil water content is shown to be important in predicting

soil moisture in the soil hydrological part of the model (Noilhan and Planton, 1989).

6.4.1 Results for running the model for representative areas

Figure 6-9 shows the mapped results for yield for the representative catchments for areas
greater than 3° slope. Wilcoxon Matched Pairs analysis showed that the populations of yield
from the index and physically based model were statistically different (Figure 6-10). The
mapped yield results, however, show similar patterns, especially for the second and third
catchments. This is highlighted when the area is divided on a threshold of 6000 kg/ha.
Figure 6-11 shows that the same areas in each of the three catchments would be associated
as high risk (Russell and Wilson, 1994) in 2004. There was also a statistically significant
relationship between the results from the two versions of the model (Figure 6-12). The
results for 2003 show crop failure for all catchments for both versions of the model. The
patterns seen spatially are more varied between the two model versions. It should be noted
that the version of the model used in this analysis will fail to produce reliable yield
estimates in extremely wet and dry conditions (Rana and Ferrera, Personal
Communication). 2003 was an exceptionally dry year with less than 70% of the long term
average rainfall and a total August rainfall of less than 20mm. The predicted yields for 2003

cannot therefore be relied on and the results are therefore not included in the analysis

Nicola J. Baggaley PhD Thesis 2007



-136-

Cuatchmont 1 Caichment 2 Catchenent 3
Indes 2004
i Pk _J Ml
& ¥
Physically based 2004

"
i
u

Phyaically besed 2003

24

N " Legend
e o — e
A 0 04 o8 16 Yieldkgha [ je001-7.000
I 2470-2.000 ] 7.001 - 8,000

[ 3001 - 4,000 1 8001 - 9.000
[ 5001 8000

Figure 6-9 Modelled yield for the Physically based and index versions of the STAMINA model for
the 3 representative catchments for 2003 and 2004
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Figure 6-10 Histograms of yield (kg/ha) from the three representative catchments for the physically
based and index based approaches to the STAMINA model
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Figure 6-11 Modelled yield for the Physically based and Index versions of the STAMINA model for
the three representative calchments for 2004 showing areas with above and below 6000 kg/ha
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6.5 Regression approach

6.5.1 Results of the regression

The regression approach is demonstrated with the results from the physically based and the
index model. The scatter plot of the results in 2004 suggested that there was a linear
relationship (Figure 6-12a). The regression line has a positive slope, significantly different

from zero and an 1* of 0.5. The regression equation is:

Re gressionEs timate = 0.53 * Index + 2780

When this was applied to the areas greater than 3° slope in the study area several

characteristics were noted:

e The same patterns of yield are seen in the predicted yield in both regressed and

index model;
e The regressed model has a smaller range of yield;

e The areas on the ridge with the heavier clay soils are most affected by the
application of the regression equation. The modelled yield in these areas is

reduced by up to 2t/ha.

Further analysis showed that the points fell into two groups, the lower yields less than 6000
kg/ha in the index model and those greater than 6000 kg/ha (Figure 6-12). These groups are
statistically significantly different. These two groups appear to correspond to sandy soils
and heavier soils with higher clay content respectively (Figure 6-10b). Furthermore each
soil appears to respond differently in the two versions of the model For example the
Warden and Cottenham series show similar predicted yields in the index version of the
model, where as they show different yields in the physically based version of the model
(Figure 6-12). Figure 6-13 shows the results of applying the regression equation to the areas
greater than 3° slope in the 10 km® study area. The same patterns can be seen in the
landscape before and after the regression equation is applied. It canalso be seen from the
difference images that the application of the regression equation affects individual

taxonomic soil units differently (Figure 6-13).
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Figure 812 Yield in the physically based and index based models for 2004 (a) Shows the
regression equation (b) shows the groupings of soll series in the two approaches
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6.6 Drivers in the model

In order to determine the drivers in the model it was necessary to create simple regression
maodels between the predicted yield from the model and terrain indices and taxanomic soil
units input into the model. Regression models were produced using the yield results in both
the physically bascd and index model to investigate the key drivers in the model. The
independent variables were soil scrics at a 1:25,000 scale andthe SSWI and SWRSS, uscd
to distribute rainfall and solar radiation respectively in the index model. The results show
that most, over 80%, of the variation in both the physically based and index models is
explained by soil series. Very litlle additional variation is explained by adding terrain
variables to the soil series (Figure 6-14). The indices used in the index model
paramctcrisation cxplain higher proportions of the variation than in the physically bascd
approach. In the index based approach more of the variation is explained by the SSWI
compared to the SWRSS. A reason for this could be that the SSWI shows a much higher
variation across the study area than the SWRSS.

Figure 8-14 Variance explained by SSWI and SWRSS and Soll Series at 1:25:000 scale in the
output yields predictad by the Index and Physically based STAMINA model.
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6.7 Discussion

The physically based STAMINA model and index based approach show changing
responses in soil series with differing soil properties. Figure 6-12 showed several
characteristics of these responses. Both versions of the model show the same split at 6000
kg/ha with soils above this value being the soils with increasing clay contents. Furthermore
the two versions of the model appeared to converge to a point at which the index based
model showed an increasingly linear correlation with the physically based approach,
although still slightly over predicting yield values. This occurs with soils that show

increasing water retention and therefore have greater water availability for crop growth.

An investigation into the split of soil series in the index and physically based model showed
that the variations showed no observable link to the location of the soils in the landscape.
One possible explanation is that two different approaches are used to model the soil
hydrology in the physically based and index based approaches respedively. The physically
based approach is designed to use the ISBA method (Noilhan and Planton, 1989). It
assumes a two layer soil profile where as the cascading soil hydrology module splits the
soils into 50 mm layers. The physically based approach averages soil properties over the
second soil layer where as each of the layers in the cascading approach has soil attributes
consistent with its depth in the profile. The physically based version of the model also has
the option of using the cascading approach. This was not tested in this research due to

issues with the model development over the course of this thesis.

Further analysis showed that the Warden soils showed an increase in organic carbonin the
surface compared to the Cottenham series. This is suggested as the reason for the increased
yield in this series, due to increased water retention. It is thought that this characteristic is
of greater significance, in physically based model, when the drainage is modelled using the
ISBA soil hydrology module than in the index based approach which uses the cascading
soil hydrology module.

The Hanslope and Oxpasture series are thought to be distinguished in the index model

using the cascading hydrology module as they differ in their depth to clay - Hanslope has a
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shallower depth to clay than Oxpasture. The difference between these series is thought to
become less significant as the soil properties are averaged over from 10 mm to 1 m and
hence they are not distinguished in yield predicted in the physically based approach. The
finding that the difference in the model response is linked to soil properties and the
modelled soil water balance is consistent with the finding that over 80% of the variations in

the model are driven by taxonomic soil units.

Further analysis of the model response is required to validate these hypotheses. These need
to be linked to yield mapping and a comparison of the predicted and measured drainage
using the results from the soil moisture profile measurements. In addition the cascading soil
water module needs to be run for the physically based approach and a three way
comparison carried out between the physically based approach using the ISBA soil
hydrology module, the physically based approach using the cascading hydrology module
and the index based approach which can only use the cascading hydrology module This
was not possible in this study due to more general changes to the model formulation, during
the course of the project, by other members of the STAMINA project team and the time

taken to run the model for each test.

CAS is a useful tool for visualising spatially areas of the landscape that may be represented
by smaller areas within a study area. Further investigation needs to be carried out in order
to determine the most effective search radius to be used. The CDI index seems quite stable,
giving similar results when run for areas above 3° slope and using the entire catchment as a

reference area.

The results outlined in this chapter suggest that the STAMINA model may need validating
in any specific region where it is to be used. Also caution needs to be exercised if the model
is applied to extremely dry years. The results of the General Linear Models developed for
the yield outputs (Figure 6-14), show that a combination of the calculated SWRSS, SSWI

and a soil map, may be sufficient in highlighting areas of specific concern for low yields

It appears that a regression equation may only be valid on a year by year basis. It is
therefore suggested that it may not be an efficient use of time and resources. The index

model and physically based approaches seem to highlight the same areas which may be
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subject to low yields. An alternative approachto a regression model may therefore be to run
the index model first, using this to highlight the areas of interest. If more specific yield data
is required the calibrated physically based model can then be run as a second stage for these

specific areas.

Further analysis is required to investigate the relationship between yield and soil series
(Figure 6-12). This would require examining the results from the crop water stress index
generated by the STAMINA model. This could be partly achieved by running the model on
a 50 m grid for Stone Hill and Church Meadow using the 1:10,000 scale soil maps which
are available. The measurements from the soil moisture access tubes could then be
compared to the soil moisture predictions from the model. Ideally this analysis should then
be compared to distributed yield results in the field. This would enable validation of bath

the intermediate outputs of the model and the final yield predictions.

The importance of soil series as a driver in the models requires specific sensitivity analysis.
This is because the scale of soil map available for this study, 1:25,000, is much more
detailed than the scale of soil map available at a national level, 1:250,000. This analysis is
presented in chapter 8. Further analysis was carried out on the sensitivity of the model
inputs to grid size. The sensitivity analysis outlined in chapter 8 assesses the loss of
information on terrain features caused by increasing the grid size and how this affects the

yield output in the index model.

Major results

The key results from this chapter are:

e CAS (Behrens, unpublished) is a useful tool for selecting representative areas of

the landscape;

e The index and physically based approaches highlight similar area of the

landscape which may be prone to low yields;
e The major driver of crop yields in both versions of the model is soil series;

e Further analysis needs to be carried out in order to validate the yield predictions

in a variety of soil series for both versions of the model.
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The analysis in this chapter suggests that if a broad approximation of areas of low
yield is required then the index model may satisfy this requirement. Changes in the
soil hydrology part of the model require further investigation. Chapter 7 examines
changes in the drainage function within the physically based model using the ISBA

approach.
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7 Sensitivity Analysis to drainage

function

Experience with the use of the STAMINA model suggested that the form of the drainage
function used in the model would have a significant impact on the results. A series of

sensitivity tests were therefore carried out to allow complementary analyses of:

e The measured and modelled drainage, using two different drainage functions
compared with the results of lysimeter experiments carried out at Cranfield
University at Silsoe between 1994 and 1996. These experiments were part of the
“Pesticide Mobility: Lysimeter study to validate the relative leaching potential

of UK soils” (Brown et al., 1997, Brown et al., 2000);

e The forecast crop yield distribution in the representative catchments in the

Bedfordshire study area as a result of using the two drainage functions.

The assessment of the relative performance of the two drainage functions was carried out as
part of the ongoing development of the STAMINA model. This analysis provided the
opportunity to compare the predicted yields for simulations that change part of the
hydrology module whilst using the energy balance approach. The two drainage functions
tested here were selected by members of the STAMINA project team From these results
and those outlined in Chapter 6 there is a discussion as to the relative importance of

different aspects of the model in determining the yield distribution
7.1 Drainage functions used in the STAMINA model

The physically based approach was tested using two drainage equations. The first was a
method (Saturated Water Content drainage function (SWC)) (Equation 7-1) based the ratio
of water in the second layer of the profile to the saturated water content and the soil

saturated conductivity (Noilhan and Planton, 1989).
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Where:
Dr— Drainage from the soil profile (mm);
WC, Water content in the second layer of the modelled profile (m*m?);

WCs, - Water content at saturation (m3m'3);

b- constant set equal to 2 (Slope of the soil water retention curve in logarithmic
space);
ks-  Saturated hydraulic conductivity (mmd™).

In this pedo-transfer function the drainage is increased as the water content is increased
above saturation and the rate of drainage is determined by the saturated hydraulic

conductivity of the soil.

In the second method (Equation7.2) (FC drainage function) the drainage has a maximum
value of the effective rainfall, when the soil is above field capacity. The drainage is zero
when the soil is at or below field capacity. This is the drainage function used in STAMINA

version 1.8, the version o f the model used in this thesis.
Dr =Ry, —d,Max(0,WC . -WC,,)
Drainage = Max(0, Dr) EARMIGLES
Where:
Regr— Effective Rainfall (mm);
Dr—  Drainage (mm);
d>—  Depth of the second layer in the modelled profile (mm);
WC4, —Water content in the second layer of the modelled profile (m’m’ e

WCrc —Water content at field capacity (m*m™).
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7.2 The Lysimeter Study

7.2.1 Method

The relative performance of the two drainage functions was compared using observed data
using results from Lysimeter experiments from a study carried out at Cranfield University
at Silsoe in 1994-1996 (Brown et al., 1997). The results from this study, including
meteorological data for this time period, were compiled. The study tested five soil series

with different drainage characteristics:
¢ Enbourne - Cracking clay alluvium;
e Cuckney — Unstructured freely draining sand;
e Sonning — Free draining shallow loam over gravel;
e Ludford — Deep weakly structured loam;
e Isleham — Shallow peat over freely draining sand.

Three of these soils, Ludford, Cuckney and Sonning are found in the 1:25,000 soil map of
the 10 km study area (Wright, 1987). Ludford and Cuckney are also found in the Stone
Hill and Church Meadow fields when mapped at 1:10,000 scale (Burton, 2003).

The STAMINA model simulated the period from 1st July 1995 to 1st November 1996. The
input of hourly meteorological data was from a weather station on the lysimeter site and

each of the lysimeters was treated as the reference point within the model.

7.2.2 Results

The measured and modelled drainage for the physically based SWC drainage model
showed very similar patterns and the drainage was predicted well for the Cuckney (free
draining sand) and Ludford (weakly structured loam) (Figure 7-1). The worst drainage
predictions were found in the Isleham (Peat over sand) and Enborne (cracking clay)
(Figure 7-1). The poor results in the Enborne series can be explained by further
investigation outlined in the Lysimeter study. Dye tracing techniques suggested that the

dominant flow in this series is bypass flow. However this flow is not modelled as part of the
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STAMINA model, which would explain the more peaky and faster responsc of the
measured drainage compared to the model resuits. The Isleham series is a peat and
therefore has a high organic matter content, which the pedotransfer functions used in the
modec] are not developed for.

When compared to the measured drainage in the lysimeters Figure 7-2) the FC drainage
function shows a much higher RMSE than the SWC drainage function It also has a much
more peaky time scrics (Figure 7-1). On the basis of these results there was a case for
changing the drainage function in thec STAMINA modecl, from the FC function to the SWC
one. In order to further validate such a change an analysis of the yield predictions for the
representative catchments in the study area was required. The SWC drainage function gives
an RMSE of 80-100% when compared to the measured data. This is contrasted with an
RMSE of around 300% using the FC drainage function (ignoring the peat and cracking clay
soils). The fit of the SWC drainage function can be improved upon by optimisation of the
parameter “b” (Equation 7-1). The analysis undcrtaken herc, however was to demonstrate
the sensitivity of the STAMINA mode! yield outputs to two different drainage equations
and highlight problems with using the FC drainage function.
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Figure 7-1 Rainfall and drainage measured at each of the five lysimeters during the lysimeter study
at Silsos (Brown ef al., 1997) compared to the drainage modelled in the STAMINA model using the
SWC and FC drainage functions
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Figure 7-2 Root Mean Square Error (RMSE) between the measured and modelied drainage using
SWC and FC drainage functions in the STAMINA madel

7.3 Analysis of predicted yields from representative arecas

7.3.1 Method

The physically based STAMINA model was run for two drainage functions for the arcas
with slope greater than 3° in the selected catchments. Note :The same input parameters
were used as jor the comparison between the physically based and index based approaches
as described in Chapter 6.

7.3.2 Results

The analysis showed that the yield data from the physically based SWC drainage function
belonged to a different population to the physically based FC drainage function. The
physically based SWC model predicted a smaller range of yields, which are generally
higher than those in the physically based FC model (Figure 7-3 and 7-4) Wilcoxon Matched
Pairs analysis showed that the two populations of yicld obtaincd using the FC and SWC
drainage functions in the physically based version of thc model were statistically different
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Figure 7-3 YieK distributions for the representalive catchments in the study area using the SWC
and FC drainage functions in the STAMINA madel
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Figure 7-4 Yieki maps for the represeniative catchments in the study area using the SWC and FC
drainage functions in the STAMINA model

Nieola 1. Baggaley

PhD Thesis 2007



-154 -

7.4 Discussion

The predicted yields using the FC drainage function showed a reverse response for sand
and clay soils compared to the SWC drainage function. The clay soils in catchment 1
showed higher yields than the more sandy soils in catchment 2, using the FC drainage
function and lower yields than the more sandy soils using the SWC drainage function.
Investigations into the model response for the lysimeters suggest that this response is driven
by crop water stress. The soil moisture time series, (Figure 7-5) results for the cracking

clay, Enborne, were compared to the freely draining sand, Cuckney.
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Figure 7-5 (a) Modelled soil water content for the (b) Modelled water content for the Enbourmne
Lysimeter. Using the SWC and FC drainage functions. The fleld capacity and willing point shown
are the values calculated by HYPRES pedotransfer function in the STAMINA model.
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The available water for plant growth was that between field capacity and wilting point as
calculated from soil texture characteristics using the HYPRES pedo-transfer function
(Rana, 2006 Personal Communication). The predicted FC and WP in the model appeared to
be very low, particularly in the simulation for the Cuckney Lysimeter (Figure 7-5). The
values calculated by the HYPRES pedotransfer function in the model were compared to the
measured values for the soil series (Table 7-1). The available water content for the cockney
lysimeter is 1% vol/vol. This compares with a measured value of 7% vol/vol. The value of
available water content in the Enbourne is similarly underestimated, 10% vol/vol compared
to a measured value of 23% vol/vol. This suggests that whichever drainage function is used
the STAMINA model will under predict the actual yield of the crop. There is a further
problem with the FC drainage function. This is that it allows the water content in the soil to
drop below WP. This leads, as expected, to crop failure in the predicted yield for the
Cuckney lysimeter.

Table 7-1 Predicted and measured water contents

Soil Variable HYPRES-Predicted water Measured water content
Series content (% vollvol) (% vollvol)
Cuckney  Saturated Water Content 37 41
Field Capacity 3 _ 10
Wilting Point 2 3
Enbourne Saturated Water Content 49 49
Field Capacity 26 40
Wilting Point 16 17

In the representative catchments the overall higher yields in the SWC are thought to be a
function of the higher soil moisture recharge potential over the winter months and
consequently the slower decrease in soil moisture through the growing season to below the

modelled field capacity. This is reflected in the lower Crop Water Stress Index (CWSI) for
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the simulation using the SWC drainage function than for the FC drainage function in the
lysimeter experiments (Table 7-1). The CWSI is an output of the STAMINA model.

Table 7-2 Crop Water Stress Index (CWSI) calculated from the STAMINA model for the Enborne
and Cuckney Lysimeters

Drainage Equation Soil Series cwsi
Saturated Water Content Cuckney (Sand) 0.184
Enborne (Clay) 0.195

Field Capacity Cuckney (Sand) 0314

Enborne (Clay) 0.228

The CWSI is more similar between the modelled lysimeter results between sandy and clay
soils in the SWC function. This is reflected in the more similar yield predictions between
the sandy and clay soils. The results from the soil moisture time series from the lysimeter
experiments show a longer time where the soil is below the modelled field capacity in the
clay, Enborne series, than in the sandy, Cuckney. This appears to be the source of the
increased water stress in the Enborne series than in the Cuckney series, inspte of the very

low available water in the Cuckney series.

The overall response of the two drainage functions suggests that the yield in the model is
most strongly determined by the model’s ability to accurately simulate recharge over the
winter months. The FC drainage function only allows recharge in the soil profile up to the
modelled field capacity, where as the SWC drainage function allows the soil to recharge up

to saturated water content.

The predicted yield in the model was found to depend very heavily on the drainage function
used in the model. The physically based SWC gives a much improved prediction of the
drainage within the soil when compared to the physically based FC drainage function. To
determine which of these produces more reliable yield egimates in hilly terrain requires

extensive mapping of actual yield in a variety of soils in sloping areas.

Changing the drainage equation changes the population of yield results and leads to very
different predicted spatial patterns, which are linked to il series. In contrast changing the

form of the model from the physically based method of distributing the meteorological
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parameters with respect to the terrain to an index based method changes the statistical
distributions but does not affect relative response of clay and sandy soils and maintains
similar patterns of yield in the landscape (Chapter 6). This suggests the drainage function is
more important in correctly predicting yield in the model than the method by which the
meteorological parameters are distributed in the landscape. It also suggests why soil series
are the most important driver in both versions of the model, as it is the soil properties that

control the drainage at a point.
Further work in the development of the STAMINA model requires:

e Determination of the properties of the soils that respond differently depending

on the drainage function used;

e Extensive yield mapping in hilly terrain to validate these findings and conclude
which drainage function is most appropriate for mapping the risk to farming in

hilly landscapes;
e Comparison of the model runs for:

=  One soil series over an entire region with distributed meteorological

parameters;

= Non distributed meteorological parameters with spatially variable

soils.

The findings outlined here suggest that changing the soils will have a smaller variation than
moving to distributed meteorological parameters. This, however, may not be the case in

more extreme topography.
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7.5 Major results

The key results from this chapter are:

e A change in the drainage function has a larger impact on the yield predictions
than changing the micrometeorological module from a physically based

approach to an index based one;

e The SWC drainage function gave a better prediction of the pattern of flow in the

Lysimeters;

e Further yield mapping in hilly terrain in a variety of field types is required to

validate the model.
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8 Sensitivity analysis to grid size and

soil scale

This chapter presents an assessment of the effects of:
¢ Increasing the grid size of the DTM over which the model is run;
¢ Decreasing the resolution of the soil map used in the model simulations;

on the predictions of yield at a regional extent., in this case the 10 km 2 study area in
Bedfordshire

8.1 Effect of grid size on indices at a regional level

Increasing the Grid Size of a DTM decreases its ability to accurately represent topographic
features in the landscape. Grid size also has a substantial impact on the usability of the
model to examine changes in yield over large areas. Grid size is an important consideration
when applying the index based model at a regional level - at a 50 m grid size the
STAMINA index model takes several days to run to provide output for a 10 km? area and
the physically based model takes several days to run for a few hundred cells Hence grid
size analysis was applied to the index model to find the maximum grid size at which the
model can be run. The SSWI, and SWRSS and Average Air Temperature were analysed for
their sensitivity to grid size. Figure 8-1 shows the mean, maximum and minimum values of
these parameters at grid sizes of 20 m, 50 m, 100 m, 200 m 500 m and 1 km. As the range
of the indices decreases it was expected that the detail in the spatial patterns and the effect

of individual topographic features would be lost.
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Figure 8-1 Maximum, minimum and mean values of the three indices used in the STAMINA model
over the 10 km? study area at increasing DTM grid sizes
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The SWRSS lost information most rapidly at grid sizes greater than 20m and by 200m there
was very little variation across the study area (Figure 8-1). The SSWI had a much more
consistent range up to a grid size of 100 m and then there appeared to be a large reduction
in the information contained in the index as the grid size is increased from 100 m to 200 m.
In the temperature index most of the variation is lost beyond a grid size of 20 m and the
temperature at increased grid sizes showed a constant and very small range (Figure 8-1). In
this area the modelled temperature differences are negligible. However this index is still
included in the index approach to modelling as in regions with much greater, topographic
variation the variations in temperature could potentially be a major driver in the distribution

of yield and other indicators output by the STAMINA model.

The topographic indices outlined above were divided by the values at the base
meteorological station in order to provide an index by which to distribute the
meteorological parameters measured at the base station. The index basal on the SSWI was
used to distribute rainfall, the index based on SWRSS to distribute radiation and the
temperature index to distribute temperature. When the SSWI was divided by the base
station value the distribution is shifted towards lower values at 200 m and then the
maximum, minimum and mean values are increased at 500 m. It is suggested that this is
function of the location of the reference point within the surrounding cells. The same

patterns were also seen in the output yield values (Figure 8-3)
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The spatial distribution of these indices shows clearly the decrease in information and the
loss of small topographic features, as the grid size increases (Figure 8-3). This can be seen
most clearly in the topographic features associated with the Lower Greensand outcrops in
the vicinity of the field sites. The spatial patterns shown in the two field sites show that
increasing the grid size up to 100 m most of the patterns related to channels and small

shaded areas have disappeared (Figure 8-2).

At a grid size of 20 m the SSWI grid shows a very detailed pattern of channels. The 50 m
grid shows a more generalised pattern but still highlights the major channels and features
within the experimental fields. The SWRSS shows little change between 20 m grid size and
50 m grid size.

The physically based (STAMINA) model can only be run for a few hundred cells.
Therefore for the purposes of analysing the model response and comparing the results of
the index and physically based approaches a 50 m grid is the most detailed which the model
can be used. It is then suggested that for studying the spatial distribution of yield and other
model outputs at a regional level a grid size of 100m may be sufficient in the gently

undulating study area.

8.2 Effect of grid size of and input soil resolution on yield
variability

The spatial distribution of the yield is seen to lose detail at grid sizes greater than 100m,
with the major patterns which follow the terrain being masked at 500m (Figure 8-5). The
spatial distribution of yield suggests that a 100 m grid size is sufficient to draw broad
conclusions about the regional spatial distribution of yield (Figure 8-5). It should be noted
however that these conclusions will be dependant on the topographic characteristics in a
given region and will depend on average slope length and the distribution of small scale

topographic features.

Changing the scale of the soil map has a different effect on yield in different soil
association polygons, depending on the distribution of soils within the polygon. These soils

can often have very different properties to those of the dominant series (series used in
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modelling) of the association. In the study arca the projected yields in the main Ivel river
valley tend to decrease as the soil scale becomes increasingly gencralised and those to the
west of the Till ridge increase.
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Figure 8-3 Maximum minimum and mean yield values modelled using the Index based STAMINA
model for the 10 km” study area at grid sizes from 50 m to 1 km

Analysis of the Root Mean Square Error (RMSE) shows that there is an increase in error
when the grid size is increascd up to 500 m and then the RMSE does not increasc any more
to 1000 m (Figure.8-4) The difference in using the 1:250,000 scale soil map compared to
using the scale map is equivalent to increasing the grid size in the area to 500 m.

|

Figure 8-4 Root Mean Square Emor (RMSE) between yleld modelied at 50m using 1:25,000 scale
soil series data and yield modelled at 100 m, 200 m, 500 m and 1km grid sizes using 1:25,000
scale soil series data and at 50 m grid size using 1:250,000 scale soil association data.

iH

Model Inputs
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Figure 8-8 Yiald maps oulput from the STAMINA model using (a) Grid sizes 20 m, 100 m, 200 m,
500 m and 1 km and 1:25,000 scale sol series data (b) 50 m grid size and 1:250,000 soll
assaocialion dala
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8.3 Discussion

The changes in grid size of the DTM are reflected in the parameters and indices
calculated from it. Increasing the grid size of the DTM decreased the maximum and
increased the minimum elevations, decreasing the range in the study area. It also
decreased the average slope, both on the major catchment watersheds. The combined
effect of these had an impact on both the shading on hill slopes and the range of
aspects represented. This cumulative effect was reflected in the SWRSS and this
would explain the lack of variation in the SWRSS at large grid sizes and the rapid

decrease in detail seen in this index.

The minimum values of each of these indices are associated with the most steeply
sloping areas and the highest elevations. These are the areas where detail is most
rapidly lost with increasing grid size. This affect was seen in the more rapid
convergence of the minimum values than for the maximum values, which are

primarily associated with the low lying and flatter areas of the landscape.

The patterns seen in these indices will be more accentuated in more steeply sloping
terrain. Since the recommended grid size for running the model is less than the ‘half
length’, defined in Chapter 3, it is important to not only calculate this value but also to
check the indices for the grid size at which information is lost and therefore areas

highlighting low yield become masked in the STAMINA simulation outputs.

The DTM indices in this area appear to suggest the same grid size as appropriate for
running the STAMINA model as the output yield. This means that an appropriate grid
size for running the model can be determined by calculating, plotting and mapping the
three indices required for the model. This is an important consideration in any attempt
to apply the STAMINA model at a regional level as this processing takes much less
time than running simulations. Furthermore it is not dependant on the time series of

meteorological data used in the model.

In the study area the SSWI shows a larger percentage variation than the SWRSS of
average temperature. It is also a more major driver of the model results, hence the
variation of this index with respect to grid size is the most important when

determining the appropriate grid size for running the STAMINA model. In areas of
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increased topographic variation the appropriate grid size for running the STAMINA

model may change.

The results outlined. in this chapter also highlight the importance of the scale of the
soil data in driving the reliability of the outputs of the STAMINA model. It is
suggested from the results outlined above that there will be significant bias in the
results when running the model using 1:250,000 soils data compared to 1:25,000 soils
data. In areas of more steeply sloping terrain, soils often have closer link to soil
properties. In these areas it is suggested that the addition of terrain data into
agricultural modelling may result in more similar patterns in the landscape being

observed between increasingly coarse levels of soils data.

As the conclusion of this discussion of the impact of increasing the grid size in the
STAMINA model suggests that a grid size of 100m, much less than the 500 m half
length calculated for the study area (Horton, 1945) is required to accurately model the
yield. This is consistent with the conclusions drawn from hydrological modelling
(Zhang and Montgommery, 1994; Beven, 1997), which indicates that processes
occurring within the slope are important in the distribution of meteorological

parameters in the slope.

Further analysis is needed to ascertain the affects of changing the grid size and soil
scale simultaneously. This is expected to show that the grid size can be increased
beyond 100 m if soils data is only available at 1:250,000 scale as changing the scale
of the soils data has a greater impact on the yield results than changing the grid size of
the DTM. . It is recommended that if soil association data at 1:250,000 scale, are to be
used in the model local knowledge, of the dominant soil series is used to determine
the soil series used in modelling. This is because it has been shown that the national
level dominant series does not necessarily correspond to the series mapped at a more

detailed scale. (Appendix IV)

The analysis of the results from Chapters 7 and 8 suggests that there are potential
problems with some of the functions in the STAMINA model. The model appears to
be much more sensitive to a change in the drainage function than to change in the
form of the micro-meteorological sub-model (Figure 8-6). The RMSE between
changing from the physically based model using the field capacity drainage function
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at S0 m and the physically based model using the SWC drainage function is almost
three times that of changing from a physically based modcl using the ficld capacity
drainage function and the index based mode! (Figure 8-6).
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Figure 8-8 Root Mean Square Error (RMSE) between yield modelled at S0m using 1;25,000
scale soll series data using the Physically based STAMINA model and the FC drainage
function and yield modelled at 50 m, 100 m, 200 m, 500 m and 1km grid sizes using 1:25,000
scale soll series data using the Index Based approach and at 50 m grid size using 1:250,000
scale soil association data and the Index based approach and yleld madelled at 50m using
125,000 scale soll series data using the Physically based STAMINA model and the SWC
drainage function

8.4 Major resulis

The kcy findings from this chapter are:
e The grid size should not exceed 100 m in order to sufficiently display the
spatial distribution in yicld;
e Decreasing the resolution of scale of the soil map, so the area is

represented using larger taxanomic units, has a larger impact on the
resulting yield estimate than increasing the grid size of the DTM.
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9 Conclusions

9.1 Introduction

The aim of this thesis was to model soil moisture in the landscape in time and space
and incorporate these results into a method for applying the STAMINA crop model at
a regional level. The study has produced a significant new soil moisture data set along
with further insight into the interaction of soils and terrain for predicting soil
moisture. It has also shown that an index approach may be a potential method for
applying the STAMINA model at a regional level. Furthermore it offers a sensitivity
analysis that provides an understanding of the major drivers in the STAMINA model.

The specific objectives in this thesis were addressed and the key findings are outlined

below.

Objective 1: To investigate data sets and methods which can be used to model the
controls on soil moisture in the landscape and to determine the scales at which

they are available for use (Addressed in Chapters 2 and 4)

The potential for soils and terrain data for being a major factor in explaining soil
moisture patterns was identified from the literature. The data sets which were
compiled for this study were varying scales of soil maps and profile descriptions in

combination with Ordnance Survey Land-Form PROFILE™ Elevation data

Objective 2: To collect field data in order to model the spatial and temporal
variability of soil moisture within the STAMINA field sites (Addressed in
Chapter 3)

A comprehensive new data set was compiled as part of this study. This included 2
growing seasons worth of soil moisture profile data at 6 depths from 100 mm to 1 m
at 38 points in 2 fields using Delta-T PR1 profile probes and access tubes, 8 surface
soil moisture surveys of over 100 points each in 3 different fields with differing soil
characteristics using a Delta-T ML2 soil moisture probe. Weather data was also

collected in the experimental catchments.
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Objective 3: (Addressed in Chapter 4 and 5) To collect field data in order to
develop regression models to explain the spatial and temporal variability of soil
moisture within the STAMINA field sites

Regression Models were developed and suggested that the major driver of soil
moisture at a field scale was soil properties, in particular the localised drainage
characteristics of the soil profile. The results indicate that spatial organisation of soil
moisture increases from the period immediately following a rainstorm event. In
addition this research shows that in the absence of detailed soils data, terrain data

provides significant additional information about the distribution of soil moisture

It appears that soil textural data at the measurement depth explains less of the soil
moisture variation than a combination of depth and soil series, suggesting that the
interaction of the soil layers in the profile is more important than the water holding
capacity at the measurement point. The results also showed that the patterns of soil

moisture in the landscape become increasingly stable with depth.

Objective 4: To develop a method of applying the STAMINA model at a regional
level based on the analysis of soil moisture in the landscape (Addressed in
Chapter 6)

A method for applying the STAMINA model at a regional level was developed based
on an index based approach to distributing temperature, solar radiation and rainfall in
the landscape. It is suggested that this is appropriate as available water is a major
driver of crop growth and the soil moisture results show that up to 80% of the
variation in soil moisture is determined by a combination of soils and terrain. Soils
data is an integral part of the model with the vertical drainage being modelled based

on water retention characteristics in the soil profile.

Objective 5: To apply sensitivity analysis to the regionalised modelling approach
and to assess the appropriateness of the model in the light of the data available at

a regional level (Addressed in Chapters 7 and 8)

The major driver of the STAMINA model is soils data. The results of the sensitivity
analysis into the drainage function suggest that the key factor driving yield results is

the ability of a soil to recharge over the winter months and how quickly it then dries
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out over the summer based on its water holding capacity. It is therefore of utmost
importance that the correct drainage function and associated parameters. The study
shows that when comparing the drainage to measured data the function based on
saturated water content predicts the pattern best. It does however show that increased
water stress in clay soils which have higher available water than sandy soils. The
results of this study show that there is a much greater effect of changing the drainage
function in the STAMINA model than changing the form of the micro-meteorological
part of the model from physically based approach to an index based approach.

The importance of soils and terrain has been shown to be a major driver in yield
predictions in many studies. In particular Igbal et al, (2005) showed that soil
properties were more important in predicting yield variations than terrain variation.

This is consistent with the findings with the outputs from the STAMINA model.

Objective 6: To assess the methods developed in the light of available data and
the potential use for the modelling of risk in agriculture (4ddressed in Chapter 8)

Grid size of the DTM has been shown to be important in the picking out of patterns in
the landscape relating to low yield. A grid size of 100 m is thought to be sufficient for
the study area. The scale of the soil map is a more critical issue as soils data are only
available in the UK at 1:250,000 scale at a national level. This study has shown that
decreasing the detail in the soil map from 1:25,000 to 1:250,000 changes both the
pattern of modelled yield data and increases the RMSE to the same value as
increasing the grid size to 500 m. There are still many issues to be resolved in the
STAMINA model and it is suggested that if detailed soils data and digital terrain
information is available this may be sufficient to highlight areas of low yield

potential.
9.2 Soil moisture variation

The results from both surface soil moisture measurements and profile measurements
suggest that soil properties are the major driver of soil moisture. Analysis of the
profile measurement shows that soil series (mapped at 1:10,000 scale) are a better
predictor of soil moisture than the soil texture at the measurement point. This is

thought to be because the measurement point is not independent in space and there is
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an interaction with the soil surrounding it which is better predicted by the detailed
(1:10,000 scale) soil units. This suggests that at a field scale, processes occurring in
small units within the field are more significant in determining soil moisture than the

specific soil texture at a point.

Analysis of the surface measurements show that soil series mapped at 1:10,000 scale
are a better predictor of soil moisture than soil series mapped at 1:25,000 scale. It
appears that if the soil units become too generalised they are no-longer representing

the factors which control soil moisture in the landscape.

The results of this study suggest that more generalised soil data is enhanced by the
addition of terrain into the model describing soil moisture. This could be due to the
interaction of soils and terrain in the landscape. In this study area a 1:10,000 scale soil
map highlights most of the variation in soil moisture that is due to soil and terrain. A
1:25,000 scale soil map, however, does not provide all the information of the variation
of soils in terrain. A key finding of this study has also been that the effects of soil and
terrain on surface soil moisture are much larger in areas with both increased terrain
variations and increased variation in the drainage characteristics which result from

differing underlying geology.
9.3 The STAMINA model

This study proposes a method to apply the results of the STAMINA model at a
regional level. The method simplifies complex physically based approach to distribute
wind speed and direction, global and net radiation, soil latent and sensible heat fluxes
and air temperature in the landscape to one using indices to distribute rainfall,

temperature and global radiation in order to decrease the run time.

The index approach attempts to model the three dimensional movement of water in
hill slopes. In this respect it is more complex than the physically based model, which
does not take into account the lateral flow of water in the landscape. It is based on the
premise that terrain and soils are the major drivers of soil moisture in the landscape,
with terrain influencing the flow of water between cells and therefore, combined with
rainfall the water available at each cell for crop growth. This assumption is seen to

hold, particularly in areas where terrain and soil show major variations across a
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landscape. The available water arriving at a model cell is distributed vertically in the
soil profile by the soil hydrology module. This vertical redistribution of water at each
cell is driven by soil properties. The solar radiation distribution within the landscape
is driven by an index developed from a simplified physically based approach using

long term average parameters measured in the vicinity of the study area.

The modelled yield from the index based approach shows significant correlation with
the physically based approach for distributing meteorological variables with respect to
terrain. It is proposed that the index based approach is an acceptable way to model
terrain variations in agricultural indicators due to its ability to highlight, spatially,
areas of different yield response which correspond to the areas predicted by the
calibrated physically based approach. This is thought to be due to yield predictions in
both versions of the model being driven by soil property data.

Sensitivity analysis shows that some limitations should be imposed on the
implementation of the index based approach. Firstly the maximum grid size for a
region should be determined. In the study area used in this study it is shown that a

grid size of 100 m should not be exceeded.

The results of this study suggest that it is not possible to develop a generic regression
equation between yield in the two approaches, in a specific region, and in some years
no relationship appears to exist. This is the case in extremely dry years, for example
2003, where the models fail to produce a reliable crop yield. Furthermore individual
soil series appear to respond differently in the two versions of the model. The use of
the regression approach in this context is not recommended. Two alternative methods

are proposed here:

e One approach would be to run the index based model at a regional level
and then to run the physically based STAMINA model for specific areas of

interest;

e The alternative approach that would be to make an assessment of the risk
associated with agriculture based on soils data alone. This is considered an
appropriate simplification as soil series predicts over 80% of the variation

in yield in both he physically based and index based model approaches
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Both these regional assessments, however, require sufficiently detailed soils data.
Sensitivity analysis in this study has shown that changing the scale of soils data from
1:25,000 to 1:250,000 changes the predictions in the yield by the same amount as
changing the DTM grid size for running the model from 50 m to 500 m (where
sensitivity analysis has shown a 100 m grid is the appropriate grid size for this study
area). It also changes the spatial pattern of yield predictions. There is therefore a

problem in making regional assessments of any kind using 1:250,000 soils data.

In England and Wales, where 1:25,000 soils data are available an initial risk

assessment of:
e Crop suitability in a given landscape;

e Changes in management practices which may be required as a result of

changing climate;

e Water stress for a specific crop.

could be made for each soil series using the soil bulletins produced by soil surveyors.
If this data could be linked to the soil assessments that farmers are required to
undertake for the entry level stewardship schemes (DEFRA, 2005) they could be
advised on how to change their management practices in response to changing water
availability. This could help to mitigate the adverse impacts of potential changes in

climate.

Preliminary investigations carried out as part of this study have shown that there are
potential problems with some of the functions in the STAMINA model. The model
appears, for example, to be much more sensitive to a change in the drainage function

than to change in the form of the micro-meteorological sub-model.

In order to fully understand these observations a systematic study is required. Firstly
there needs to be a determination of the soils and their properties that respond
differently depending on the drainage function used. Secondly there needs to be a

comparison of the model results for both drainage functions using:

e One soil series over an entire region with distributed meteorological

parameters;

e Non distributed meteorological parameters with spatially variable soils.
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It is recommended that study should be validated with comprehensive yield mapping

in hilly terrain in a variety of soils.

However, topography may become a more important driver in the model as the terrain
becomes more extreme. It is suggested that the spatial distribution of soils input into
the model should still be carefully considered, as in areas of extreme terrain soil

properties are also driven to a larger extent by terrain.
9.4 Conclusion and recommendations

Drainage characteristics and soil properties have been shown to be a driver of yield in
the landscape in many previous studies. This study has shown that they are both key
drivers of soil moisture distribution at a hill slope scale and also key drivers in
predictions of yield in both versions of the STAMINA model.

Firstly the predicted drainage through the soil and the soil moisture time series are
dependant on soil textural characteristics and therefore the water holding capacity of
the soils. This is shown in the results from the STAMINA model simulations for
known soil profile characteristics. These characteristics are also seen to influence the
modelled yield with sandy areas showing lower yield predictions than soils with
higher clay content. In addition to this both the soil moisture time series and yield are
influenced by the model formulation, with two drainage functions giving contrasting
responses in the same series. It would appear from these findings that the drainage
function and therefore the ability of the soil moisture to recharge over the winter
months has a larger impact on the yield results than the actual soil properties. Further

investigations are required in order to quantify this observation.

In conclusion this study has highlighted the importance of understanding soil
variations in the landscape and how they affect both modelled crop yield and soil
water dynamics in a hill slope. The interactions between soils, terrain and soil
moisture, at different scales, fit with the emerging field of “Hydropedology” (Lin et
al., 2006b). They also suggest that the full soil profile and underlying geology needs
to be considered when considering water movement in a hill slope. Further
investigations of the surface and profile soil moisture measurements in Stone Hill and

Church Meadow could be used to build up a conceptual model of water in this small
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agricultural catchment. This would be further enhanced if stream flow data were also
used. Terrain is also an important influence in these process as it has been shown, in
this study, that when detailed soils data is not available it can be used as a enhance
less detailed soils data. Further investigations in these areas will aid the understanding

of the processes, which occur and the scales at which they take place.

Models and indices, which make use of simplified processes and are designed to give
the integrated output for a catchment, may however be sufficient to represent the
processes occurring at a catchment or basin scale. In agricultural modelling soil
appears to be a major driver of yield predictions. It is suggested that changes in
management practices, required by climate change, could also be linked to soils and
drainage characteristics. Advances in mapping of soils in the landscape are key to
furthering our understanding of hill slope hydrology - its impacts on natural processes

and its influence on land management practices.
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Appendix |

SRAD Input Parameters [Compiled by Mayr, 2006]
Climate

There are many ways to integrate rainfall, temperature and radiation data to provide
indices of local climate. Simple indices of the water balance are amongst the most
useful because they integrate biologically important effects of rainfall and
evaporation. They give an indication of the intensity of leaching and provide a relative
measure of potential biological productivity. They are, however, seldom used due to
the limited extent of most study areas. A notable exception is the work by McKenzie
and Ryan (1999), which used the Prescott Index to map a climatic water balance

across their study area.

For this study, incoming SWRSS was calculated using the SRAD routine from
TAPES-G (McKenney et al. 1999). Model input files were constructed according to
McKenney et al. (1999). For the Harold Hill sheet, meteorological data were available
from Gatwick Airport, and data from Silsoe meteorological station.

Relevant input data for SRAD were calculated from daily meteorological data as

follows:
Sunshine fraction:

The sunshine fraction, S, is the daily proportion of bright sunshine. Data describing
this parameter were not directly available. Monthly average sunshine fraction for the

study region was determined using:
S=n/N

where n is the actual number of hours of daily sunshine and N is proportional to the

number of hours of daily sunshine (day length).
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Cloudiness:

Cloudiness (B) is the monthly average fraction of actual radiation to potential

radiation during cloudy periods (McKenney ef al.,. 1999):
p=(0,/0,-5)(1-5)

where Qs is total irradiance (actual radiation) and Qo is clear-sky total irradiance

(potential radiance).

However, it was found that many days with low amounts of possible total sunshine
(/N < 1, cloudy days) often had higher total irradiance values than days with 100 %
of possible sunshine. Therefore, maximum irradiance values were extracted for each

day of the 26 or 27-year periods respectively and summed for each month to establish

Qo.

Atmospheric transmittance:

The clear-sky atmospheric transmittance at sea level (t) is the monthly fraction of

solar radiation transmitted by the atmosphere (McKenney ef al.,. 1999):
t=(0,/0,)-0.00008z

where Qa is extraterrestrial irradiance, 8x10-5 is the typical lapse rate of atmospheric
transmissivity in metres-1, and z is elevation above sea level of the study area in

metres.
Circumsolar coefficient:

The circumsolar coefficient of diffuse irradiance (Dc) is the monthly fraction of
diffuse irradiance originating near the solar disc, within about five degrees of the
direct solar beam (McKenney et al. 1999):

D,=D-Q,/1,-24

where D is the diffusive irradiance, Qd is the direct irradiance, Io is the insolation (or

solar constant) and 24 is a constant.
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Appendix Il

Soil Survey Methodology [ Compiled by Rodney Burton, 2003]

The survey work was carried out by an experienced soil surveyor from the National

Soil Resources Institute of Cranfield University based at Silsoe in Bedfordshire.

The investigation at each site was made using a 4-cm wide Dutch (Edelman) auger.
All soil layers to include both the topsoil and the subsoil, and the depths at which
changes occurred, were studied to a depth of 1.1 metres. Properties such as texture,
structure, colour and mottling, the presence of carbonate (free lime), drainage status
and stones were recorded in accordance with the Soil Survey Field Handbook
(Hodgson 1967). The data were entered onto a standard computer-compatible record

card.

Initial investigation sites were adjacent to the tube installations (38 sites). Further
investigation points were selected by the surveyor when in the field and not pre-
determined. Their location and spacing were determined by the surveyor ‘reading’ the
landscape-forming processes, as well as the pedological processes operating upon the

soil parent materials; location also depended upon local soil variability.
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Appendix IV

The following pie charts show the percentage of soil series mapped at 1:25,000 scale
from the TL14 Biggleswade Map Sheet (Wright, 1987) in each of the soil association
polygons at 1:250,000 scale. The headings for each chart show, in order, the soil
association number and the first and second most dominant series in that association

averaged at a national level.
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Tables show the percentage variance in surface soil moisture explained by SWRSS

and SSWI for each of the eight sampling dates in Stone Hill, Church Meadow and

Mox Farm for grid sizes of 20 m, 50 m and 100 m.

Stone Hill 2004
7th April 2004 21sy May 2004 13thJuly 2004
Grid Size SWRSS  SSWI SWRSS  SSWi SWRSS  Sswi
20m 24 21 19 22 6 23
50 m 29 29 30 35 5 12
100 m 19 10 21 15 4 7
Church Meadow 2005
17" June 2005 157 July 2005 15 July 2005
Grid Size SWRSS  SSWI SWRSS  SsSwi SWRSS  SSWI
20m 14 15 14 14 1 9
50 m 15 22 13 15 13 14
100 m 11 22 14 16 13 17
Mox Farm 2005
10™ June 2005 117 July 2005
GridSize SWRSS  SSWI SWRSS  SsSwi
20m N/S 3 4 N/S
50 m N/S 3 7 N/S
100 m N/S N/S N/S N/S
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Appendix VI

How to stop birds attacking Nct Radiometers?

(28

TN e . e,

Add a plastic snake... It rcally works!

Nicola J. Baggaley PhD Thesis 2007





