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Soil Moisture and Runoff Processes at Tarrawarra

Andrew Western and Rodger Grayson

9.1 INTRODUCTION

It has been recognised for at least two to three decades that saturation excess is

the dominant surface runoff process operating in most landscapes with a humid

climate (Betson, 1964; Dunne et al., 1975). This mechanism is associated with soil

moisture patterns characterised by high moisture zones in depressions and drai-

nage lines (Anderson and Burt, 1978a,b,c; Anderson and Kneale, 1980, 1982;

Burt and Butcher, 1985, 1986; Dunne and Black, 1970a,b; Moore et al., 1988a). It

has also been known that event based hydrologic models are sensitive to initial

conditions (Stephenson and Freeze, 1974). Blöschl et al. (1993) and Grayson et

al. (1995) showed that event hydrographs simulated by spatially distributed

hydrologic models were sensitive to the way in which the antecedent moisture

was arranged spatially (see Chapter 1, pp. 12–13 for more detail). However, until

recently there has been little spatial soil moisture data available that could be

used to determine the characteristics of soil moisture patterns in natural catch-

ments. Most of the data that were available were not sufficiently detailed to

provide spatial soil moisture patterns without significant ad hoc interpretation

of the data. It is important to recognise that catchment runoff does not give us

much insight into internal catchment processes (Grayson et al., 1992a,b). Given

that we want to understand runoff processes in catchments, it is necessary to

measure internal information, i.e. soil moisture patterns in this case.

The apparent importance of spatial soil moisture patterns, combined with

the limitations of existing data, motivated us to perform a series of experiments

in which we measured actual soil moisture patterns and used these patterns for

testing and developing distributed models. In addition to the soil moisture

patterns, we measured other key variables that would enable us to interpret

the observed patterns in terms of the controlling hydrologic processes. Our

aims centred on understanding the spatial variability of soil moisture, its repre-

sentation in geostatistical and hydrological models and its importance from the
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perspective of the hydrological response of the landscape. We were particularly

interested in the issue of spatial organisation of soil moisture patterns. In this

chapter we discuss the above aims, while keeping a particular focus on the

interaction between the field experiments and modelling and on using patterns

in model development and testing. Initially some background material is pre-

sented, and the design of the experiment and the justification for making spe-

cific measurements is discussed in some detail. Next the field site and the

observed soil moisture patterns are described. Then we discuss the Thales

model structure and parameterisation and the role of the data and our quali-

tative field observations in choosing them. Some model simulations are then

presented. The chapter concludes with a discussion of the model results, two

problems with the model structure that contribute to simulation errors, the

importance of different sources of spatial variability, and some general model-

ling insights.

9.2 MODELLING BACKGROUND

This section is intended to provide a brief overview of the types of models that

can be used for predicting soil moisture and runoff in small catchments. There

are essentially three different approaches that can be used: lumped models; dis-

tribution models; and distributed models. Lumped models are of no interest here

since they do not represent spatial variability. Distribution models represent the

spatial variability of soil moisture (or some related state variable such as satura-

tion deficit) using a distribution function. This distribution function can be

derived from the catchment topography, as is the case with Topmodel (Beven

and Kirkby, 1979; see also Chapter 3), or it can be a theoretical distribution

function, as is the case with VIC (Wood et al., 1992). From a water balance

perspective, these models operate as lumped models (i.e. the whole catchment is

represented using one store). However, where the distribution function is based

on the catchment topography, it is possible to map simulated soil moisture back

into the catchment to produce a simulated pattern (Quinn et al., 1995). To our

knowledge there has not been any detailed testing of soil moisture patterns

actually simulated by models such as Topmodel. However, a number of studies

have compared various terrain index patterns (on which Topmodel is based) with

soil moisture patterns (e.g. Anderson and Burt, 1978a; Anderson and Kneale,

1980, 1982; Barling et al., 1994; Burt and Butcher, 1985, 1986; Moore et al.,

1988a; Western et al., 1999a). Models incorporating distribution functions that

are not related to the topography do not allow the soil moisture patterns to be

mapped back into space; however, the statistical distribution functions used in

these models can be compared to the equivalent distributions derived from mea-

surements (see e.g. Western et al., 1999b).

Fully distributed, physically based hydrologic models explicitly predict the

spatial pattern of soil moisture by simulating the water balance at many points

in the landscape. These models are usually based on combinations of differential
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equations that describe the storage and fluxes of water within the catchment.

There have been some qualitative comparisons of soil moisture patterns with

these models, including that by Barling et al. (1994); however, more detailed

comparisons are rare. This chapter presents detailed comparisons between simu-

lated and observed soil moisture patterns for the Tarrawarra catchment and

describes the utility of high resolution spatial patterns for providing insights

into the modelling of hydrologic response.

9.3 THE TARRAWARRA EXPERIMENTS

9.3.1 Key Experimental Requirements

The aims of the Tarrawarra experiment can be broadly stated as being: to

understand the characteristics of the spatial variability of soil moisture at the

small catchment scale; to determine how well various techniques can represent

that variability; and to understand how that variability impacts on the hydrologic

response of the landscape. Of specific interest was the issue of how organised the

spatial variation of the soil moisture is in general and specifically how any orga-

nisation might reflect the organisation of the topography. These objectives could

not be met without detailed patterns of soil moisture, collected at a scale that was

appropriate and collected using a measurement methodology that could be reli-

ably interpreted. Because suitable data did not exist, it was necessary to collect

reliable soil moisture pattern data. The objectives above were of primary impor-

tance when developing our field methodology.

The methods chosen for collecting the soil moisture data had to meet four

criteria and followed the general approach to sampling design presented in

Chapter 2 (pp. 45–9). First, measurements had to be at sufficiently high resolu-

tion (small spacing) to resolve the important details of the pattern. Second, the

soil moisture measurement technique had to have an accurate calibration to soil

moisture. Third, the depth over which the soil moisture was measured needed to

be sufficiently large to be of hydrologic significance. Fourth, the extent of the

study area had to encompass at least a complete catchment, not just one hillslope.

Furthermore it was desirable to maximise the rate at which measurements could

be made and to minimise disturbance while taking the measurements since they

were to be repeated several times.

High-resolution measurement was essential to this project because we wanted

to examine the degree of organisation in the spatial soil moisture pattern. Low-

resolution data has a strong tendency to make spatial variation appear disorga-

nised. This is because details of the spatial pattern are not resolved (Williams,

1988). This problem is illustrated in Figure 9.1, which shows time domain reflec-

tometry measurements of soil moisture in the top 30 cm of the soil profile col-

lected at Tarrawarra on: (a) 10� 20m; and (b) 30� 60m grids. The 30� 60m

resolution pattern was obtained by subsampling from the 10� 20m resolution

pattern. Tarrawarra has two main drainage lines, which contained narrow bands
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of high soil moisture at the time of these measurements. These bands are evident

in the 10� 20m resolution pattern. The important point is that the top pattern

looks organised while the pattern at the bottom looks random, even though the

latter has been simply subsampled from the former. The difference in apparent

soil moisture pattern demonstrates the need for high-resolution sampling.

The reason for measurements that can be accurately calibrated to soil moist-

ure is, in one sense, obvious: it is always desirable to minimise noise in the data.

In another it is less obvious. We were interested in the spatial pattern of soil

moisture. If we had used a sensor that was significantly influenced by other

factors, such as surface roughness or vegetation, as well as by soil moisture,

the patterns we obtained would reflect both the soil moisture pattern and the
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Figure 9.1. Comparison of volumetric soil moisture patterns resulting from different sampling

resolutions. The pattern on the top is point soil moisture sampled on a 10� 20m grid. The pattern

on the bottom is the same data sub-sampled to obtain a pattern of point measurements on a 30�

60m grid. The top pattern appears organised while the bottom pattern appears random, even

though the underlying pattern is the same.

(a)

(b)



patterns of the confounding variables. With current technology, this excluded

remote sensing due to significant data interpretation problems with current

space-borne systems, which are all influenced by factors other than soil moisture

(see e.g. Jackson and Le Vine, 1996; and Chapter 8).

In landscapes where saturation excess runoff is important, it is the saturation

deficit over the whole soil profile that is of most interest. This means that it is

desirable to measure soil moisture over the entire vadose zone. This is a key

shortcoming of current soil moisture remote sensing systems, which are only

influenced by the surface soil layer (usually < 5 cm depth) and require assump-

tions about moisture profiles to estimate deficits.

The requirement for a complete catchment was primarily due to our interest in

the role of topography in controlling the soil moisture pattern and our interest in

the response of the landscape in general rather than individual hillslopes. By

sampling a whole catchment, a diverse range of topography was sampled.

When we were selecting the study site we looked for catchments that contained

both convergent and divergent slopes and a wide range of aspect. By doing so we

hoped to sample an area that would be fairly representative of the general land-

scape. A number of other criteria were also used when selecting the study site.

For experimental reasons it was desirable to have a catchment in which: satura-

tion excess was the dominant runoff mechanism; there was no artificial drainage,

roads, dams or irrigation; and the vegetation was permanent pasture. Permanent

pasture was desirable, as it would minimise the impact of spatial variation in land

management on the results. For logistical reasons the catchment had to be traf-

ficable and the soils had to enable TDR probes to be easily inserted (i.e. not too

many rocks).

9.3.2 Catchment Description

Tarrawarra is a 10.5 ha catchment in southern Victoria, Australia (37�39 0S,

145�26 0E) (Figure 9.2). The climate is temperate, the mean annual rainfall is 820

mm and the areal potential evapotranspiration is 830 mm. Compared with eva-

potranspiration, there is a significant rainfall deficit in summer and excess in

winter. The terrain consists of smoothly undulating hills (Figure 9.3). There

are no perennial streams and no channels within the catchment. The land use

is cattle grazing and the vegetation consists of perennial improved pastures. At

the catchment scale the vegetation cover was relatively uniform. On a few occa-

sions the vegetation was variable at a patch scale of 1–10m due to preferential

grazing by the cattle. There was also variability at the individual plant scale;

however, the percentage of plant cover was generally greater than 90%. This

plant and patch-scale variability may have contributed some small-scale varia-

bility to the soil moisture.

The bedrock is lower Devonian siltstone with interbedded thin sandstone

and local bedded limestone (the Humevale formation) (Garratt and Spencer-

Jones, 1981) at a depth of 0.5–1.5 m on the hillslopes and deeper in the
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Figure 9.2. The topography and locations of fixed measurement installation at the Tarrawarra catchment.

The contour interval is 2m.

Figure 9.3. A view of the Tarrawarra catchment looking north east from the catchment outlet.



drainage lines. The soils in the Tarrawarra catchment have been studied in

detail by Gomendy et al. (in preparation) and consist of two units (Figure

9.4). The soil on the upper slopes is a pedal mottled-yellow Duplex soil

(Dy3.4.1, Northcote, 1979), which is a texture contrast soil. The Duplex soil

has a 10–30 (typically 20) cm thick silty loam or silty clay loam A1 horizon, a

silty clay loam A2 horizon up to 45 (typically 20) cm thick and a medium to

heavy clay B horizon. Ironstone gravel often occurs, mainly in the A2 horizon.

The A1 and B horizons are moderately to strongly structured, while the A2

horizon shows massive to weak structure. The soil on the lower slopes and in

the depressions is a gradational grey massive earth (Gn3.9.1 or 2.8.1,

Northcote, 1979) soil with a silty loam A horizon 10–35 (typically 20) cm

thick which gradually transitions into a silty clay loam B horizon. The A

horizon is strongly structured and the B horizon is massive to weakly struc-

tured. The solum depth varies from 40 cm at some points on the ridge-tops to

over 2 m in the depressions. Water tables form in the A horizon during the

wetter months of the year. There is little physical difference between the surface

soils of each of these two groups. The surface soils crack during dry periods.

9.3.3 Experimental Methods

The system adopted to measure the soil moisture patterns was the Terrain

Data Acquisition System (TDAS) developed at the Centre for Environmental

Applied Hydrology, University of Melbourne (Tyndale-Biscoe et al., 1998).

TDAS is a ground-based system that includes Time Domain Reflectometry

(TDR) equipment for measuring soil moisture, a real time Differential

Global Positioning System (DGPS) for measuring spatial location and a com-

puter which displays real time spatial location, guides the user to the desired

sampling location and records the measurements. The real time DGPS system

allows accurate relocation of sampling sites. All the instrumentation is mounted

on an all-terrain vehicle, which is fitted with hydraulics for inserting the TDR

probes. A range of other instrumentation and soil sampling equipment can also

be mounted and recorded (Tyndale-Biscoe et al., 1998). TDAS is shown in
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Figure 9.5. TDAS allows 50–100 soil moisture measurements to be collected per

hour, which greatly reduces the logistical problems of collecting high-resolution

soil moisture maps. This would have been impossible with manual sensor inser-

tion. Another advantage of this system is that using hydraulics to insert the

TDR probes ensures that the probes are inserted much more smoothly, and

with minimal sideways force, compared to manual insertion. This minimises

disturbance to the soil and air gaps, which reduces the accuracy of TDR

measurements.

The actual soil moisture patterns collected at Tarrawarra generally consisted

of approximately 500 measurements on a 10� 20m grid. This grid spacing was

chosen as a compromise between time constraints, maximising the detail

obtained up and down the hillslopes, which was the direction in which we

expected the greatest variability to occur, and the advantages of maintaining a

similar spatial resolution in both grid directions (see Chapter 2, p. 48–9). Thirty

centimetre TDR probes were used to make the soil moisture measurements. This

means that the measurements represent the average volumetric soil moisture over

a depth of 30 cm at the measurement point. This depth was chosen to minimise

problems with bending TDR probes when they were inserted while obtaining a

good measure of the moisture in the unsaturated zone (at least during the wet

season). In space (i.e. as a map view) the TDR measurements represent the

average soil moisture over a very small area (i.e. support), which is of the

order of 10 cm� 10 cm (Ferré et al., 1998).
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The accuracy of the TDR measurements was assessed by comparing them

with gravimetric measurements collected in the field. The variance of the differ-

ence between the gravimetric and TDR soil moisture measurements was

6:6 ð%V=VÞ2. An analysis of the magnitude of different error sources indicates

that during normal operating conditions, approximately half of this variance is

due to errors in the gravimetric measurements and half due to errors in the TDR

measurements. This is also consistent with variogram nuggets found by Western

et al. (1998a) and with average variances for repeated TDR measurements in

small (0.25 m2) patches.

Neutron moisture meter measurements were also made at twenty points

across the catchment. This was done for two reasons. First, the TDR measure-

ments were not deep enough to extend over the whole unsaturated zone during

dry periods and it was important to obtain some information about soil moisture

behaviour at depth. Second, we wanted some information about the vertical soil

moisture dynamics. Subsequent analysis of the neutron moisture meter data

showed that between 40 and 60% of the active soil moisture storage was mea-

sured by the TDR and that during wet periods most of the variation in soil

moisture occurred in the top 30 cm of the soil profile. Neutron data were cali-

brated to soil moisture for the Tarrawarra soils.

A range of other data was also collected to complement the soil moisture

measurements. Further details of these data can be obtained from Western and

Grayson (1998). A series of piezometers measuring shallow water table eleva-

tions were manually read during the wet period to obtain information about

surface saturation directly. Detailed meteorologic and surface runoff measure-

ments were also made to enable the meteorological forcing and the catchment

scale runoff response to be characterised. A range of soil properties was also

measured.

When designing the measurement network we aimed to target our measure-

ments on the basis of our interests and on the scales at which variability

might be important. Because they were our main focus, the soil moisture

patterns were measured in as much detail as possible, at a scale that would

allow us to characterise the influence of topographic and terrain-related soil

parameters. However, logistical constraints limited the number of surveys to

about twelve per year. This means that we obtained twelve soil moisture

patterns in a year, although more frequent surveys would have been desirable.

To some extent this was overcome by making more frequent measurements

with the neutron moisture meter. Most meteorological measurements were

conducted at only one site since they were not expected to vary significantly

in space. However, they were measured frequently in time due to their high

temporal variability. Rainfall was measured at five locations around the field

site. This was done to measure the spatial variability of rainfall at the event

and longer timescales. These measurements illustrated that spatial variability

of rainfall was not a significant influence on the spatial pattern of soil moist-

ure measured with the TDR.
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9.4 OBSERVED VARIABILITY

Field observations are important for generating and testing hypotheses about the

processes controlling the behaviour of the catchment and hence are an important

aid in determining an appropriate model structure. Field observations may be

either quantitative measurements or qualitative observations of behaviour. Both

are useful when developing a model and are used here to progressively develop

the model structure. This approach allows us to maintain a relatively simple

model structure and a small number of parameters.

Figure 9.6 shows soil moisture patterns measured at Tarrawarra on twelve

occasions during 1996. Table 9.1 summarises the statistics of each pattern.

These observations can be used to generate hypotheses about how the catch-

ment behaves, particularly about the factors that control the observed spatial

patterns. Looking at the wet patterns (e.g. May 2, 1996), it can be seen that

there is a strong topographic influence on the soil moisture pattern. During the

dry periods (e.g. February 23) there is little topographic influence. This beha-

viour suggests that lateral movement of water in the shallow subsurface is

important during wet periods but not during dry periods. This observation,

together with the observation that the temporal behaviour of the soil moisture

is dominated by persistent wet periods and persistent dry periods, with rapid

changes between the two, led us to develop a hypothesis of preferred wet and

dry states (Grayson et al., 1997). The wet and dry states are characterised by

spatial soil moisture patterns that are topographically controlled and random

(unrelated to topography) respectively. This behaviour means that a model that

can simulate the moisture dependent lateral movement of water is required to

simulate the patterns.

Most of the soil moisture patterns collected at Tarrawarra show some aspect-

related differences in soil moisture. The northerly facing slopes are drier because

they receive more solar radiation (being in the Southern Hemisphere). This sug-

gests that there may be some spatial differences in evapotranspiration related to

radiation input. Hence, including this effect in the model is also important.

However, another potential explanation of this aspect-related effect is a differ-

ence in soil properties since, compared to the gradational soils, the duplex soils

are relatively more important (extend further downslope) on the north-facing

hillslopes. Thus this difference in soil type and associated characteristics also

needs to be incorporated in the model.

Several important qualitative observations were made at Tarrawarra that can

be used either in selecting the model structure or in testing model performance.

On one occasion (April 11, 1996) a rainfall event with quite high rainfall inten-

sities (up to 50mm/hr) was observed at Tarrawarra and there was no visual

evidence of infiltration excess runoff being produced and no runoff response at

the catchment outlet. Even if infiltration excess were produced under such con-

ditions, the cracking nature of the soils means that the water would soon flow

down a crack. On several other occasions, high rainfall intensities have been

measured without any runoff being produced at the flume. These observations
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suggest that infiltration excess runoff is not a significant process at Tarrawarra

and that detailed infiltration algorithms are not required in the model.

Another qualitative observation is that when the catchment ‘‘wets-up’’ during

the autumn period, the highly convergent areas around neutron access tubes 7, 11

and 18 are the first to become saturated. The gullies below these areas then

gradually saturate due to runon infiltration of the runoff from upslope and

any lateral subsurface flow that may be occurring. These initial wet areas can

be seen on April 13, 1996 (Figure 9.6) and the runon infiltration process was

observed visually and saturated areas were mapped (Figure 9.7) following further

rain on April 14, 1996. These observations suggest that runon infiltration should

be included in the model.

The above observations, together with the recognition that a long-term soil

moisture simulation requires allowances for evapotranspiration and possibly
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Table 9.1. Soil moisture statistics for the twelve moisture patterns used here

Soil moisture Antecedent precipitation

Mean
(%V/V)

Variance
(%V/V)2

Coefficient
of variation

10 days
(mm)

40 days
(mm)

14-Feb-96 26.2 10.6 0.12 58 98

23-Feb-96 20.8 5.3 0.11 0 97

28-Mar-96 23.9 7.1 0.11 7 89

13-Apr-96 35.2 12.3 0.10 65 145

22-Apr-96 40.5 14.6 0.09 71 215

2-May-96 41.4 19.4 0.11 6 172

3-Jul-96 45.0 14.0 0.08 20 25

2-Sep-96 48.5 13.9 0.08 22 108

20-Sep-96 47.3 15.2 0.08 36 117

25-Oct-96 35.0 19.2 0.13 15 84

10-Nov-96 29.3 10.8 0.11 35 71

29-Nov-96 23.9 6.28 0.11 12 61

100m
N

Figure 9.7. Saturated areas (shaded) at Tarrawarra mapped in the field on April 14, 1996. These had

developed since April 13 and were expanding down the drainage lines via a process of overland flow

and runon infiltration.



deep seepage, provide the basis for selecting an initial model structure which is

described in the next section.

9.5 THE THALES MODEL

The Thales modelling framework (Grayson et al., 1995) is used here. Several

significant modifications to the model described in Grayson et al. (1995) were

required. A general description of the model and a detailed description of the

modifications are provided here. Thales uses a computation network based on a

mesh of streamlines and elevation isolines. Pairs of streamlines form stream

tubes down which the lateral movement of water is simulated. Figure 9.8 shows

the stream tube network for Tarrawarra, as well as a schematic of the fluxes

through a computational element. As applied at Tarrawarra, rainfall and

potential evapotranspiration force the model. The model incorporates the fol-

lowing processes.

. Saturated subsurface lateral flow (kinematic wave).

. Saturation excess overland flow (quasi steady-state).

. Exfiltration of soil water.

. Runon infiltration of overland flow.

. Deep seepage.

. Evapotranspiration.

Except for deep seepage, these processes were included because our field observa-

tions suggested that they might have an important impact on the spatially dis-

tributed water balance and hence on the soil moisture patterns. Deep seepage was

incorporated because our water balance calculations and initial model results

suggested that evapotranspiration and surface runoff could not account for all

the outflows from the catchment.

Thales uses a water balance to simulate soil moisture for each element (Figure

9.8). Inputs of water to an element are rainfall, subsurface flow from upslope and

surface flow (with runon infiltration) from upslope. Outputs of water are evapo-

transpiration, subsurface flow to downslope, and surface flow to downslope.

Exfiltration is possible. Surface flow is generated when an element is saturated.

Infiltration excess overland flow is not simulated due to low (six minute) rainfall

intensities and the lack of surface runoff during periods without saturated con-

ditions (Western and Grayson, 1998).

In this version of Thales, a single store is used to represent the soil moisture

for each element and the element-average soil moisture, �, varies between the

permanent wilting point, �pwp, and saturation (i.e. porosity), �sat. When � is less

than the field capacity, �fcp, the vertical soil moisture profile is assumed to be

uniform. When � > �fcp, the vertical soil moisture profile is assumed to consist of

an unsaturated zone with a moisture content of �fcp above a saturated zone with a

moisture content of �sat. Under these moisture conditions, the depth to the water

table, dwt, can be calculated as:
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dwt ¼
�sat � �ð Þ

�sat � �fcp
� � � dsoil given � > �fcp ð9:1Þ

where dsoil is the soil depth. These soil moisture profile approximations are

appropriate for the shallow soils at Tarrawarra but are likely to be invalid

for deep soils where the dynamics of the unsaturated zone are important.

For calculating lateral subsurface flow, the soil profile is assumed to consist

of two layers. These layers can loosely be thought of as soil horizons. This flow

is routed using a kinematic wave description and Darcy flow. Lateral subsur-

face flow, Qsub, is allowed when part or all of the upper soil layer is saturated.

It is calculated as:

Qsub ¼ W � ksat � tanð�Þ � dupper � dwt
� �

dwt < dupper ð9:2aÞ

Qsub ¼ 0 dwt 	 dupper ð9:2bÞ

where dupper is the depth of the upper layer, W is the width of the stream tube

(computational element), ksat is the saturated hydraulic conductivity, and � is the

surface slope. The numerical scheme is similar to that used by Grayson et al.

(1995); however, the state variable for the subsurface has been changed from

water table depth to soil moisture for convenience. The depth of the upper

layer is assumed to coincide with the relatively high transmissivity surface soil

horizons (often the A horizon). This representation of the soil moisture store and
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Figure 9.8. The flow net for Tarrawarra used in Thales. A schematic of a typical computational

element is also shown.



lateral flow was used because the A horizon is significantly more permeable than

the B horizon, and is thus the dominant horizon for lateral flow, while the B

horizon contributes to active storage during dry periods.

Exfiltration occurs under saturated conditions where the capacity of the hill-

slope to transmit subsurface lateral flow is decreasing downslope. This may occur

due to topographic convergence, a downslope decrease in slope, transmissive

layer depth, or hydraulic conductivity or a combination of these factors.

Overland flow from upslope becomes runon infiltration if the element is unsatu-

rated. Deep seepage has been added to the long-term model. The rate of deep

seepage per unit plan area, qdeep, decreases linearly from the effective vertical

saturated hydraulic conductivity of the soil profile, kdeep, when � ¼ �sat to zero

when � ¼ �fcp.
Overland flow discharge is calculated as the total inflow to the cell, minus

the sum of subsurface outflow, deep seepage and evapotranspiration. Any water

required to bring the cell up to saturation is also subtracted and the overland

flow is assumed to be at steady-state during the time-step implying that the

water was immediately routed to the downslope element. This is different to

Grayson et al. (1995) where the surface flow is routed using a kinematic wave.

The quasi steady-state approach to simulating the surface flow taken here

allowed daily time-steps to be used, which resulted in large computational

savings compared to the short time-steps required for a kinematic wave solu-

tion of the overland flow. Given that our interest was in soil moisture patterns

and water balance, rather than event runoff, daily time steps were quite

adequate.

Evapotranspiration is assumed to occur at the potential evapotranspiration

rate (PET) when the soil moisture exceeds a stress threshold, �stress, and below

�stress it decreases linearly to zero at the permanent wilting point, �pwp.
Evapotranspiration, ET, is calculated as follows.

ET ¼ Pi � � � PETþ ð1� �Þ � PET � 	 �stress ð9:3aÞ

ET ¼ Pi � � � PETþ ð1� �Þ � PET �
� � �wp

�stress � �wp

� �
� < �stress ð9:3bÞ

Pi is the potential solar radiation index (Moore et al., 1991) and it accounts for

slope and aspect effects. � is a weighting factor which is applied to Pi and varies

between 0 (spatially uniform) and 1 (spatial pattern of potential evapotranspira-

tion fully weighted by direct solar radiation). The potential solar radiation index

varies seasonally as the solar declination varies.

9.6 DATA ISSUES

The key steps in this work really revolved around the design and execution of the

field experiments, the thought that went into developing the model structure and

the interpretation of the data and simulations. Most of the data handling steps in
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this study were straightforward. The input data required by Thales and the

methods used for model testing are described below.

9.6.1 Input Data

There are three categories of input data used by Thales as applied at

Tarrawarra: terrain data, soil/vegetation data and meteorological data. An initial

moisture pattern is also required. The terrain data consists of the geometric

properties of each element (excluding soil depths) and information about the

connectivity between elements. The derivation of this data from a vector (con-

tour) digital elevation model is discussed in detail by Moore and Grayson (1991)

and Grayson et al. (1995). The digital elevation model used at Tarrawarra is

based on a detailed ground survey (Western and Grayson, 1998) and is signifi-

cantly more accurate than many standard large (say 1:25,000) scale topographic

maps. TAPES-C (Moore et al., 1988b) was used to derive the stream tube net-

work for Tarrawarra (Figure 9.8).

The soils at Tarrawarra have been studied in detail by Gomendy et al. (in

preparation) who have identified two morphologically distinct soil profiles, a

Duplex (texture contrast) soil and a Gradational soil, which were described

earlier. In the model of Tarrawarra, the properties and depths within each of

these two soil units were assumed to be uniform and model elements were

assigned a soil type on the basis of the mapping by Gomendy et al. (in pre-

paration).

Three time-varying quantities are used to force the model. Daily rainfall

depths were obtained from the weather station data and were applied to the

catchment in a spatially uniform manner. Hourly potential evapotranspiration

depths were calculated using net radiation, wet and dry bulb temperature, wind

and soil temperature data from the automatic weather station and the Penman–

Monteith model (Smith et al., 1992). These were aggregated to daily values and

applied to the catchment in a spatially uniform manner. The potential solar

radiation index was calculated daily for each model element and was used as a

modifier to the potential evapotranspiration as specified in Section 9.3.

We set the initial soil moisture pattern on the basis of the soil moisture pattern

measured on September 27, 1995. The first results analysed were for February

1996, which was long enough after initiation to make the results independent of

initial conditions. It therefore would have been possible to have used an esti-

mated soil moisture pattern. It is worth noting that the period required to remove

the effect of initial conditions from a simulation (i.e. the spin-up time) depends

on the response time of the system. For soil moisture in a small catchment, this

period is likely to be several months. For this reason, event models require some

other approach that better reflects the true antecedent conditions at the time (see,

e.g., Chapter 10). For systems that take a long time to respond (e.g. most ground-

water systems) a much longer period would be required to spin-up the model

from estimated initial conditions.
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9.6.2 Testing data and methods

Three different data types were used to compare to model simulations for this

exercise. The most important are the soil moisture patterns measured with TDR.

These were measured on a regular grid, not at the computation nodes used in

Thales, hence some interpolation was required to allow quantitative pattern

comparison. The model results were interpolated to the sampling grid for the

following two reasons. First, the model results are very smooth in space and

hence can be interpolated with minimal smoothing error. Second, using a regular

grid implies a uniform spatial weighting in any comparison, whereas the compu-

tational network tends to be more heavily weighted (smaller elements) to the

hilltops. Other data that were compared with model simulations were the catch-

ment outflow hydrograph and the saturation deficit data calculated from the

NMM data.

The simulated soil moisture was compared with the measured soil moisture

using several different approaches. Simulated and observed patterns were com-

pared visually and error (difference) patterns were calculated and examined.

Summary statistics including the mean, standard deviation and root-mean-

square of the soil moisture simulation errors were calculated for each measured

soil moisture pattern. Time series of saturation deficits calculated from the NMM

data and simulated by Thales were plotted and compared for both individual

tubes and for all tubes averaged together.

Plots of the simulated and observed hydrographs and the difference between

the two were also examined, and the mean error and prediction efficiency for the

hydrographs were also calculated. The hydrographs were regarded as the least

important of the data sets for comparison since they only contain information at

the catchment scale about the percentage of saturated area well connected to the

catchment outlet and about baseflow processes integrated up to the catchment

scale.

9.7 MODEL PARAMETERS

There are eight parameters that need to be set for each element in this version of

Thales and one global parameter, �. For each element, the soil parameters are

�sat, �fcp, ksat, dsoil, dupper, kdeep, and the soil/plant parameters are �pwp and �stress.
With the exception of kdeep, all the parameter values used in the simulations here

were initially set on the basis of field measurements. Here we describe how these

parameters were initially set and then we discuss how the parameter values were

changed for the different simulations that were conducted.

Given that we are comparing the simulations with moisture measurements

over the top 30 cm of the soil profile, the water retention parameters were set to

reflect this soil layer. Bulk density measurements across the catchment indicated

that the mean porosity was approximately 50%. There were only small differ-

ences in mean bulk density between the different soil types and it was not clear

whether this was related to porosity differences or particle density differences
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(which might arise due to the spatial distribution of iron stone and stone).

Therefore �sat was set to 0.5. The driest set of TDR measurements (March 20,

1997 – not shown here) were used to set �pwp. �pwp was set equal to

�� � 	� ¼ 0:09, where �� ¼ 0:116 and 	� ¼ 0:025 are the mean moisture and

the standard deviation of soil moisture observed on that occasion, respectively.

The reason for selecting a moisture less than the mean to represent the wilting

point is related to the possibility that the moisture at some sites might be slightly

above wilting point. On this occasion, the neutron moisture meter measurements

at each site, were the driest recorded, or very close to the driest recorded.

The soil moisture patterns were carefully examined to determine when lateral

subsurface flow was evident and the mean moisture on these occasions was used

to set �fcp. On April 13, 1996 ð�� ¼ 0:35) lateral redistribution is becoming evi-

dent and it is also evident on October 25, 1996 (�� ¼ 0:35). On March 28, 1996

(�� ¼ 0:24) and August 3, 1997 (�� ¼ 0:27) lateral flow is not evident, while on

November 10, 1996 (�� ¼ 0:29) little or no lateral flow is evident. Therefore �fcp
was set to 0.3. �stress was assumed to be equal to �fcp.

The total active storage observed at each neutron access tube was estimated

by integrating the difference between the wettest and driest profiles at each site

over the depth of the access tube. This calculation assumes that the wettest profile

is representative of saturated conditions. Qualitative field observations suggest

that this is a reasonable assumption. The total storage used in the model [i.e.

dsoil � ð�sat � �pwpÞ] was then set equal to the mean total storage (210mm) plus one

standard deviation (38mm). A larger value than the mean was used since the

total storage at some sites may have been underestimated, due to either the

wettest measured profile not being saturated or the driest measured profile not

being representative of the driest possible conditions. The depth of the upper

layer was set to 400mm on the basis of observations of the depth of the A

horizon in the duplex soil.

A series of saturated hydraulic conductivity measurements were conducted

in the A horizon of the soil using the constant head well permeameter techni-

que (Talsma, 1987; Talsma and Hallam, 1980). These were used to set the

values of ksat in the model. The mean measured ksat was 19 mm/hr and the

standard deviation of the measurements was 26 mm/hr. Clearly these measure-

ments are highly uncertain. It is also important to note that the small-scale well

permeameter measurements are not necessarily representative of lateral flow at

larger scales, due to the influence of soil heterogeneity. Nevertheless a value of

20mm/hr was initially used for ksat. For most of the simulations kdeep was set to

zero.

The parameter in Thales that represents the spatial variability of potential

evapotranspiration is treated as a global parameter in the model. In these

simulations it took on two different values, 0 and 1. A value of zero was

used initially, which implies that potential evapotranspiration is spatially uni-

form. Subsequently a value of 1 was used, which implies that potential evapo-

transpiration varies spatially in direct proportion to the potential solar

radiation index.
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9.8 MODEL SIMULATIONS

A series of simulations was conducted with the Thales model. The first of these

used the basic model parameterisation above. This provided a simulation in

which the only source of spatial variability in soil moisture was lateral flow.

Subsequent runs modified this initial parameterisation and introduced spatial

variability in the potential evapotranspiration and soils. Table 9.2 provides a

summary of the parameters used in each run. When the initial run (Run 1) was

performed, it appeared that the drainage was too slow. Therefore two runs with

higher ksat values were performed. Run 3 resulted in drainage that appeared too

rapid. Thus run 2 most closely represented the effects of lateral flow. It should

be noted that the value of ksat used in run 2 is within one standard deviation of

the mean observed ksat and is greater than the observed mean, as would be

expected due to any effects of preferential flow. The only source of spatial

variation in runs 1–3 is lateral flow routed by the terrain. Spatially variable

potential evapotranspiration was added and runs 4–6 performed. These essen-

tially repeat runs 1–3 with spatially variable potential evapotranspiration.

In run 7, soil variability is introduced via the total depth. A regression rela-

tionship between the wetness index and the total soil depth (R2
¼ 66%), mea-

sured at each neutron access tube, was used to scale dsoil. This resulted in

shallower soils (less storage) on the ridge tops and deeper soils (more storage)

in the gullies. In run 8 soil variability related to soil type is introduced by using a

smaller depth for dupper for the gradational soil. The depth of 200mm was chosen

to coincide with the typical A-horizon depth observed in this soil.

Run 9 illustrates the performance of a single soil layer model (i.e. the whole

soil profile is laterally transmissive) with the same transmissivity as run 5. This

allows us to examine the value of using the two-layer soil representation. Run
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Table 9.2. Parameter values used in each simulation. Note that hsat ¼ 0.50, hfcp = 0.30, hstress

¼ 0.30, and hpwp ¼ 0.09 were fixed for all simulations.

Run k sat

(mm/h)

kdeep

(mm/h)

d soil

(mm)

d upper

(mm)

� Comment

1 20 0 600 400 0 Parameters set from field measurements

2 40 0 600 400 0 ksat doubled

3 60 0 600 400 0 ksat trebled

4 20 0 600 400 1 Spatially variable ET

5 40 0 600 400 1 ksat doubled

6 60 0 600 400 1 ksat trebled

7 40 0 varies 400 1 dsoil ¼ 216 � lnða= tanð�ÞÞ � 1480,

250 < dsoil < 760

8 40 0 600 4001 1 Variable upper layer depth related to soil type

2002 1duplex soil, 2gradational soil

9 26.7 0 600 600 1 Single layer model, run with same

transmissivity as run 5

10 40 0.013 600 400 1 Deep seepage calibrated to correct mean runoff



10 looks at how the simulations are affected by adding deep seepage to match

the mean simulated and observed runoff volumes (i.e. to close the water

balance).

9.9 RESULTS

The soil moisture pattern results of what we judge to be the most realistic simula-

tion (run 5) are presented first. Run 5 has spatially uniform soil depths and

parameters and includes potential evapotranspiration that is spatially weighted

according to the potential solar radiation index. Then, the patterns from the

other simulations are compared to this run. Finally, we return to run 5 and

compare simulated and observed saturation deficit time series and catchment

runoff. The runs are described in some detail to highlight how the measured

patterns and other data were used to identify model problems and successes.

Run 5 was judged to be the best by making visual comparisons of the simulated

and observed soil moisture patterns and visual examinations of the spatial pat-

tern of simulation errors (see Chapter 3, pp. 78–9). The winter and spring periods

were emphasised in this comparison because strong spatial organisation was

observed during these periods and because there was little difference between

the simulations during the summer period. It should be noted that the differences

between the runs were often subtle and that no one run was the best on every

occasion. Some indication of the differences between the runs can be obtained

from Table 9.3, which summarises the simulation error statistically. Three sta-

tistics are shown: the mean error; the root mean squared error; and the error

standard deviation. The root mean squared error incorporates the effect of both

bias and random error, while the error standard deviation is a measure of the

random error.

9.9.1 Soil Moisture Patterns – Run 5

Figure 9.9 shows the simulated soil moisture patterns for run 5 for 1996. Some

care in interpreting the small-scale variability is required when comparing

Figures 9.6 and 9.9. It is clear that the simulated moisture patterns are smoother

than the observed patterns. There are three key reasons for this. First, the soil

parameters are assumed to be spatially uniform in the model, whereas some

small-scale variability would be expected in reality. Second, the observed patterns

contain some measurement error. Third, the model support scale is of the order

of 20m while the measurement support scale is only 0.1m. If the observation

support scale was 20m, the small-scale (< 20m) variability apparent in the

observed patterns would be averaged out and the observed pattern would appear

much smoother. Thus some of the small-scale variability in the observed data is

not relevant to the model formulation and can be ignored when comparing the

observations and simulations. However, there are some small-scale features that

are critical to the runoff response of the catchment. These are the narrow bands
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of high soil moisture along the drainage lines. The model should be able to

capture these.

Figure 9.10 shows a smoothed version of the observed data. This smooth-

ing was performed in an attempt to remove the measurement error and small-

scale variability (i.e. increase the support scale) of the observed data, thereby

making it more comparable to the simulations (see also Chapter 3, p. 79).

There are a number of simple interpolation techniques available, such as

block kriging, that are capable of removing the measurement error variance

and increasing the support by some sort of smoothing procedure. However,
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Table 9.3(b). The standard deviation of soil moisture simulation errors (%V/V) for each run and
each soil moisture pattern

Run 1 2 3 4 5 6 7 8 9 10

14-Feb-96 3.2 3.4 3.5 3.1 3.3 3.5 3.1 4.9 4.1 3.2

23-Feb-96 2.2 2.3 2.4 2.2 2.2 2.3 2.2 3.9 2.7 2.2

28-Mar-96 2.6 2.6 2.6 2.4 2.4 2.4 2.4 2.9 2.5 2.4

13-Apr-96 3.4 3.4 3.4 3.2 3.2 3.2 3.3 4.1 3.1 3.2

22-Apr-96 3.6 3.5 3.4 3.8 3.7 3.6 3.8 4.6 3.5 3.7

3-Jul-96 3.7 3.6 3.7 3.7 3.6 3.7 3.8 4.0 3.8 3.7

2-Sep-96 3.6 3.4 3.5 3.5 3.4 3.4 3.4 3.4 3.4 3.3

20-Sep-96 3.7 3.5 3.5 3.7 3.6 3.5 3.5 3.5 3.6 3.5

25-Oct-96 4.0 3.7 3.9 3.9 3.6 3.7 3.7 4.4 3.7 3.6

10-Nov-96 2.9 3.3 4.3 2.7 3.1 4.1 2.8 5.9 3.9 2.9

29-Nov-96 2.3 3.1 4.3 2.2 3.0 4.3 2.2 7.1 4.4 2.5

20-Mar-97 2.6 2.6 2.6 2.6 2.7 2.6 2.7 2.7 2.6 2.7

3-Aug-97 2.9 2.9 2.9 2.4 2.4 2.4 2.4 2.5 2.4 2.4

Table 9.3(a). The mean error in simulated soil moisture (%V/V) for each run and each soil
moisture pattern

Run 1 2 3 4 5 6 7 8 9 10

14-Feb-96 0.9 0.8 0.7 1.1 1.0 0.9 0.5 1.5 1.2 0.6

23-Feb-96 0.7 0.6 0.5 0.9 0.9 0.8 0.5 1.4 1.0 0.6

28-Mar-96 �0:4 �0:5 �0:5 0.0 0.0 �0:1 �0:1 0.3 0.0 �0:1

13-Apr-96 �0:6 �0:6 �0:7 0.1 0.1 0.0 �0:1 0.5 0.1 0.0

22-Apr-96 3.7 3.7 3.7 4.6 4.6 4.6 4.1 4.9 4.7 4.2

3-Jul-96 4.8 4.0 3.1 4.8 4.2 3.4 3.3 3.1 3.5 3.5

2-Sep-96 0.1 �0:1 �0:9 0.2 0.0 �0:7 �0:7 �0:8 �0:1 �0:5

20-Sep-96 2.3 2.1 1.6 2.4 2.1 1.7 1.9 1.7 2.0 1.9

25-Oct-96 6.1 5.8 5.0 6.4 6.2 5.4 4.6 4.8 6.1 5.0

10-Nov-96 6.6 6.3 5.5 7.0 6.8 6.1 4.8 5.2 6.8 5.4

29-Nov-96 3.4 3.4 3.0 3.9 3.9 3.5 2.0 3.4 4.1 2.6

20-Mar-97 �0:1 �0:1 �0:1 0.0 0.0 0.0 0.0 0.1 0.0 0.0

3-Aug-97 �4:2 �4:2 �4:2 �3:0 �3:0 �3:1 �3:1 �3:1 �3:1 �3:1



these techniques invariably remove organised small-scale features such as nar-

row bands of high soil moisture. Therefore, a more sophisticated approach

was adopted here. The smoothing was done in three steps. Firstly, a regres-

sion relationship was fitted between the soil moisture and a linear combination

of the wetness index and potential radiation index (see Western et al., 1999a

for a discussion of these terrain indices). The residuals from this regression

exhibited minimal spatial organisation. Secondly, residuals from this regression

were smoothed using a thin plate spline (Hutchinson and Gessler, 1994) so

that their spatial variance was reduced by an amount equal to the nugget of

the soil moisture variogram for that pattern (Western et al., 1998a). Note that

the nugget variance is assumed to be the sum of the measurement error

variance and the variance of the small-scale (< 10m) variability (see

Chapter 2, p. 32). Thirdly, the smoothed residuals were added back to the

estimated soil moisture obtained from the regression. By doing this we were

able to smooth the observed data without unduly distorting the moisture

pattern observed in the drainage lines. This was possible because the residuals

from the regression did not exhibit strong discontinuities around the drainage

lines, unlike the soil moisture itself.

Comparing Figures 9.10 and 9.9 indicates that the model generally captures

the seasonal trends in soil moisture. It also generally captures the existence of

topographic control. That is, when the observed pattern shows strong topo-

graphic control, so does the model, and when the observed pattern is random

(i.e. uniform with some random variation), the model predicts a uniform pattern.

Figure 9.11 shows maps of the errors (simulated minus smoothed observed

moisture) in the simulation. The error maps are a useful way of examining the

spatial characteristics of the simulation errors. For example, they can show

whether the errors are consistently related to terrain features, as is the case on
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Table 9.3(c). The root mean square soil moisture simulation error (%V/V) for each run and
each soil moisture pattern

Run 1 2 3 4 5 6 7 8 9 10

14-Feb-96 3.3 3.4 3.6 3.3 3.4 3.6 3.1 5.1 4.2 3.3

23-Feb-96 2.3 2.4 2.4 2.4 2.4 2.4 2.2 4.1 2.9 2.3

28-Mar-96 2.6 2.6 2.6 2.4 2.4 2.4 2.4 2.9 2.5 2.4

13-Apr-96 3.5 3.5 3.5 3.2 3.2 3.2 3.3 4.1 3.1 3.2

22-Apr-96 5.2 5.1 5.1 5.9 5.9 5.8 5.5 6.8 5.8 5.6

3-Jul-96 6.0 5.4 4.8 6.0 5.6 5.0 5.0 5.1 5.2 5.1

2-Sep-96 3.6 3.4 3.6 3.5 3.4 3.5 3.4 3.5 3.4 3.4

20-Sep-96 4.3 4.1 3.9 4.4 4.1 3.9 4.0 3.9 4.1 4.0

25-Oct-96 7.3 6.9 6.4 7.5 7.1 6.6 5.9 6.5 7.1 6.2

10-Nov-96 7.2 7.1 7.0 7.5 7.5 7.3 5.6 7.9 7.8 6.1

29-Nov-96 4.2 4.6 5.3 4.5 4.9 5.6 3.0 7.9 6.0 3.6

20-Mar-97 2.6 2.6 2.6 2.6 2.6 2.6 2.7 2.7 2.6 2.6

3-Aug-97 5.1 5.1 5.1 3.9 3.9 3.9 3.9 4.0 3.9 3.9
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November 10, when there was a strong relationship between aspect and simula-

tion error.

A detailed examination of the simulation results indicates that some of the

observed patterns are simulated very well, while for others there are some incon-

sistencies between the model and the observations. The three summer patterns

(February 14, February 23, March 28) are well simulated in terms of the average

moisture and the spatial pattern. The only inconsistencies are that the model

predicted some slight lateral redistribution during the rainfall events immediately

before February 14 and that there is a slight aspect bias in the simulation errors

for these patterns.

During April a large amount of rain fell and the catchment became sig-

nificantly wetter (Table 9.1). The model predicted the average soil moisture

well on April 13, but overestimated it on April 22. The observed patterns

illustrate the effect of lateral redistribution on the development of the wet

bands in the drainage lines. On April 13 the highly convergent areas at the

upper end of the drainage lines were becoming wetter and on April 22, fully

connected wet bands were present in the drainage lines (Figures 9.6 and 9.10).

Neither of the simulated patterns showed evidence of significant lateral redis-

tribution (Figure 9.9) and the error maps (Figure 9.11) show connected bands

in the drainage lines where the model has underpredicted the soil moisture.

The effect of lateral redistribution was also underestimated on May 2. This

points to a problem with the model formulation, which is discussed later.

There is no obvious aspect bias in the simulation errors for the April and

May patterns.

During winter the catchment soil moisture is very high and extensive areas are

saturated. The model predicts the average soil moisture correctly on September 2

and slightly overpredicts it on July 3 and September 20. Generally, the soil

moisture pattern is well predicted during this period. It should be noted that

the high (55%V/V) measurements observed in the drainage lines on September

2 and 20 are likely to be slightly too high due to surface water ponding introdu-

cing some measurement errors (by filling any gaps introduced by the TDR

probes).

At the end of September, the amount of rainfall reduced significantly and the

catchment began to dry. The patterns indicate that the model performs relatively

poorly during this period. The average soil moisture levels are overpredicted, the

effect of lateral redistribution is overpredicted, and there is a strong aspect bias in

the soil moisture errors (Figures 9.6, 9.9, 9.10 and 9.11).

In summary, when compared to the observed spatial patterns of soil moist-

ure, the model performs well during dry and wet periods. During the transi-

tion periods in autumn (dry to wet) and spring (wet to dry) there are some

differences between the simulated and observed patterns. Lateral redistribu-

tion is too slow during the autumn and it persists for too long during the

spring. We will return to the implications of this for the model parameterisa-

tion later.
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9.9.2 Soil Moisture Patterns – Other Runs

Here we compare the effects of different model parameter sets on the simu-

lated soil moisture patterns. These comparisons fall into four groups: the effect of

spatially variable PET; the effect of the ksat parameter; the effect of adding deep

seepage; and the effect of using different soil profile representations. Figure 9.12

shows observed and simulated soil moisture patterns for April 13, October 25

and November 10 for several model runs.

The first row of Figure 9.12 shows smoothed observed patterns and the sec-

ond row shows a simulated pattern from run 5, which is the base case. The third

row shows patterns from run 2. These patterns differ from run 5 in that they were

simulated with spatially uniform potential evapotranspiration (� ¼ 0, run 2). On

these dates, a strong aspect effect was apparent in the observed data (Figures 9.6

and 9.10). Comparing these patterns to the corresponding patterns from run 5,

we see that the differences between the south and north facing slopes are smaller

in run 2 than in run 5 on all three occasions. Introducing spatially variable PET

leads to the south facing slopes being up to 2%V/V wetter on April 13 and up to

1%V/V wetter on October 25 and November 10. The north facing slopes are up

to 1%V/V drier on April 13 and up to 0.7%V/V drier on October 25 and

November 10. For run 5, the differences between the steepest south facing and

steepest north facing slopes is 3%V/V on April 13 and 2%V/V on October 25

and November 10. This compares well with the observations on April 13. On

October 25 and November 10, the observed difference between the steepest south

facing and steepest north facing slopes is approximately 7%V/V, significantly

greater than for the simulations on these dates. This will be discussed further

below.

In the fourth row of Figure 9.12, simulated patterns are shown for run 6.

Comparing these patterns to those from run 5 illustrates the effect of increasing

ksat from 40 mm/h to 60 mm/h. In early autumn the increase in ksat makes little

difference to the simulated soil moisture pattern (less than 1%V/V on April 22),

while on May 2 the higher ksat leads to the gully being approximately 4%V/V

wetter, compared with run 5. The increasing effect of ksat during autumn is due

both to increased moisture content and increased drainage time. In winter (July

3, September 2 and 20 – not shown on Figure 9.12) the increased ksat leads to a

decrease of approximately 2%V/V in the soil moisture on the upper parts of the

hillslopes. In spring (October 25 and November 10) the difference is greater, with

the upper parts of the hillslope being 3–4%V/V drier than run 5 and the drainage

lines being 3–8%V/V wetter. The soil moisture pattern is most sensitive to ksat
during the spring when the hillslopes have been draining for a significant period.

In winter the hillslopes are regularly re-saturated by rainfall and the intervening

drainage times are relatively short.

Three alternative methods (to runs 1–6) for representing the soil in the model

were explored. Results from simulations 7, 8 and 9 are shown in rows 5, 6 and 7

of Figure 9.12. These included spatially variable soil depths (run 7), a thinner

transmissive layer for the gradational soil (run 8), and a single layer soil (run
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Figure 9.12. Observed and simulated soil moisture patterns at Tarrawarra for April 13, October 25, and

November 10, 1996. First row: smoothed observations. Second row: run 5. Third row: run 2 (� ¼ 0 i.e.

spatially uniform PET). Fourth row: run 6 (ksat ¼ 60mm/h). Fifth row: run 7 (variable soil depth related to

wetness index). Sixth row: run 8 (variable soil depth related to soil type). Seventh row: run 9 (single soil

layer). Eighth row: run 10 (as for run 5 but kdeep adjusted to match catchment annual runoff).



9 – entire soil profile is transmissive). Runs 7 and 8 include spatially variable

soils and the spatial variability is consistent with that suggested by field

observations. Run 9 includes a spatially uniform single layer soil.

Introducing spatially variable soil depths (run 7) has a marked effect on the

simulated soil moisture patterns due to the local changes in storage capacity.

The topographic effects were enhanced on many occasions due to the relation-

ship between topographic location (in terms of wetness index space) and

storage capacity. Generally this relationship caused the hilltops to respond

more quickly and the drainage lines to respond more slowly, compared with

run 5. The simulations with spatially variable soil depth generally led to

similar or poorer simulations of the patterns. Relative to the average soil

moisture, in autumn the hilltops were too wet, in winter the hilltops were

too dry, and the wet gully persisted for too long in the spring.

The changes to the soil representation in runs 8 and 9 both affect the profile

average moisture content above which lateral redistribution occurs. Introducing

the thinner transmissive layer for the gradational (lower slopes and drainage

lines) soil reduces the amount of lateral redistribution in the gradational soil

by a factor of two for fully saturated conditions and by more for unsaturated

conditions. Due to the discontinuity in lateral flow introduced at the boundary

between the duplex and gradational soils, the soil moisture patterns from run 8

tended to have a band of high soil moisture at the soil unit boundary. This band

is unrealistic. However, compared to run 5, some other features of the patterns

were simulated more realistically, such as the more rapid drying of the drainage

lines in spring.

Treating the entire soil profile as being laterally transmissive (run 9) led to an

increase in lateral flow for all moisture contents greater than field capacity, except

for saturated conditions when the lateral flow was the same as for run 5. This

increase led to lateral flow influencing the pattern more under drier conditions.

The topographically controlled pattern developed slightly more quickly during

the autumn but persisted for too long during the spring. There was also slightly

more lateral redistribution predicted during summer, which is inconsistent with

the observations.

Deep seepage was introduced in run 10 by calibrating kdeep to obtain the

correct annual runoff (this led to a decrease in simulated surface runoff from

0.51 mm/d to 0.39 mm/d for 1996, compared with run 5). As would be expected,

introducing deep seepage reduced the simulated average soil moisture. This

reduction was greater in the drainage lines during autumn and spring and on

the ridge tops during winter (when the drainage lines remained saturated). The

reductions in soil moisture rarely exceeded 1%V/V. The exception was in the

drainage lines during spring where reductions were up to 4%V/V (on November

29), compared with run 5, and the degree of topographic control was slightly less

for the simulated pattern on November 29. These results represent some

improvement over run 5, but some calibration against runoff was required to

achieve them.
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In summary, comparing the different simulation runs leads to the following

conclusions. To get the best representation of the soil moisture pattern at

Tarrawarra with Thales it is necessary to include spatially variable potential

evapotranspiration. The saturated hydraulic conductivity is only important dur-

ing wet periods following a long (compared to the subsurface flow response time)

period of drainage. Introducing spatially variable soil depths provided little over-

all improvement and caused problems near soil type boundary interfaces where

abrupt changes in soil properties caused anomalies. Deep seepage was needed to

close the water balance and the deep seepage parameter (kdeep) required calibra-

tion against runoff.

9.9.3 Saturation Deficits

Figure 9.13a shows time series of the simulated and observed saturation

deficit averaged over all twenty neutron access tubes. Note that simulated satura-

tion deficits are plotted only on days when observations are available to aid

comparison of the time series. The timing of the fluctuations in average satura-

tion deficit are modelled correctly. The magnitude of the fluctuations is also

reasonably well simulated; however, during the summer of 1996 (Jan–Mar),

the saturation deficit is systematically overestimated by approximately 50 mm.

During the transition periods when the catchment is wetting up (autumn) or

drying down (spring), the rate of change of simulated saturation deficit tends

to be too quick, particularly in spring. While this is consistent with the compar-

isons between the TDR data and the simulations during autumn (particularly

April 13–22), the simulated soil moisture reduces more slowly than the soil

moisture in the upper 30 cm (TDR data) during the spring (September 20 –

November 29).

Simulated and observed time series of saturation deficit are shown in Figure

9.13b for neutron access tubes 7 and 8 (see Figure 9.2). From the perspective of

the timing of saturation deficit fluctuations, tube 7 is typical of tubes in locally

convergent areas (i.e. tubes 2, 7, 11, and 18) and tube 8 is typical of all the other

tubes. We exclude tube 17 from the convergent group because it is not very

convergent from a local perspective and the saturation deficit observations sug-

gest that it fits better in the other group. The observations show that there is little

difference between the timing of the wetting between sites. The simulations are

consistent with this. During the spring, the drydown at tube 7 lags tube 8 slightly,

probably as a result of lateral redistribution. There is a much greater lag between

the drying of these two sites in the simulations.

9.9.4 Surface Runoff

The annual surface runoff during 1996 is overestimated by 31% in run 5. This

is equivalent to a 32% underestimation of evapotranspiration during the main

runoff-producing period (June 23 to October 9). This error can be easily cor-
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rected by adding a small amount of deep seepage to the model. Generally the

model simulates the occurrence of runoff events well. That is, events are simu-

lated on days when significant runoff occurred but not on days when no runoff

events were recorded. The notable exceptions to this are the first significant

recorded runoff events (Figure 9.14 – ‘‘A’’), when no runoff is simulated. This

is because simulated saturation deficits are too large in April (Figure 9.13a). It

should be noted that there is some uncertainty as to the exact magnitude of these

events as some flow bypassed the flume and the hydrographs had to be estimated.

Also, during a period beginning with the large event on July 30 (Figure
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Figure 9.13. (a) Time series of simulated and observed saturation deficits at Tarrawarra during 1996

for run 5. The saturation deficit was calculated as the mean saturation deficit at the twenty neutron

access tubes (Figure 9.2). (b) Time series of simulated and observed saturation deficits at neutron

access tubes 7 and 8 during 1996 for run 5. Note that simulated values are only shown for dates on

which observations were made.



9.14 – ‘‘B’’) and ending on September 12 (Figure 9.14 – ‘‘C’’), the model system-

atically overestimates the magnitude of the runoff events.

It should be noted that it is not possible to correct the error in mean runoff by

calibrating the evapotranspiration parameters, as these control the spatial dis-

tribution of evapotranspiration rather than its absolute value during high soil

moisture periods when the runoff occurs. Also it is unlikely that the potential

evapotranspiration is underestimated during this period, since this was a wetter

than average winter and the estimates used are already slightly greater than the

available average monthly regional estimates of potential evapotranspiration

(Wang et al., 1998). Obviously, it is possible to simulate the annual runoff cor-

rectly by adjusting the total storage in the model, but this results in a poorer

simulation when the timing of runoff events is considered.

The quality of the runoff predictions can be assessed using the prediction

efficiency (Nash and Sutcliffe, 1970); however, this is very sensitive to any bias

in the runoff predictions. For run 5 the predictive efficiency is only 41%. For run

10, when the deep seepage was calibrated such that the model correctly simulated

the annual runoff, the predictive efficiency is 63%. The events in April that the

model failed to simulate (Figure 9.14 – ‘‘A’’) account for half of the remaining

errors. If the runoff events on 17–19 April are ignored, and the deep seepage is

calibrated such that the model correctly predicts the total runoff in the remaining

events, the predictive efficiency can be increased to 82%.

9.10 DISCUSSION AND CONCLUSIONS

In this chapter, the Thales model framework has been applied to simulate the

hydrologic behaviour of the Tarrawarra catchment for a period of one year.

Detailed spatial soil moisture patterns, saturation deficit, soils, meteorological

and runoff data are available for this catchment. The simulations have been

compared to spatial patterns of soil moisture in the top 30 cm of the soil profile,

to saturation deficit measurements at individual neutron moisture meter tubes
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Figure 9.14. Simulated and observed runoff hydrographs at Tarrawarra during 1996 for run 5. ‘‘A’’, ‘‘B’’

and ‘‘C’’ identify events referred to in the text.



and at the catchment scale, to catchment scale runoff. The simulations were

conducted using a daily time step. The model parameters were set by a careful

analysis of the available field data, with some subsequent minor adjustment of

the saturated hydraulic conductivity parameters.

Given the limited degree of calibration, the model performed very well. The

seasonal changes in the soil moisture patterns were accurately simulated and the

seasonal changes in saturation deficit were also reasonably well simulated at the

catchment scale, although there was some tendency for the model to overestimate

the saturation deficit during summer. Of the three sets of data that the simula-

tions were compared to, the poorest performance was for the surface runoff. This

relates, at least in part, to the difficult challenge of simulating threshold processes

such as saturation excess runoff. The predicted runoff can be greatly improved by

calibrating the deep seepage component of the model so that the annual runoff is

correctly simulated.

The difference in the model’s ability to predict the soil moisture patterns and

the runoff has important implications. If one were to calibrate the model

against the soil moisture patterns, and then use the model to predict runoff

(i.e. take run 5 as being good), then one would overestimate surface runoff by

31% and explain only 41% of the observed variability in the runoff. Such

results would be considered poor in most modelling studies and would be

‘‘calibrated out’’ by adjusting parameters. However, if a model is calibrated

on catchment runoff only, one can expect substantial errors in the representa-

tion of the internal hydrological processes, which may cause predictions of

erosion and transport to be grossly in error. Thus, it is important to test models

against appropriate data, that is, data that directly tests the prediction in which

you are interested. Obviously, the type of data that is appropriate depends on

the purpose to which the model is to be put. Conceptually similar problems

have been documented by several other modellers (e.g. Grayson et al., 1992b;

Chapters 1, 3, 13).

While the results reported here were obtained with little calibration effort, it is

important to recognise that the highly detailed data set and the preliminary

analysis of the data were critical. For example, the storage values used in the

model were calculated from comprehensive neutron moisture meter data. Due to

the extreme conditions sampled by these measurements (we were lucky to have

had a very wet winter followed by one of the driest 18 month periods in the last

one hundred years), it was possible to calculate the active storage from observa-

tions. Similarly, we had soil moisture patterns at key points in time that allowed

us to estimate the field capacity and wilting point, and bulk density data that

allowed us to estimate the porosity. Due to the relatively simple, yet physical,

basis of the model structure and our detailed understanding of the behaviour of

the catchment (gained from the data), it was possible to obtain good estimates of

the parameter values a priori, rather than via detailed calibration, as is often

required. How well this approach would work in other catchments is an open

question. The key point is that, without such data, confidence that the model is

performing for the right reasons will be lacking.
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One aspect of this approach that is critical is the design of the field experi-

ments. It is important that the measurements made can be related to the pro-

cesses controlling the hydrologic response. For example, we would not have been

able to set the soil depth in the model without measurements of profile storage. It

is also important to have measurements that can be related to the limits between

which soil moisture can vary. Therefore, some knowledge of the (type of) key

controlling processes in the landscape of interest is highly valuable when design-

ing a field experiment. Attention should also be given to the degree of climatic

variability expected during a field experiment. It is important that the experi-

ments do not rely on the occurrence of a rare event, relative to the life of the

experiment.

While the modelling results reported here are satisfying, there are two pro-

blems with the model that have been identified by comparison with the measured

patterns of soil moisture. In autumn, the topographically controlled soil moisture

pattern is too slow to develop in the model and in spring the simulated soil

moisture and saturation deficits do not compare particularly well with the obser-

vations. There are likely to be separate causes for these two problems.

In autumn the key problem is insufficient lateral redistribution around April

13 and 22. One potential explanation of this behaviour relates to the fact that the

soils at Tarrawarra crack during dry periods. It is possible to simulate the

observed patterns on April 13 and 22 quite well using ksat ¼ 400mm=h and a

total soil depth of 500 mm. The key variable here is the high ksat value (the

shallower soil depth was used to correct the overestimated saturation deficit in

run 5 during this period). Given that the soils at Tarrawarra have a relatively

heavy (clayey) texture, such a high effective value of ksat is indicative of some

form of preferential flow. Using such a high ksat value during late autumn (May

2) and winter, results in a gross overestimation of the amount of lateral flow and

high base flow contributions. These results suggest that preferential flow paths

may be much more effective in autumn (as the catchment switches from dry to

wet) than in winter, when the catchment is very wet. The reduction in preferential

flow appears to be quite rapid, with little evidence for high effective ksat values on

May 2. Soil cracks would appear to be a likely candidate for explaining this

behaviour, given its temporal characteristics. Cracks persist during long dry

periods but close quickly at the end of such periods. The under-prediction of

lateral flow during the autumn period is the explanation for the failure of the

model to predict the onset of surface saturation in the drainage lines and the first

runoff events of the autumn (events ‘‘A’’ on Figure 9.14). This leads, in turn, to

the overestimation of soil moisture on April 22.

In spring, some systematic problems with simulating the drying of the catch-

ment exist. These are somewhat complicated in that comparison of the simula-

tions and the TDR soil moisture patterns indicates that the model dries too

slowly, while comparison of the simulated and observed saturation deficits indi-

cates that the model dries too quickly. In terms of the overall soil water balance,

the saturation deficit data is the more relevant data. However, the TDR data

provides more spatial detail. It is important to recall that the TDR data repre-
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sents the top 30 cm of the soil profile while the saturation deficit data represents

the complete profile.

When the soil profile dries there is a tendency for the upper soil layers to dry

more quickly due mainly to greater root activity in this zone. Thus the zone

measured by the TDR is drying more quickly than the zone measured by the

NMM and the zone simulated by Thales. This means that the poor comparison

with the TDR data is likely to be explained by the fact that the model does not

properly simulate the vertical dynamics of the soil moisture. This is also likely to

be a major reason why the model predicts a much weaker aspect effect than is

observed during the spring drying period. If all the water were lost from the

upper 30 cm of the soil profile, the simulated aspect effect would effectively be

doubled (i.e. a 4%V/V difference between north and south facing slopes) and

would compare much more favourably to the observations (� 7%V/V differ-

ence). To enable completely consistent comparisons between the model and the

TDR data, it would be necessary to model the vertical soil moisture dynamics.

This would involve using at least two soil moisture stores, with the associated

cost of additional complexity and parameterisation issues. However, the pattern

data indicate that this will be necessary to further improve the model perfor-

mance.

The rapid drying of the model compared to observed saturation deficits

during spring occurs on the hillslopes rather than in the drainage lines

(Figure 9.13). No surface runoff was observed or predicted during this period

and the problem remained when the deep seepage was set to zero. Therefore,

we can deduce that the evapotranspiration was overestimated during the spring

period. Two potential explanations exist. These explanations may also be rele-

vant to the overestimation of the saturation deficit during the summer period

(January–March). Firstly, the evapotranspiration could be overestimated as a

consequence of the soil moisture in the root zone (upper 30 cm) being over-

estimated, while in reality low root zone soil moisture was exerting a control on

the evapotranspiration rate. The problem of overestimating the drying rate was

evident on October 25 when the observed catchment average (upper 30 cm) soil

moisture was 35%V/V, and the soil moisture exceeded 30%V/V at most sites.

While this may provide part of the explanation, these soil moisture levels are

not likely to exert a sufficiently strong control on the evapotranspiration rate to

fully explain the error. Secondly, the evapotranspiration could be overestimated

due to invalid assumptions about the vegetation. For the purpose of estimating

potential evapotranspiration, it was assumed that the pasture could always be

represented by the ‘‘reference crop’’ (Smith et al., 1992). The reference crop is

an extensive surface of green grass of uniform height that is actively growing,

completely shades the ground and is not short of water. At the end of winter in

1996, the pasture at Tarrawarra was very short, and had been badly damaged

by cattle ‘‘pugging’’ the soil, which had been structurally weak due to water

logging. The relatively poor health of the pasture at that time may have led to a

reduction in the amount of evapotranspiration compared with that expected for

the reference crop.
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While there are some problems with the model’s ability to simulate transitions

between wet and dry seasons, the comparison of measured and simulated pat-

terns does provide substantial insight into the importance of different sources of

spatial variability at Tarrawarra. The only source of spatial variability in runs 1–

3 is the effect of terrain on the routing of lateral flow. Runs 4–6 also include the

effect of terrain on incident radiation and, hence, potential evapotranspiration.

Of these two terrain-related sources of spatial variation, the lateral flow contri-

butes most to the spatial variation of the simulated soil moisture. On most

occasions, introducing radiation effects leads to a small improvement in the

simulated pattern. Introducing spatially variable soils (runs 7 and 8) does sig-

nificantly change the simulated soil moisture patterns, which implies that cor-

rectly specifying the spatial variability of soil parameters is likely to improve the

model simulations. However, we have not been able to make consistent improve-

ments in the model performance at Tarrawarra using the currently available soils

data. Reducing the transmissive layer depth for the gradational soil did lead to

better simulations of the soil moisture in the drainage lines during summer and

spring, but at the cost of poorer simulations on the hillslopes.

Two problems currently hinder our progress in incorporating better soils

information in the model and are indicative of problems with soils data generally.

Firstly, there does not appear to be a correspondence between features of the soil

moisture patterns and the spatial distribution of soil types that have been mapped

in the catchment. It may be that there is limited correlation between the soil type

and relevant soil hydrologic parameters. In this case, treating the soils as distinct

types is of limited value (see also Chapters 6 and 10). Nevertheless a close exam-

ination of the residual plots does indicate some consistency in the pattern of

simulation errors (Figure 9.11) that may be related to soil variation. For example,

the simulated soil moisture on the hilltop in the south-eastern corner of the

catchment (Figure 9.2, near neutron tube 9) is consistently too wet (Figure

9.11). A second problem is obtaining useful spatial soil measurements. It is

difficult to convert observations of soil profile characteristics (i.e. soil type, hor-

izon depths) into values of hydrologic parameters such as field capacity, wilting

point and storage. Also, the combination of small-scale variability and the time-

consuming nature of soil property measurement often compromise quantitative

measurement approaches. Spatial characterisation of soil properties for model-

ling remains a difficult challenge.

One conclusion that we can draw about the representation of soils in the

model of the Tarrawarra catchment, is that characterising the soil as having a

transmissive layer underlain by a layer that simply acts as a store is an

improvement over using a single transmissive layer. While we have not

explored other options for describing the changes in hydraulic conductivity

with depth, we feel confident that this is a sound representation, at least for

the duplex soil.

This modelling exercise has made extensive use of soil moisture pattern data.

One of the issues faced when using data of this sort is the problem of comparing

observed and simulated patterns. Here we did this qualitatively using two com-

244 A Western and R Grayson



plementary approaches. The first was to compare simulated and observed pat-

terns of soil moisture visually and the second was to calculate an error map and

examine that map visually. The comparison of simulated and observed soil

moisture patterns has given us greater confidence in the predictive ability of

the model. It was also valuable for identifying problems with the model structure.

For example, the poor simulation of the autumn patterns suggests that prefer-

ential flow paths due to soil cracks might be important. While this led to pro-

blems with the simulation of the runoff hydrograph during this period, the

hydrograph by itself would not have allowed us to understand the problem. In

all likelihood, the failure to simulate runoff during the initial events in autumn

would have been corrected by reducing the model storage, if the model had

simply been calibrated against runoff. Similarly, the soil moisture patterns and

the saturation deficit data allowed us to identify specific problems in simulating

the soil water balance during the spring period. The soil moisture patterns have

proved to be much more informative as to the integrity of process representations

in the model than has the catchment runoff. The only exception to this is that

runoff proved useful to test the bulk water balance. This could not be tested with

soil moisture alone.

The detailed spatial data have been extremely valuable for other analyses. The

seasonal evolution of geostatistical characteristics of soil moisture patterns in this

landscape were quantified and the scaling properties of the soil moisture patterns

were characterised (Western and Blöschl, 1999; Western et al., 1998a,b). It was

found that geostatistical regularisation techniques were able to predict the effects

of changes in scale (in terms of spacing, extent and support) on the variance and

correlation length (Western and Blöschl, 1999). Results of these analyses also

have implications for sampling strategies in terms of the number of measure-

ments required (Western et al., 1998a) and the measurement scale limitations

(Western and Blöschl, 1999) for obtaining geostatistically representative samples

of soil moisture. We have also made progress in the identification of representa-

tive locations for soil moisture measurement by demonstrating the existence of

sites that always have soil moisture close to the catchment mean moisture

(Grayson and Western, 1998). The soil moisture patterns have also been valuable

for characterising and predicting the spatial organisation of soil moisture. Soil

moisture patterns at Tarrawarra typically exhibit both random and topographi-

cally organised characteristics (Grayson et al., 1997; Western et al., 1999a). The

degree of spatial organisation changes seasonally and the organised component

of the variation can be predicted using terrain indices (Western et al., 1999a). The

existence of spatial organisation is related to the processes controlling the spatial

pattern. Spatial organisation is strongest when there is lateral flow occurring or

when the soil moisture is influenced significantly by up-slope processes (non-local

control). Little organisation is present when the soil moisture is locally controlled

and the main fluxes of water are vertical (Grayson et al., 1997). Detailed event

simulations indicate that spatial organisation has a significant effect on the rain-

fall-runoff behaviour at Tarrawarra (Western et al., 2000). Spatial organisation

can also be analysed within a geostatistical framework. Spatial connectivity is a
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spatial organisation feature that is not captured by standard geostatistical tech-

niques (variography). We were able to show that indicator geostatistics (indicator

variograms) are also unsuitable for characterising connectivity, despite sugges-

tions to the contrary in the literature (Western et al., 1998b). However, connec-

tivity statistics (Allard, 1994, 1993) provide an appropriate statistical tool for

characterising spatial connectivity (Western et al., 2000).

The use of patterns in model testing is valuable but has some limitations.

Many of the simulated patterns were quite similar and it was difficult to assess

visually which was the better simulation, especially when patterns for all

twelve occasions were considered. There is a need for quantitative pattern

comparison techniques that account for a range of different scales including

points, hillslopes and catchments. The statistics used for these comparisons

need to be chosen carefully so that hydrologically important aspects of the

patterns are compared. This might require the comparisons to focus on spe-

cific components of the landscape, for example, drainage lines rather than

ridge tops, or on correctly simulating pattern features such as connectivity.

It is also important that any quantitative approach be able to deal with

several different types of data. Here the combined use of soil moisture pattern,

saturation deficit time series and runoff time series data was extremely

valuable.
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