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Abstract 

Spatial soil moisture patterns have been measured in the 10.5 ha Tarrawarra catchment in temperate south-eastern Australia 
on 13 occasions using time domain reflectometry (TDR). Measurements are made on regular grids of  between 500 and 2000 
points for each occasion. The spatial correlation structure of  these soil moisture patterns is analysed. Sample variograms are 
found to have a clear sill and a nugget. Exponential variogram models, including a nugget, fit the sample variograms closely. 
The geostatistical structure is found to evolve seasonally. High sills (15-25 (%v/v) 2) and low correlation lengths (35-50 m) 
are observed during the wet winter period. During the dry summer period sills are smaller (5-15 (%v/v) 2) and correlation 
lengths are longer (50-60 m). This seasonal evolution is explained on the basis of  the importance of  lateral redistribution of  
moisture during different seasons. Both a nugget effect due to measurement error and variability at small scales contribute to 
the variability at the 10 m scale, which is the smallest scale in most of  the data sets. For one occasion four soil moisture 
patterns containing 514 samples were collected on 10 x 20 m grids. These patterns are offset by 2 m in an easterly and/or a 
northerly direction. Variograms for these four patterns are similar which indicates that variograms used for the structural 
analysis are highly reliable. An analysis based on transects subsampled from typical summer and winter soil moisture patterns 
indicates that a substantial number of  data points (more than about 300) are needed to obtain meaningful sample variograms. 
© 1998 Elsevier Science B.V. 
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1. Introduction 

Soil moisture has a major influence on a range 
of hydrological processes including flooding (e.g. 
Kitanidis and Bras, 1980), erosion (e.g. Moore et al., 
1988), solute transport and land-atmosphere inter- 
actions (Entekhabi et al., 1996), as well as a range 
of geomorphic (Beven and Kirkby, 1993) and pedo- 
genic (Jenny, 1980) processes. Soil moisture is highly 
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variable in space and a knowledge of the characteris- 
tics of that variability is important for understanding 
and predicting the above processes. 

The spatial variability of soil moisture results from 
many processes acting over a range of scales. These 
include vertical and lateral redistribution over scales 
from centimetres to tens or hundreds of  metres, and 
spatial variation in evapotranspiration and precipi- 
tation. These processes may be modulated by topo- 
graphy, soils, geology or vegetation. The resultant soil 
moisture pattern is likely to reflect these influences 
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through variations at scales linked to the processes 
controlling the moisture pattern. One way of charac- 
terising this variability is by its geostatistical correla- 
tion structure in space. Quantitative estimates of this 
structure are required for a number of  purposes 
including the interpolation of spatial patterns from 
point data, estimation of the average catchment soil 
moisture and for distributed hydrologic modelling in 
general. 

The main structural parameters are the sill, the 
correlation length (or range) and the nugget. The sill 
is the level at which the variogram flattens out. I f a  sill 
exists, the process is stationary and the sill can be 
thought of  as the spatial variance of two distantly 
separated points. The correlation length (or range) is 
a measure of the spatial continuity of  the variable of 
interest. For an exponential variogram, the correlation 
length relates to the average distance of correlation 
while the range is the maximum distance over 
which spatial correlations are present. While the 
correlation length and the range contain very similar 
information, the numerical value of the range is three 
times the correlation length for an exponential vario- 
gram. Finally, the nugget relates to the variance 
between pairs of  points separated by very small 
distances. More quantitative definitions are given 
later. 

It is important here to recognise the difference 
between sample properties and the properties of  the 
true underlying distribution (that is the population). 
Strictly speaking the sample variogram computed 
from the data gives the properties of the sample 
only. It is then statistical inference by fitting a smooth 
curve (a theoretical variogram) to the sample vario- 
gram that gives an estimate of  the properties of  the 
population. Whether the sill, range and nugget 
inferred from the sample are representative of the 
true values depends on the nature of  the variability 
and the sampling regime. 

Two sources of  data have been used for previous 
geostatistical characterisation of soil moisture, 
namely remotely sensed data and field measurements. 
Remotely sensed soil moisture measurements from 
the Push Broom Microwave Radiometer (PBMR) 
(Schmugge and Jackson, 1996) and Electronically 
Steered Thinned Array Radiometer (ESTAR) are 
available. Both these sensors measure microwave 
emission (microwave brightness temperature) from 

the land surface passively. This microwave emission 
is influenced by a range of variables including soil 
moisture in the top - 5  cm of the soil profile, vegeta- 
tion type and water content, soil temperature, soil 
roughness and soil texture (Jackson and Le Vine, 
1996). The remotely sensed signal is georeferenced 
and rasterised before analyses are conducted. Typical 
pixel sizes are 200 x 200 m for airborne sensors. 

Variograms of PBMR microwave brightness tem- 
perature from the 1992 Hydrologic Atmosphere Pilot 
Experiment (HAPEX-Sahel) in Niger show a sill and 
a range of - 3500  m (Hollenbeck et al., 1996). PBMR 
data from the First ISLSCP Field Experiment (FIFE), 
conducted in Kansas, USA, had a similar variogram 
but with a range o f - 4 5 0 0  m (Schmugge and Jackson, 
1996). Rodriguez-Iturbe et al. (1995) analysed the 
scaling behaviour of soil moisture data derived from 
ESTAR measurements of the subhumid Little 
Washita watershed in south-west Oklahoma, USA, 
during the Washita'92 experiment. They examined 
the variance reduction observed as 200 x 200 m pixels 
were aggregated up to 1 x 1 km and concluded that 
soil moisture exhibited scaling behaviour with a 
sealing exponent between -0.21 and -0.28. While 
an implication of this is that the variogram does not 
reach a sill, it is not necessarily inconsistent with the 
behaviour of the HAPEX-Sahel and FIFE data above, 
since sills were not reached until scales of  at least 
3.5 km. 

One difficulty with interpreting geostatistical ana- 
lyses of  remotely sensed soil moisture is that it is 
unclear how the confounding factors influencing the 
remotely sensed signal impact on the analysis. There 
is no reason to assume that the scales of variation of 
factors such as soils and vegetation will be similar to 
the scales of variation of soil moisture. In some cases, 
such as the Washita'92 data, corrections for the 
influence of factors such as soil type and vegetation 
have been made when converting the remotely sensed 
signal to soil moisture. However, these corrections 
rely on the quality of both the algorithms used and 
the auxiliary data such as soil texture information and 
vegetation characteristics. Also, the sensors integrate 
the microwave signal over an area of the land surface, 
which means that the measurement process smooths 
out small-scale soil moisture variations. The inte- 
gration inherent in the remotely sensed signal may 
increase the correlation lengths (B16schl, 1996). The 
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important point to recognise is that the geostatistical 
structure derived from remotely sensed data may be 
quite different from that of  the soil moisture due to 
these problems. An alternative to using remotely 
sensed data is to use ground-based field measure- 
ments, which are a more direct measure of soil 
moisture. 

A variety of  results have been obtained from field 
sampling. A summary of results found in the literature 
is given in Table 1. Some of these studies have 
focused only on variability of soil moisture (e.g. 
Bell et al., 1980; Rajkai and Ryd6n, 1992) while 
others have explicitly considered spatial correlation. 
Some studies such as Schmugge and Jackson (1996), 
Charpentier and Groffman (1992) and Hills and 
Reynolds (1969) (their Windmill Hill site) have 
found little evidence of spatial correlation. These 
studies focused on near surface soil moisture which 
can be expected to be highly variable. Also for most 
hydrologic applications soil moisture over a deeper 
layer is of  greater significance. 

In contrast to the above results, a number of  authors 
have found spatial correlations. Hills and Reynolds 
(1969) collected soil moisture measurements over a 
range of scales from the Chew Stoke catchment in the 
UK. While they did not consider spatial correlation 
structure explicitly, the variability increased signifi- 
cantly with scale, indicating that a degree of spatial 
correlation was present. Studies that explicitly con- 
sidered spatial correlations include Warrick et al. 
(1990), Lehmann (1995) and Nyberg (1996). At the 
Maricopa Agricultural Centre in central Arizona, 
USA, Warrick et al. (1990) found ranges of  650 and 
550 m and sills of  18 and 15.5, respectively on 31 May 
and 12 June 1988. Also in Arizona, Whitaker (1993) 
found ranges varying between 35 and 100 m and sills 
varying between 2 and 4.75 (%v/v) 2. Compared to 
both relatively wet (for an arid climate) and relatively 
dry conditions at the start and end of a drying period 
following a rain storm, Whitaker found shorter ranges 
and higher sills associated with intermediate soil 
moisture conditions half way through the drying 
period. In other words the transition period has the 
shortest ranges and highest sills. It is interesting to 
note that Whitaker had to combine her grid and 
transect data before any spatial correlation structure 
was evident. Lehmann (1995) found clear sills and a 
range of 300 m while Nyberg (1996) found a range of 

approximately 20 m. Lehmann (1995) also examined 
seasonal variations in soil moisture variance and 
found an inverse relationship with mean moisture. 
Factors that vary between these catchments include 
climate, sampling resolution and catchment area. No 
doubt these differences are important in explaining 
the differences between the results. 

Two comprehensive data sets from the R-5 experi- 
mental catchment in Oklahoma, USA, have been ana- 
lysed by Loague (1992). The first consisted of soil 
moisture measurements at eight depths between 0.15 
and 1.2 m at 4 sites on 90 occasions and measure- 
ments from a further 34 sites on 84 occasions. The 
second data set consisted of measurements from 247 
sites (157 on a grid plus 2 transects) at a depth of 
0.1 m between 20 and 25 November 1984. These 
data had a mean moisture of  approximately 
30%(v/v).  Spatial analyses were conducted for 
time-averaged topsoil and subsoil moisture from the 
first data set. No spatial correlation was apparent for 
the topsoil data and only limited correlation for the 
subsoil data. When individual sampling occasions 
were considered, similar spatial structures were 
evident for samples closely related in time and differ- 
ent structures characterised samples with a large 
separation in time. Loague (1992) suggested that no 
significant spatial structure was found in the second 
data set; however, the plotted variograms do exhibit 
some (poorly defined) structure. 

Some of the field studies reviewed above have 
found spatial correlations, while others have not. 
Lack of spatial correlation in the data may be due to 
several possible reasons. First, the sampling spacing 
may have been greater than the range over which 
correlation existed. Second, sample sizes were pos- 
sibly too small to reliably estimate spatial correlation. 
Third, measurement errors may have been larger than 
the variability of  the soil moisture. In studies where 
evidence of spatial correlation has been found, ranges 
have varied by a factor of  30 for different field studies. 
Ranges estimated from remote sensing data are 
between 6 and 200 times larger than the field-based 
estimates. Again, part of the difference between 
individual studies appears to be related to different 
sampling scales, part to different measurement tech- 
niques and measurement depths, part to differences in 
climate, vegetation and topography between study 
areas and part to uncertainty in the sample variograms 
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due to small sample sizes. For example, based on a 
resampling analysis, Warrick et al. (1990) report 
ranges that vary between 245 and 673 m when 45 
data points are used, depending on the specific realisa- 
tion. Indeed, the work to date on the geostatistical 
properties of  soil moisture patterns is limited by the 
small sample sizes in the case o f  field studies and, in 
the case of  remote sensing, by problems in isolating 
the part o f  the signal related to soil moisture. To the 
authors' knowledge, there have been no detailed 
studies on the seasonal evolution o f  the spatial struc- 
ture of  the soil moisture field. The aims of  this paper 
are to analyse the geostatistical structure of  the soil 
moisture field in the Tarrawarra catchment in south- 
eastern Australia, based on a comprehensive data set, 
to analyse the seasonal changes in that structure and to 
examine the reliability of  estimates of  the geostatisti- 
cal structure as a function of  sample size. 

2. Study site and data set 

Data from the 10.5 ha Tarrawarra catchment in 
south-eastern Australia (Fig. l) are used in this ana- 
lysis. The catchment and data collection methods are 
described in detail by Western and Grayson 

(unpublished). Tarrawarra has a temperate climate 
and the average soil moisture levels are generally 
high during winter (April to September) and low dur- 
ing summer (October to March). Tarrawarra has pas- 
ture vegetation and is used for cattle grazing. The 
topography at Tarrawarra is undulating with maxi- 
mum slopes o f  14%. The soils at Tarrawarra have a 
20-35  cm deep A horizon, which is believed to be the 
hydrologically active zone from the perspective of  
lateral subsurface flow. 

Thirteen spatial patterns of  soil moisture have been 
collected in this catchment over a year. Eleven of  
these patterns consist of  approximately 500 point 
measurements on a 10 x 20 m grid, and two were 
more spatially detailed (approximately 1000 and 
2000 points). The measurements were made over 
the top 30 cm of  the soil profile using time domain 
reflectometry (TDR). The TDR probes are inserted 
using a hydraulic insertion system mounted on an 
all-terrain vehicle and sampling locations are deter- 
mined using a position-fixing system with a resolution 
of_+0.2 m. Differences between gravimetric and TDR 
measurements collected in the field have a variance o f  
6.6 (%v/v) 2. An analysis o f  the magnitude of  different 
error sources indicates that during normal operating 
conditions approximately half of  this variance is due 

u Flume | Weather Station ' ' J / ~  T ~ a r r a w a ~ J ~  N Om 50m lOOm / 

Fig. 1. The Tarrawarra catchment, Australia. The catchment boundary is shown as a dashed line. Topographic contours are shown as solid 
lines and elevations (m) are given. 
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Table 2 
Summary of the 13 soil moisture patterns from Tarrawarra 

Date Antecedent Run Grid Samples Mean Variance Coefficient 
rainfall (%v/v) (%v/v) 2 of variation 
(10 days, mm) 

Number 
truncated 

27 Sep 95 15.6 l l0 x 20m 502 37.7 24.1 0.13 0 
14 Feb 96 58.4 2 l0 x 20m 498 26.2 10.6 0.12 0 
23 Feb 96 0 3 10 x 20m 518 20.8 5.31 0.11 0 
28 Mar 96 7.0 4 10 x 20m 501 23.9 7.06 0.11 0 
13 April 96 65.2 5 10 x 20 m 507 35.2 12.3 0.10 0 
22 Apr 96 70.8 6 10 x 20 m 513 40.5 14.6 0.09 0 
2 May 96 5.6 7 4@10 x 20 m a 2056 41.4 19.4 0.11 1 
3 Jul 96 20.0 8 10 x 20m 505 45.0 14.0 0.08 1 
2 Sep 96 22.2 9 10 x 20m 515 48.5 13.9 0.08 35 
20 Sep 96 39.6 10 10 x 20m 512 47.3 15.2 0.08 19 
25 Oct 96 14.6 11 10 x 20 m 490 35.0 19.2 0.13 0 
10 Nov 96 28.2 12 10 x 10 m 1008 29.3 10.8 0.11 0 
29 Nov 96 12 13 10 x 20 m 514 23.9 6.28 0.11 0 

a Soil moisture measurements were made on four grids of l0 x 20 m offset by 2 m in an easterly and/or northerly direction. 

to errors in the gravimet r ic  measuremen t s  and ha l f  to 

errors in the T D R  measurements .  Howeve r ,  under  

ex t remely  wet  condi t ions  when  there is surface pond-  

ing or over land flow, some  unreal is t ical ly  high T D R  

measuremen t s  were  obtained.  To l imit  the effect  o f  

these high est imates  on var iance  est imates,  mois ture  

values  were  t runcated at a m a x i m u m  mois ture  o f  

55% (v/v),  which  is the m a x i m u m  soil mois ture  

observed  in saturated areas wi thout  over land flow. 

This t runcat ion affects 2 o f  the 13 moisture  surveys.  

Table  2 provides  the dates, antecedent  rainfall,  

number  o f  sample  points,  mean,  variance,  coeff ic ient  

o f  var ia t ion and number  o f  t runcated samples  for each 

o f  the data sets used in the analysis.  Examples  o f  

typical  s u m m e r  (23 February  1996) and win ter  

(2 May  1996) soil mois ture  patterns are provided  in 

Fig. 2. There  are clear  d i f ferences  in the spatial 

patterns o f  soil mois ture  be tween  summer  and winter.  

In summer  the landscape is dry and there is no clear  

spatial pattern. In winter  the landscape is wet  and the 

distr ibution o f  soil mois ture  is topographica l ly  con-  
trolled, wi th  high mois ture  levels  in the gullies.  

Lateral  redistr ibution processes  are important  in 

win te r  but not in summer .  These  patterns are typical  
o f  the rest o f  the data set. The spatial patterns o f  soil 

mois ture  are explored  in greater  detail  in Western  et al. 
(unpublished) ,  whi le  Grayson et al. (1997) explore  

the exis tence o f  preferred states in the soil mois ture  

distribution. 

Fig. 3 shows his tograms for six representat ive  soil 

mois ture  surveys.  The probabi l i ty  densi ty funct ions 

are symmet r ic  and close to Normal .  The soil mois ture  

var iabi l i ty  is genera l ly  greater  in the wet  winter  and 

small  during the dry summer.  

An  addit ional  data set has been col lec ted  on 

25 October  1996 and is used for addit ional  informa-  

tion on small-scale  variabil i ty.  This soil mois ture  

sampl ing  pattern consists o f  T D R  measurements  on 

a 2 × 2 m grid over  a 100 × 68 m rectangle  located 

over  the upstream port ion o f  the eastern drainage line. 

This g ives  a total o f  1734 sampl ing points. The mean  

soil mois ture  for this data set is 40.3% (v/v)  and the 

var iance  is 23.8 (%v/v)  2. 

3. Method of analysis 

3.1. Var iogram analys i s  

Var iog ram analysis was per formed  using standard 

geostat is t ical  techniques  (e.g. Journel  and Huijbregts ,  
1978; Isaaks and Srivastava,  1989). General ly ,  omni-  
direct ional  var iograms  were  used in this analysis and 

sample  var iograms  were  calculated using all pairs 

separated by lags up to 305 m. This is about  ha l f  o f  

the m a x i m u m  separat ion distance in the catchment .  

Pairs were  grouped into lag " b i n s "  and Eq. (1) was 
used to calculate  the var iogram for that bin. The mean  

lag o f  all the pairs in a part icular  bin was used as the 
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Fig. 2. Soil moisture patterns collected at Tarrawarra on (top) 23 February 1996 and (bottom) 2 May 1996. Note that each rectangle represents 
one point measurement of the average volumetric soild moisture in the top 30 cm of  the soil profile. 

representative lag for that bin. The sample variogram, 
ys(h), at a given lag, h, is: 

1 
3's(h) = 2X(h-~ ~ (Oi - O j )  2 (1) 

where N is the number o f  pairs, 0i and 0/ is  the soil 
moisture at points i and j respectively and the sum- 
mation is conducted over all id" pairs in the lag bin. 

Directional variograms are considered briefly and 
in those cases pairs were grouped into two angular 
bins, one in the northerly direction with an angular 
tolerance o f  _+45 ° and one in an easterly direction 
with the same tolerance. Then the directional vario- 
grams were calculated in the same way as the omni- 
directional variograms. 

Variogram models were fitted to the sample 

variograms by visual inspection using an interactive 
plotting program. Exponential models with a nugget 
(Eq. (2)) were used for all fitted variograms: 

2 2 'ye(h) = 00 + (0"~ - 0"2)(1 - e - A h )  (2) 

where 3,e(h) is the fitted variogram, 02 is the nugget, 
02 is the sill and 9~ is the correlation length. The 
practical range for the exponential model is 3X. 
This is the point at which 3' reaches 95% of  the sill. 
The quality of  the variogram fits was characterised 
using the root mean square error (RMSE) calculated 
as; 

[- Z ( ' y e ( h ) -  Vs(h)) 2] 1/2 
RMSE [ - -/ ( 3 )  

nh / 
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Fig. 3. Histograms of  six representative soil moisture patterns from Tarrawarra. 

60 

where nh is the number of  lag bins in the sample 
variogram. 

3.2. Sampling analysis 

The aim of  this part of  the analysis was to examine 
how the reliability o f  the variogram increases with 
sample size. This was done by subsampling transects 
from the grid data. The rationale behind this analysis 
is that in most studies geostatistical parameters are 
estimated on the basis of  small data sets (around 50 
points, see Table 1). Here, the subsampling is based 
on transects because transects are a convenient means 
of  sampling at both high resolution and large extent, 
thus providing a wide range of  lags. Transects are also 
convenient from a field perspective. It should be noted 
that reliability of  the variogram also depends on the 
sampling pattern (Warrick and Myers, 1987). How- 
ever, this is beyond the scope of  this paper. 

In subsampling the following procedure was 
adopted. The pattern was divided into transects in 
the north-south and east-west  directions. Very short 
transects (less than 10 points) were eliminated leaving 
19 transects in the east west direction and 21 transects 
in the north-south direction. Sixteen pairs of  trans- 
ects, each consisting o f  one transect in the nor th-  
south direction and the other in an east-west  direction 

were drawn randomly without replacement. Four 
cases were examined. The first involved 16 groups, 
each containing one pair of  transects. For each group, 
one variogram was estimated which gave 16 vario- 
grams. The second case involved 8 groups, each con- 
taining 2 pairs of  transects, which gave 8 variograms. 
Subsequent cases included 4 and 2 groups, each con- 
taining 4 and 8 pairs of  transects. Sample variograms 
were calculated using Eq. (1). Data points were paired 
up only if they were on the same transect. 

4. Spatial variability and seasonal behaviour 

4.1. Anisotropy 

Directional sample variograms were plotted for 
each data set to examine the anisotropy of  the spatial 
correlation structure. Fig. 4 shows north-south, east -  
west and omnidirectional variograms for 23 February 
1996 and 2 May 1996. These are typical o f  other 
summer and winter variograms respectively. In 
summer the spatial correlation structure is isotropic. 
In winter there is anisotropy with a shorter range in the 
north-south direction than in the east-west  direction. 
This anisotropy is related to the shape of  the catch- 
ment. Short hillslopes in the north-south direction 
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and drainage lines that tend to run east-west  mean the 
soil moisture pattern tends to be more continuous in 
the east-west  direction when the soil moisture pattern 
is controlled by topography. This is the case in winter 
but not in summer. 

For the remainder of  the paper only omnidirectional 
variograms are considered for two reasons. First, the 
anisotropy observed is likely to be a function of  the 
orientation of  this particular catchment rather than a 
characteristic of  the landscape as a whole. Second, topo- 
graphic control is not the main focus of  this paper and is 
examined elsewhere (Western et al., unpublished). 

4.2. Geostatistical structure and its seasonal 
evolution 

Fig. 5 shows variograms for six representative runs. 
Exponential variogram models with a nugget have 
been fitted to the data. Table 2 provides a summary 
of  the fitted variogram parameters. The shape of  the 
sample variograms is closely fitted by the exponential 
model. The RMSE is generally less than 0.8 (%v/v) 2, 
with only one RMSE exceeding 1 (%v/v) 2 (Table 3). 
All the variograms indicate that the soil moisture field 
is stationary since they exhibit clear sills. The sills are 
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Fig. 5. Sample omnidirectional variograms (solid lines) for six representative soil moisture patterns from Tarrawarra. Exponential variograms 
(dashed lines) with a nugget have been fitted to the sample variograms. 

close to the variance of the sample. Ranges for the 
variograms are well defined. It will be shown below 
that these variograms are based on sufficient data to be 
highly reliable. 

The seasonal evolution of the geostatistical 
structure is detailed in Table 3 and Fig. 6. The sill 
(variance) varies between 5 and 25 (%v/v) 2 and fol- 
lows a clear seasonal trend. This trend is related to 
the processes dominating the soil moisture pattern 

which are determined by the seasonal trend in mean 
soil moisture. In summer, when the soil is dry, the 
moisture is relatively uniform, hence the sill is low. 
This is because the soil moisture is being limited by 
the water retention properties of the soil (i.e. there is a 
strong soil moisture control on evapotranspiration) 
and lateral redistribution is unimportant. The existing 
variability is related to soil differences and pos- 
sibly evapotranspiration differences due to varying 

Table 3 

Summary of the geostatistical structure of the 13 soil moisture patterns from Tarrawarra. The nugget, sill and correlation length are obtained 
from the fitted equation. The practical range is 3X. The RMSE (Eq. (3)) is a measure of the quality of the fit of the exponential model with 
nugget 

Date Run Nugget a 2 Sill o 2 Correlation RMSE 
(%v/v) 2 (%v/v) 2 length, X (m) (%v/v) 2 

27 Sep 95 1 3.0 26.0 50 0.84 
14 Feb 96 2 6.0 11,0 60 0.50 
23 Feb 96 3 3.5 5,5 60 0.15 
28 Mar 96 4 4.0 7.5 60 0.18 
13 Apr 96 5 4.0 12.5 50 0.76 
22 Apr 96 6 3.0 15.5 35 0.74 
2 May 96 7 3.0 21.0 40 1.57 
3 Jul 96 8 6.0 15.0 50 0.64 
2 Sep 96 9 6.0 15.0 50 0,66 
20 Sep 96 10 5.0 16,0 45 0.85 
25 Oct 96 11 5.0 20.0 40 0.68 
10 Nov 96 12 3.0 12.0 50 0.47 
29 Nov 96 13 2.5 7.0 60 0.35 
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Fig. 6. The seasonal evolution of the geostatistical structure of the soil moisture pattern at Tarrawarra. The top graph shows the mean soil 
moisture, the second graph shows the spatial variance, the third graph shows the correlation length and the bottom graph shows the nugget. 

radiative input to different slopes. In winter the sill is 
high due to the topographic control on soil moisture. 
The topographic control results from lateral redistri- 
bution o f  water under conditions o f  high soil moisture. 
This adds to the soil variability. There is a subtlety 
that occurs during the winter months wherein the 
variance drops slightly during the very wet periods 
(July through September) due to the effect of  
extensive saturation. 

Correlation lengths vary between 35 and 60 m and 
are lowest (35 -50  m) during the wet period and 
highest ( 50 -60  m) during the dry periods. Again, 
these difference are explained on the basis of  the 
processes controlling the soil moisture pattern. During 

summer the correlation lengths are high because 
moisture is uniform and the main impact on the 
moisture pattern is related to soils. In winter lateral 
redistribution leads to narrow wet strips within the 
drainage lines and hence small correlation lengths. 
Again there is a subtlety in winter wherein as the 
saturated areas expand during extremely wet con- 
ditions, there is a slight increase in the correlation 
length. 

The nugget varies between 3 and 6 (%v/v) 2 (Figs. 5 
and 6; Table 3). The variations in the nugget do not 
follow as consistent a seasonal pattern as either the 
sill or the correlation length, but there is a general 
tendency for higher nuggets during wetter conditions. 
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The variation in the nugget is small compared to the 
variation in the sill, i.e. maximum nuggets are about 
twice the minimum nugget while maximum sills are 
about five times the minimum sill. 

4.3. Causes of the nugget effect 

All the sample variograms presented above show a 
clear nugget effect. There are two physical phenom- 
ena which can lead to a nugget effect in the data (see 
e.g. de Marsily, 1986, p. 304). First, a non-zero nugget 
can be due to random measurements errors. In this 
case, even if the samples are very closely spaced, 
there will be some variance between the measured 
data. Second, a non-zero nugget can be due to the 
fact that the data have not been collected at suf- 
ficiently small spacings to reveal the continuous beha- 
viour of the phenomenon. This relates to subgrid 
variability which is variability at scales smaller than 
the sample spacing. If  the nugget is due to the second 
reason it is sometimes called an "apparent nugget" 
(de Marsily, 1986). An apparent nugget will disappear 
if the data are collected at sufficiently small spacings. 

Here, the physical reasons for the nugget in the 
variogram will be explored. As described above, a 
comparison of the TDR measurements with gravi- 
metric measurements was conducted. The differences 
between the TDR and the gravimetric samples had a 

variance of 6.6 (%v/v) 2, based on 34 samples. Both 
the TDR and the gravimetric measurements have 
errors associated with them. Random errors in the 
TDR measurements exist due uncertainty in the deter- 
mination of the dielectric constant from the TDR 
signal, variations due to slight differences in the inser- 
tion of the probes and possibly slight changes in the 
calibration with soil characteristics which vary across 
the catchment. Errors in the gravimetric measure- 
ments stem mainly from the determination of the 
sample volume. There will also be random errors 
introduced by slight differences in the sampling 
volume of the TDR and the gravimetric samples. 
Assuming half the 6.6 (%v/v) 2 variance is associated 
with each measurement method, one would expect a 
nugget of about 3 (%v/v): variance due to random 
errors in the TDR measurements. 

Most of the data sets used above have a minimum 
lag of 10 m. There are two limiting possibilities for 
the behaviour of the variogram at scales smaller than 
the minimum lag. If all the variance at the minimum 
lag is due to measurement error, the variogram would 
remain constant at scales smaller than the minimum 
lag. If  all the variance is attributable to subgrid varia- 
bility (i.e. no random measurement error), the vario- 
gram would drop to 3' = 0 at h = 0. Here the 
variograms have been extrapolated to h = 0, based 
on the exponential model, to derive the nugget 
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Fig. 7. Analysis  o f  the small  scale spatial correlat ions at Tarrawarra .  The data f rom Run 7 (2 M a y  1996) were  col lected on four 10 x 20 m grids 

offset  by  2 m in an easter ly and/or  nor ther ly  direction. The data  for  the " f i n e "  case were  col lected on a 2 x 2 m grid f rom the eastern end o f  
the ca tchment  at the same time as data  f rom Run 11 (25 October  1996). 
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value. To examine the validi ty of  the extrapolation, 
additional data are analysed. Fig. 7 examines the 
behaviour of  the variogram at scales smaller than 
10m for two occasions. The first is Run 7, for 
which data were collected at the corners o f  a 2 x 
2 m square on a grid o f  10 x 20 m. The variogram 
decreases from slightly less than 7 (%v/v) 2 to slightly 
less than 4 (%v/v) 2 as the lag decreases from 10 to 
2 m. The second is a fine scale set of  1734 moisture 
measurements collected on a 2 x 2 m grid in the upper 
part of  the eastern drainage line (Fig. 1) at the same 
time as Run l l. The fine scale data show a greater 
variance than Run 11 because they come from a 
highly variable part of  the catchment. They also 
show that a significant reduction in variance from 
the 10 m scale in the remaining 11 data sets is partly 
due to small scale variabil i ty and partly to measure- 
ment error. This is consistent with the measurement 
error suggested above and supports the extrapolation 
of  the fitted variograms to the nugget in Figs. 5 and 6 
and Table 3. 

5. Effects of  sample size 

An important issue is how the reliabil i ty o f  the 
variogram changes as the sample size changes. Here 
this is addressed in two stages, first using data from 
Run 7 and second by a subsampling analysis. During 

Run 7 four soil moisture patterns, each containing 514 
measurement points, were collected on 10 x 20 m 
grids. These four patterns are offset by 2 m in an east- 
erly and/or a northerly direction. The 10 x 20 m grid is 
that used for the least detailed sampling runs. Fig. 8 
shows variograms for the four patterns, plus that based 
on all 2056 points. The small scatter suggests that any 
one of  the four patterns is representative of  the true 
variogram. Thus the variogram based on the 500 mea- 
surements, which are the least detailed data sets pre- 
sented above, are highly reliable. 

Nearly always, variograms in the literature are 
estimated from data sets which are much smaller 
than the data sets used above (see Table 1). Therefore, 
an analysis of  the change in reliabil i ty of  the vario- 
gram with sample size was made. The methods used 
for this analysis are described above. Data from Run 3 
and one of  the four 514 point patterns o f  Run 7 were 
used and four cases were examined. These runs are 
representative of  summer and winter conditions 
respectively. The cases consisted of  16 variograms 
based on 1 pair of  transects, 8 variograms based on 
2 pairs of  transects, 4 variograms based on 4 pairs of  
transects, and 2 variograms based on 8 pairs of  trans- 
ects. Fig. 9 shows the results of  this analysis. From the 
top row to the bottom row, variograms are based on 
44, 86, 164 and 296 points respectively. There is a 
large amount of  scatter between the variograms 
based on one pair of  transects (top graphs) and 
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Fig. 8. Sample omnidirectional variograms for the four patterns of the 10 x 20 m grid from Run 7 (514 samples each) plotted with the sample 
variogram based on all 2056 moisture measurements. 
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individual  va r iograms  are very  erratic. The  sill varies 

by a factor o f  3 4, it wou ld  be difficult  to es t imate  a 

nugget  and imposs ib le  to es t imate  a meaningfu l  range. 
For  this case, each var iogram is typical ly  based on 44 
points  (one pair  o f  transects).  Genera l ly  the scatter 

and irregulari ty o f  the var iograms  decreases  as the 

sample  size increases.  The var iograms based on 8 

pairs o f  transects (about 300 points) are quite smooth  
and the two var iograms  are s imilar  to each other. It 

wou ld  be possible  to rel iably es t imate  sills, nuggets  
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and ranges for these variograms. These comparisons 
indicate that very detailed data sets are required 
to estimate reliably variogram parameters that are 
representative of  the landscape. 

6. Discussion and conclusions 

Thirteen soil moisture patterns based on between 
500 and 2000 TDR soil moisture measurements from 
the 10.5 ha Tarrawarra catchment in temperate south- 
eastern Australia have been collected. The geo- 
statistical structure of  these soil moisture patterns 
has been analysed. The variograms are found to 
have a clear sill and a nugget. Exponential models 
including a nugget fit the sample variograms closely. 
The geostatistical structure is found to evolve season- 
ally. High sills (15-25 (%v/v) 2) and low correlation 
lengths (35 50 m) are observed during the wet winter 
period. During the dry summer period sills are smaller 
(5-15 (%v/v) 2) and correlation lengths are longer 
(50-60 m). 

The seasonal changes in the geostatistical structure 
of soil moisture can be explained by the different 
processes controlling the soil moisture pattern. During 
summer, mean soil moisture is low due to high poten- 
tial evapotranspiration as compared to precipitation. 
Also the spatial variance is low, i.e. soil moisture is 
uniform across the catchment. This is a consequence 
of the following processes. Lateral redistribution is 
small because unsaturated hydraulic conductivity is 
very small for low soil moisture. Also, because any 
available soil moisture will evaporate quickly, evapo- 
transpiration is moisture limited and soil moisture is 
generally close to the wilting point. Since the wilting 
point is uniform across the catchment, soil moisture is 
also uniform. The uniformity results in low sills and 
high correlation lengths. Conversely, during winter, 
soil moisture is high, lateral redistribution is important 
and narrow wet strips exist in the drainage lines. 
These increase the variability and their small size 
decreases the correlation length. Both a nugget effect 
due to measurement error and variability at small 
scales contribute to the variability at the 10 m scale, 
which is the smallest scale in most the data sets. 

The correlation lengths at Tarrawarra vary between 
35 and 60 m, implying practical ranges of 105 to 
180 m. When comparing the geostatistical parameters 

given in the literature with those observed at 
Tarrawarra, it is important to note that some of the 
values in the literature are highly uncertain due to 
relatively small sample sizes. It is quite likely that 
some of the ranges reported in the literature are repre- 
sentative of  the sample only, but not of  the landscape 
as a whole. Ranges reported by Whitaker (1993), 
Nyberg (1996) and evident from Loague (1992) are 
shorter than those at Tarrawarra, while those reported 
by Lehmann (1995) and Warrick et al. (1990) are 
longer. It is also interesting to note that there is a 
general tendency for data collected at larger spacings 
to have larger ranges. This means that, in addition 
to sampling uncertainties, part of  the difference 
between values reported in the literature and those 
at Tarrawarra may be due to differences in the spacing 
of the samples (see Table 1). Part may also be due to 
differences in topography. For example, the G~rdsj6n 
catchment (Nyberg, 1996) has shorter hillslope 
lengths than Tarrawarra. Clearly, differences in 
climate, soils and vegetation will also contribute to 
these differences. 

Variogram sills reported by Lehmann (1995) and 
Nyberg (1996) are higher than those at Tarrawarra, 
while sills reported by Loague (1992) and Whitaker 
(1993) are lower. The factors contributing to these 
differences are probably similar to those contributing 
to the differences in the ranges. 

At Tarrawarra, variogram sills (and spatial vari- 
ances) are higher during wet conditions than during 
dry conditions. This is opposite to the seasonal pattern 
for moisture variance at Weiherbach reported by 
Lehmann (1995). A significant difference between 
Weiherbach and Tarrawarra is that permanently satu- 
rated zones exist at Weiherbach (B. Merz, pers. 
comm.) but not at Tarrawarra. At Tarrawarra the 
variance (sill) is smaller in summer than in winter 
because the catchment is uniformly dry during 
summer as discussed above. This is not the case at 
Weiherbach where a small part of the catchment is 
saturated while the rest of  the catchment is relatively 
dry during summer. This large soil moisture range 
leads to a high variance. In winter at Weiherbach, 
the whole catchment is relatively wet and hence the 
variance is low. 

In generalising the results found at Tarrawarra, it is 
important to recognise that landuse was uniform 
across the catchment. Multiple landuses are likely to 
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increase soil moisture variabil i ty.  Differences in land- 
use are l ikely to occur in larger catchments.  Rainfal l  
and geology will  also become more variable  at a large 
scale. Because the scale o f  variabi l i ty  of  these controls 
tends to be large, it is l ikely that the correlation length 
of  soil mois ture  would  be slightly larger than for the 
Tarrawarra catchment.  

The rel iabil i ty o f  var iograms based on different 
numbers  o f  data points  was analysed.  Var iograms 
for each o f  four patterns o f  514 samples collected at 
the corners o f  a 2 × 2 m square on a 10 × 20 m grid 
demonstra te  that the var iograms used for the above 
structural analysis  are highly reliable. An  analysis  
based on transects subsampled  from typical summer  
and winter  soil moisture patterns showed that vario- 
grams based on 44 points are highly unrel iable  and 
that about  300 points are required to rel iably est imate 
the sample variograms.  

O f  the studies summar ised  in Table  1, only  five 
were based on more than 100 samples and only  two 
were based on more  than 200 samples. Neither o f  the 
studies with more  than 200 samples explici t ly consid-  
ered spatial correlat ion structure. This is an important  
point  when  represent ing subgrid var iabi l i ty  us ing 
spatial correlat ion structure in models,  because it 
implies  that the geostatistical structure derived from 
many  c o m m o n l y  used sampl ing  regimes may  be quite 
unrepresentat ive  o f  the true landscape variabil i ty.  I f  
results from geostatistical analyses  are to be useful for 
interpolat ing soil moisture patterns from a few point  
data, der iv ing areal soil moisture averages or in dis- 
tr ibuted hydrologic model l ing,  they must  be repre- 
sentative o f  the true spatial correlat ion structure of  
soil moisture in the landscape. This means  that more 
detailed data sets than those general ly  available are 
required. 
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