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Abstract: We review the literature on the spatial scaling of soil moisture. Much progress is being made in this
field, particularly in response to the need for improved understanding of land-atmosphere interaction. New
measurement techniques have enabled advances in data collection but further work is required before
operational soil moisture remote sensing systems produce reliable estimates of root zone soil moisture for
large areas. Particular aspects of soil moisture scaling considered include the spatial probability distribution
function {pdf) of soil moisture, spatial correlation of soil moisture and correlation of soil moisture with
surrogate variables including terrain indices. We have analysed the statistical characteristics of thirteen spatial
soil moisture data sets from around the world. Systematic changes in variance and skewness can be identified
from these data. Variance tends to peazk at moderate spatial average soil moisture levels, while there is
positive skewness for low spatial average soil moisture and a symmetric pdf for moderate and high spatial
average soil moisture levels. While the soil moisture pdf is non-normal ar times, the departures from
normality are relatively small compared with other hydrelogic parameters.
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particularly the degree of spatial organization of
the soil moisture by the topography. Atmospheric
circulation {convection, cloud formation and
precipitation) at meso and comntinental scales hag
been shown to be sensitive to heterogeneity in the

1. INTRODUCTION

Soil moisture is a key variable characterising the
state of the land component of the hydrologic
system. It is fmportant in rainfali-runoff response
_and land-atmosphere

--gurface-sensibie-and -latent-heat-fluxes;- which-ate -

miluencing a variety of plant and soil processes.

Soil moisture varies in space and time and many
processes depend on soil moisture in a non-linear
manner. Scale effects result as a consequence and
these need to be better undersivod for making
accurate predictions of hydrologic behaviour,
especially where a change of scale s necessary.
Other fields, including soils, topography,
vegetation and meteorology, that influence soil
moisture and other hydrologic responses are also
variable, which leads to comyplicated scale effects
and makes prediction very challenging.

There are many examples of scale effects involving
soil moisture in the literature. The sensitivity of
rainfall-runoff response to spatial variability of soil
moisture has been demonstrated in model studies
{Merz and Plate, 1997; Western et al., 2001]. Not
only is the amount of variability important, but also
the characteristics of the spatial patterns,

partly determined by soil moisture {Entekhabi et
al., 1996; Weaver and Avissar, 2001].

In this paper we first provide a review of soll
moisture scaling and then we present some recent
resulis and their implications for scaling analyses.
The review provides a brief overview of the
controls on soil moisture variability and then
concentrates on behavioural (usually statistical)
scaling technigues and results relevant thereto.
Then resulis of analyses of the statistical
distribution of soil moisture based on a database of
thirteen data sets from around the world are
presented. A more comprehensive version of this
review of available {Western et al, in press] and
other reviews also provide useful insight in scaling
in hydrology and related fields [Bloschi and
Sivapalan, 1995; Dunne et al. 1975; Entekhabi,
1993; Giorgi and Avissar, 1997; Koltermann and
Gorelick, 1996].
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2. SCALING OF 580IL MOISTURE
2.1 Scale and the Scale Probhiem

The concept of scale applies to data, models and
processes. It can be thought of as consisting of
three components: spacing, extent and support
[Bloscht and Sivapalan, 1995]. Spacing is the
characteristic separation between measurements or
computational nodes, extent is the size of the
overall measurement or model domain, and support
is the size of the area represented {averaged over}
by each measurement or model element. Scaling
involves using information from one scale at
another. Practical scale problems are chailenging
because they involve using information from one
scale at a scale with a greater information
requirernent. This can be interpolating mtervening
values from sparse data, extrapolating from small
to larger extents or disaggregating spatial averages.

2.2 Soil Moisture Controls

Soil moisture varies in space and time in response
to a variety of fluxes including rainfall (and
snownelt), nfiltration, evapotranspiration, lateral
flow, and interaction with the groundwater. These
fluxes are modulated by meteorological conditions,
soil characteristics, the wvegetation cover and
topography, All of these fields are spatially and
temporally variable. In time topography is the
slowest to vary, followed by soils and vegetation,
and the weather varies most rapidly. In space it is

Efforts in remote sensing of soil moisture have
concentrated on  the microwave wavelengths
{Dobson and Ulaby, 1998, Engman, 2000; Jackson
et al, 1996], since these are sensitive to the
dielectric constant, hence soil moisture, in the top
few cm of the soil profile, provided the vegetation
canopy is not too dense {Du et al., 20001, Remote
sensing provides data that is essentially contimuous
in space, over very large extents, at a point in time,
Passive microwave systems have very large
supports or footprints (10-160 km from space or
106-1000m  from aircraft} and  daily repeat
coverage {from space}. Active or Synthetic
Apertare Radar (3AR) systerns have higher spatial
resolution (typicailly 10-100mj but less frequent
{about 2 weeks) repeat coverage.

There are some pressing issues that need to be
addressed before well validated remotely sensed
soil moisture data is operationally available. These
include interpretation of the near surface soil
moisture measurements in terms of the root zone
and complete soil profile and addressing the
impact of vegetation canopies and surface
roughness {mainly for SAR systems). It is likely
that complementary use of ground measurement
and remote sensing could provide valuable
improvements.

2.4 Scaling Methods

Where guantities vary in space or time, the
variztion can he guantified with g pumber of

Igss clear which of these fields varies most rapidly
and there is a tendency for some correlation
between the variation {eg. topography, rainfall and
temperature). The space-time variability of the soil
moisture field is determined by the net effect of all

these influences and by interactions between the

~sott-moisture-field-and-the-other-fields:
2.3 Measurement ()IE Seoil Moisture

Measurement is importan! from =z scaling
perspective  because available measurement
techniques  impose  very  different  scale
characteristics. Seil moisture can bhe measurad
using a range of ground-based techniques including
thermogravimetric, neutron  scatiering  and
dielectric  techmques  (eg. Time Domam
Reflectometry (TDR)). All of these technigues are
essentially point based, with typical supports
varying between 1 and 10cm. Dielectric sensors
can be easity logged, providing continuous records
in time. Modern positioning technology (the
Global Positioning Systemy and sensor design
allows roving systems that can collect highly
detailed femporal and spatial data sets [Western
and Grayson, 1998, Woods et al, 20011 but
logistical considerations mean that it is only
possible to study small areas (typically < lkm’).

_» . Spread (variance interguartile range)

different characteristics. One possible classification
is given below, roughly in order of increasing
detail. The objectives of owr analysis determine
haw fir we need t6 progress down this list.

= Central tendency {mean, median)

= Extremes (threshold values, high percentiles
= Probability Density Function (pdf)
»  Spatial relafionships {(correlation function,
cross correlation with say terrain)
= The actual pattern
Western ef al. [in press] give examples of
applications of each of these, including the use of
spatial mean moisture in water balance studies and
using the pdf to parameterise sub-grid variability in
hydrologic models. All but the fust of these
characteristics are scale dependent. The key to
scaling within & behavioural framework is
predicting this scale dependence and then using the
scale dependent statistics as input to other (eg.
hydrologic process) analyses. For example one
may use the scale dependent pdf of soil moisture in
a calculation of latent heat flux that accounts for
subgrid  variation in moisture  availability,
Distributed models can be used for scaling
[Western et al,, in press]; however, their use is not
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considered hers. While the above characterise
statistical behaviour, an understanding of physical
processes 1s invaluable when interpreting and using
these statistical approaches.

2.5 Bpatial Scaling of Soil Moisture

In this section we consider the statistical
distribution of spatial soil moisture, spatial
correlation of soil moisture, and relationships
between soil moisture and surrogate variables.

The statistical distribution, or pdf, of spatial soil
moisture under feld conditions is  bounded
between wilting point (usually) and porosity. These
limits arise from the ability of plants to extract
water and the pore space available to hold water,
respectively.

Bouding tends to result in pdfs that become
skewed and less variable as the mean approaches
the boundary. Positive skew results near the lower
boundary and negative near the upper boundary. It
must of course be recognised that for soil moisture
both of these boundaries are likely to be spatially
variable due to variations in seils and that the
properties of these distributions could affect the
pdf of soil moisture under extreme dry and wet
conditions.

The pdf of soil moisture has been examined in a
number of studies feg. Bell et al., 1980; Famigliett
et al,, 1999]. Often the normality of the sample has

been-tested. The results have been equuvocal with
egn-testod-4-h WS- D 1S 5

successfully applied to predict runoff tlowever
they do mnot necessarily tepresent the pdf of
moisture well,

In addition to the pdf, the spatial arrangement of
soil moisture is  also important for any
applications. The relationship befween  soil
moisture at different points in space can be
characterised using the comrelation function or
variogram [Western et al,, 1998]. The variogram
can be used both to make inferences about
processes [Western et al, 2002] and as a tool in
spatial interpoletion [Bardossy and Lehmann,
1998], stochastic simulation and regularisation
{predicting the effect of scale change on stafistical
properties) [ Western and Bldschl, 1999].

The most important parameter characterising the
spatial correlation is the correlation tength. Most
analysis of the spatial correlation of soil moisture
has been at small scales {up to ~1km} {see Westera
et al. [1998] for a summary}. Typically it is found
that the spatial soil moisture field is stationary with
a correlation length in the range 20 to 300m. At
large scales (50-1000s km), the spatial soil
meisture field has also been found to be stationary,
but with a correlation length of about 400-5800km
{Entin et al, 2000; Robock et al,, 1998]. One data
set at intermediate scales has been analysed for the
Washita, OK, catchment. Unlike other studies, this
was remofely sensed data that averages moisture
over 200m pixels and only represents the top few

a tendency for a greater proportion of large
samples to be significantly non-normal due to
increased statistical power, Where a large number
of sampling occasions have been analysed,
between 50 and 80% of the sampling occasions

_have staustically normal pdfs. Decreases in the

coefficient of variation with increasing wetness are
typically observed due to the increasing mean.
Some studies have found increasing variance with
increasing wetness [Bell et al, 1980] and others
have found decreasing variance [Famiglistti et al,,
1999]. Famigliett: et al. [1999] found a systematic
change in skew from positive (o negative as mean
moisture increased.

Pdfs can be used as the basis for representing
subgrid variability in models, as outlined by Beven
[1995]. Models such as Topmodel and the
Kinamgiang or VIC model use this approach 1o
represent the distribution of saturation deficit and
hence estimate saturation excess runoff. Topmodel
uses a terrain-based pdf while VIO uses a
theoretical pdf. There are significant differences
hetween the two pdfs used in these models and also
between observed and assumed pdfs [Kalma et al,,
1995; Western et al, 1999a; Western et al,
1999b]. Topmodel and VIC have often been
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cm of the soil profile. These studies found that the
soil  moisture  field was fractal  {therefore
nonstationary) [Rodriguez-Tturbe et al., 1995] over
scales. between 30m. and 10km, with 2 transition
from simple- to multi-fractal during dry downs {Hu
etal., 1997; Peters-Lidard et al,, 20011

Some of the differences in observed behaviour are
likely to be related to sampling effects [Western
and Bildschl, 1999] and some are related to
differences in process controls. Robock et al
[1998} and Entin et al. {2000] have proposed that
spatial  soil  moistwre is  controlled by
meteorological processes at large scales and
catchment processes at small scales. In  this
conceptualisation there is a wide separation in
scales that needs to be confirmed with more data
from intermediate scales. One would also expect
that soil properties and vegetation may play a
significant role at these intermediaie scales.

The relationship between soil moisiure and other
characleristics of the landscape can also provide
useful  information  for  scaling, including
mitersolation  and  disaggregation. The most
common surrogate variables are terrain indices
[Wilson and Gallant, 2000]. This is due to bath the
availability of digital terrain data and a perception



that terrain is a dominant influence on the spatial
variability of soil moisture, Terrain indices are
often derived by considering physical processes
such as lateral flow [eg. Beven and Kirkby, 1979]
and, provided that the assumptions made are
correct, they allow a consideration of physical
processes within a behavioural analysis.

Where terrain indices have been compared with
soil moisture data, up to 81% of the spatial
variability in soil moisture has been accounted for
[Zaviasky and Sinai, 1981]. However, it is rare to
find more than 30% of the wvariation being
accounted for and often much poorer resulls are
obtained [Western et al, 199%9a]. This spread in
results is partially due to incorrect assumptions
about dominant processes in particular landscapes.
Indices also assume that terrain is dominant in
determining variation, whereas soils and vegetation
also play a role.

Key applications of terrain indices include
mterpolation, disaggregation and prediction of the
pdf of soil moisture or saturation deficit in
distribution function models. The results described
above are relevant to the first two but for the third,
comparing the model assumptions with chserved
pdfs is more relevant. Western et al. [1999%a]
performed such a comparison and found that the
moisture pdf was poorly predicted by a range of
topographic indices. The remainder of this paper
presents some recent results relating to the pdf of
| Sigture o d-stg _heh ation

gl e AIEoniage  gas 1 ey
SO RIS THIT —and 1o DEnIGUHT - Fanatir o

ch
<

"‘é‘ 50
% 40 i -
5 30 L '
E20 -
< 10 -
0
0 20 40
Mean Moisture {90 V/V}

Figure ©: Changes in soil moisture variance
with caichment wetness for each of the
catchment/depth combinations.

Figure | shows plots of variance against mean
moisture. Smoothed relationships calculated using
LOWESS [Cleveland, 1979] have been fitted
through the data points, which have been omitted
for clarity. For dry catchments, a pattern of
increasing variance as average moisture increases
is evident. For wet catchments a pattern of
decreasing variance with increasing moisture is
evident. Where the spatial mean moisture has a
sufficiently large range over time, the variance
peaks at intermediate values. The location of the
peak in variance and the magnitude of that peak
change between catchments and further analysis is
required to understand why this is so. Where
multiple depths have been measured at a particular
catchment, depth appears to have only a small
effect on the relationship.

catchment wetness.
3. THE SOIL MUOISTURE PDF

We have analysed the spatial soil moeisture pdf
from thirteen study areas around the world. These

-..study areas cover climates ranging from semi-arid . ...

to humid, soils ranging from sands to clays,
vegetation ranging from sparse rangelands to tall
wet Eucalypt forests and topography from pgently
undulating to steep. The soil moisture is measured
over different (and sometimes multiple) depths at
each site, but is always sufficiently deep to be
representative of at least a significant proportion of
the root zone. At least fifieen samples {up to ~600)
m space were measured on each occasion and at
least four sampling occasions {up to ~280) are
included for each site.

Our analysis has concentrated on characterising the
pdf by plotting histograms and caleculating a range
of summary statistics including the number of
samples, mean, variance, skew and kurtosis. For
skewness and kurtosis, we used L-moments, which
are more rebust to outliers [Stedinger et al., 1992].
Here we summarise the overall behaviour of the
data sets, as a function of catchment wetness.,

Figure 2 shows a plot of L-skewness against mean
meisture content. Again smoothed relationships are
plotted. The numerical values of L-skew are
typically about 1/5 of the values of the preduct
moment skewness. There is a general pattern of

skewness being positive for low. moisture contents. ..o

and near zero for moderate and higher soil
moisture. Individual catchments exhibit differences
from this general behaviour,

One way o compare data with theoretical
probability distribution functions is to use L
moment diagrams [Stedinger et al,, 1992]. On the
L-skewness, L-kuriosis diagram, two parameter
distributions {eg the normal distribution) plot as a
point and three parameter distributions {eg the
generalised extreme valuie distribution) plot as a
line. Figure 3 shows the behaviour of soil moisture
in L-skew, L-kurtosis space. The three parameter
gamma {thick line) and normal (diamend) pdfs are
also shown. For these data sets, the typical L-skew
and L-kurtosts are quite close to the normal
distribution. The range of variation in L-skew is
well represented on this diagram but the range in
L-kurtosis  is  somewhat compressed by the
LOWESS fitting. However scatter plots indicate a
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similar general pattern. Minimal changes in
kurtosis are evident in moving from negative to
positive skewness. Of the three parameter
distributions considered, the Gamma distribution
most closely matches this behaviour, together with
the average relationship between L-skewness and
L-kurtosis,

The ultimate aim of this work is to develop a
generalised  description of the  statistical
distribution of soil moisture. These can then be
used in applications such as parameterising sub-
grid seil moisture variability in large-scale models,

L skewness

0 10 20 30 40 50
Mean Moisture (% V/V)

Figure 2: The relationship between L-skewness
and spatial average soil moisture,

levels, while there is positive skewness for low soil
moisture and a symmetric pdf for moderate and
high soil meisture levels. While the soil moisture
pdf is non-mermal at times, the departures from
normality are relatively smmall, compared with other
hydrologic parameters. Further analysis of this data
set is required to establish the rofe of various
catchment characteristics on  soil  moisture
variability.
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