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[11 Soil moisture is an important component of the hydrological cycle. It is a control in
the partitioning of energy and water related to evapotranspiration and runoff and
thereby influences the hydrological response of an area. Characterizing the temporal and
spatial distribution of soil moisture has important hydrologic applications, yet soil
moisture varies in response to many processes acting over a variety of scales; the relative
importance of different temporal and spatial controls on soil moisture is still poorly
understood. In this paper we analyze both temporal and spatial soil moisture data
empirically for two catchments in Australia and a further three in New Zealand.
Hydrological conditions at these field sites covered a wide range over a 2 year period. The
ground-based soil moisture data set is unique in its temporal and, in particular, its spatial
coverage. Analyses attempt to isolate and quantify different deterministic sources of
variability, measurement error, and a remaining unexplained component of variability.
Because of limited data (especially relating to soils) we take a pragmatic approach of
removing patterns that we can define in time and space (namely, seasonality and terrain)
and then analyzing the unexplained variation. We then look for consistent patterns in this
unexplained variability and argue that these are related to meteorological conditions,
especially precipitation events, in the temporal case, and a combination of soils and
vegetation in the spatial case. We were able to explain most of the observed variance in
time and space, and the temporal variance was typically 5 times larger than spatial
variance. Seasonality is the dominant source of temporal variability at our sites, although
this conclusion obviously depends on climate and does not hold where soil water storage
is limited. Most importantly, in controlling the distribution of soil moisture in space,
the spatial distribution of soils and vegetation seems to be of similar importance to that of
topography, a fact often ignored in hydrological modeling, or else surrogate soils patterns
are used, but these are often not well correlated to the actual patterns [Grayson and
Bloschl, 2000]. Better methods for defining the spatial properties of soils and vegetation as

they affect soil moisture patterns are a key challenge.
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1. Introduction

[2] Soil moisture is an important component of the
hydrological cycle. It is a control in the partitioning of
energy and water related to evapotranspiration and runoff,
and thereby influences the hydrological response of an area.
Characterizing the temporal and spatial distribution of soil
moisture has important hydrologic applications, yet soil
moisture varies both temporally and spatially in response
to many processes acting over a variety of scales; the
relative importance of different temporal and spatial con-
trols on soil moisture is still poorly understood.

[3] Generally, changes in soil moisture storage are via
precipitation (P), evapotranspiration (ET), net lateral flow,
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or vertical drainage. These changes occur over a wide range
of timescales and neither the relative degree of variability
in moisture content occurring at different timescales, nor
its predictability is clear. To understand the changing
dominance of various controls on moisture content in time,
the temporal characteristics of precipitation, radiation,
humidity and advection (wind) need to be considered.
Temporal variation in P occurs at interannual, seasonal
and event scales. The seasonal variation in potential evapo-
transpiration (PET) compared with P is critical in the
temporal variations of soil moisture. It is important to
recognize the dominance of radiation variation at the
seasonal scale in many climates. However, available energy
is only one component controlling PET. Also important
are atmospheric saturation deficit, turbulent transport and
canopy conductance [Hipps and Kustas, 2000], which all
vary at many temporal scales.
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[4] While PET is an important driver, actual ET is
generally a fraction of PET and changes in soil moisture,
soil characteristics and vegetation characteristics are also
important, depending on other temporally varying charac-
teristics such as the degree and density of plant coverage of
the surface, soil moisture content, and root distribution
[Hillel, 1998, p. 591]. These effects can have a significant
effect on temporal variation of ET and thus on soil moisture,
especially where annual crops are planted.

[5s] Entin et al. [2000] suggest temporal autocorrelation
functions of soil moisture may be partitioned into two
components: one related to atmospheric forcing, with a
timescale of roughly 2 to 3 months; the other related to
short term processes such as infiltration, cloud coverage,
precipitation, and drainage. Skaien et al. [2003] use the
concept of “characteristic scales” in discussing variability
over many orders of magnitude. Within this framework they
define deterministic scales (e.g., storm size, response time
of catchments, seasonality) and stochastic scales (based on
correlation analyses in space and time) of hydrological
processes. Analyses of the stochastic component of soil
moisture data from Australia and New Zealand found that,
“in time, soil moisture is close to stationary with charac-
teristic scales on the order of two weeks while in space soil
moisture is nonstationary and close to fractal over the extent
sampled” [Skaien et al., 2003].

[6] The spatial distribution of soil moisture can be
thought of as a pattern that changes through time. This
allows us to examine the consequences of various processes
on the patterns, or on the change in patterns. At the small
catchment and hillslope scale, soil moisture varies spatially
due to water routing processes [Dunne and Black,
1970; Beven and Kirkby, 1979; Moore et al., 1988a],
differential radiation effects [Moore et al., 1993; Western
et al., 1999] and heterogeneity in soil [Hu et al., 1997,
Famiglietti et al., 1998; Seyfried, 1998] and vegetation
[Qui et al., 2001; Hupet and Vanclooster, 2002] character-
istics. That is, landscape affects the distribution of water on
and within the surface. These effects are dependent on the
general soil moisture status because different processes
control the soil moisture under different conditions [ Grayson
et al., 1997].

[7] From a modeling perspective, it is important to
represent spatial organization correctly, with those features
most important in determining spatial distribution of soil
moisture requiring identification [Grayson et al., 1995;
Merz and Plate, 1997; Western et al., 2004]. In seeking to
represent and predict the spatial variability of soil moisture,
parsimonious models based on terrain indices have been
proposed in the literature [e.g., Beven and Kirkby, 1979;
Moore et al., 1991; Wilson and Gallant, 2000]. The idea of
terrain indices is to represent the key hydrological processes
controlling the spatial distribution of soil moisture in a
simplified but realistic way [Western et al., 1999]. The
ready availability of digital terrain models has lead to terrain
indices being one of the most common predictors used to
estimate spatial moisture patterns, even in situations where
they may not represent the key controlling processes
[Grayson and Western, 2001].

[8] The relationship between soil moisture and terrain
indices has been studied in a variety of landscapes and has
been summarized by Western et al. [1999, 2002]. It is rare
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for terrain indices to explain more than half the spatial
variability in soil moisture, often significantly less. Limi-
tations of terrain indices stem partly from assumptions in
their derivation. No static index can be expected to contin-
uously successfully represent all the details of dynamic
processes, nor can they capture the changing importance
of different spatial controls as moisture conditions change,
for example, seasonally.

[9] Terrain indices also assume that terrain is the dominant
control on the spatial soil moisture pattern but the importance
of soils [Famiglietti et al., 1998; Seyfried, 1998; Houser et
al., 1998; Famiglietti et al., 1999], precipitation [Jackson et
al., 1993] and vegetation [Hupet and Vanclooster, 2002] in
controlling soil moisture content has also been recognized;
the spatial distribution of soil moisture may be significantly
affected by these factors. Likewise for the impact of the
distribution of atmospheric forcing on soil moisture levels
[Seyfried, 1998; Houser et al., 2000]. With each of soil,
vegetation and meteorology all affecting the spatial distribu-
tion of soil moisture to an extent, it is perhaps not surprising
that terrain alone has been of limited value in describing soil
moisture distributions [Western et al., 1999, 2002, 2004].
Nevertheless, up to 50% explanation of patterns is hydrolog-
ically useful and it has been shown that often the remaining
variance is random, or related to another deterministic
pattern, such as soil properties.

[10] Given that terrain is often a poor predictor of soil
moisture patterns, there must be other factors dominating,
for example, soil properties. Where soil properties vary at
similar or larger scales than topography, and in a manner not
correlated to topography, the effect will be manifested as a
patchy or spatially correlated deviation from the topographic
signal. Some factors determining the time stability of soil
moisture, or the persistence of point soil moisture state over
a range of catchment moisture conditions, include soil
types, topographic features, vegetation differences, and
anthropogenic disturbances.

[11] The relative importance of different controls on soil
moisture in both space and time is still poorly understood.
In this paper we analyze both temporal and spatial soil
moisture data empirically for two catchments in Australia
and a further three in New Zealand. Hydrological con-
ditions at these field sites covered a wide range over a two
year period. The ground-based soil moisture data set is
unique in its temporal and, in particular, its spatial cover-
age. At each of five field sites, spatial distributions of soil
moisture were measured by taking up to 580 point
measurements via TDR on spatial grids varying from
40 m to 10 m resolution (depending on the field site).
Six such spatial distributions were measured for each field
site except Tarrawarra, where eight were measured. The
analysis attempts to isolate and quantify different deter-
ministic sources of variability, measurement error and a
remaining unexplained component of variability. Because
of limited data (especially relating to soils), we take a
pragmatic approach of removing patterns that we can
define in space and time (namely seasonality and terrain)
and then analyzing the unexplained variation. We then
look for consistent patterns in this unexplained variability
and argue that these are related to a combination of soils
and vegetation in the spatial case, and meteorological
conditions, especially precipitation events, in the temporal
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Figure 1. Australian field sites, with soil moisture spatial

grid and permanent measuring locations shown;
(a) Tarrawarra (“Tarrawarra 1> area circled, “Tarrawarra 2
is the whole site displayed; st, Station; c, Convergent;
so, South; n, North) and (b) Point Nepean (u, Upper; m,
Mid; 1, Lower).

case. Finally we consider the hydrological implications of
our results.

2. Data and Methods

[12] The soil moisture data analyzed in this paper consist
of spatial and temporal records collected over a two-year
period from field sites vegetated with pasture in south-
eastern Australia and northern New Zealand. The two
Australian sites were located close to Melbourne, though
on soil of contrasting properties; Tarrawarra on silty clay
loam and Point Nepean on sandy soil (Figure 1). Two
separate data sets exist for Tarrawarra; one for a small
10.5 ha site (Tarrawarra 1); and another for a larger 55 ha
site (Tarrawarra 2) (Figure 1). Annual rainfall and wet
environment PET are given in Table 1. Rainfall is quite
uniform through the year but PET rates change by almost an
order of magnitude between summer and winter, leading to
a monthly aridity index (PET/rainfall) varying between 0.2
in June and 2.9 in February. The terrain at both these sites is
undulating with mean slopes of 8% for both sites. There is a
difference in the geomorphology of these sites in that
Tarrawarra is a fluvial landscape while the Point Nepean
site is a dune field that retains its Aeolian morphology.
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[13] The New Zealand sites were located in the Mahur-
angi River catchment and were selected for their represen-
tativeness of the wider landscape [Woods et al., 2001];
Satellite Station is an enclosed subcatchment, Clayden’s is
a divergent hillslope; and Carran’s a convergent hillslope
(Figure 2). For the Mahurangi River sites, annual rainfall
and PET are given in Table 1. Compared with the Australian
sites, the seasonality is somewhat weaker in the Mahurangi
where the aridity index varies between 0.2 and 1.4. Soils are
clay loams (clay content 30—60%) and the terrain is
generally undulating to hilly with mean slopes of about
15%. For a detailed record of field investigation and data
collection the reader is referred to D. J. Wilson et al.
(manuscript in preparation, 2004).

[14] Data utilized here are primarily temporal and spatial
measurements of soil moisture in the top 30 cm of the soil
profile, which is representative of the root zone at these sites.
Examples of the data sets available are presented in
Section 4. Temporally, soil moisture content was recorded
by permanently installed CS615 loggers [Campbell
Scientific Inc., 1996] every 30 minutes (e.g., Figure 3). At
least three such loggers were installed at each field site
(Figures 1 and 2); placed along a topographic gradient (four
at Tarrawarra 2, six at Satellite Station). Spatially, moisture
content was recorded by a mobile TDR-measurement system
[Tyndale-Biscoe et al., 1998] at all sites (e.g., Figure 4) on
spatial grids varying between 10 and 40 m spacings, depend-
ing on the typical hillslope lengths and site areas at the
various sites. Spatial sampling was carried out at least six
times over a two year period (eight at Tarrawarra 2),
capturing a range of conditions. Sampling of one field site
took in the order of either one or two days.

[15] The temporal and spatial data were analyzed sepa-
rately, but analogously. The general philosophy was to
divide the total variance (o,znm;) into components that could
be defined empirically by some a priori pattern, then to
analyze the consistency of the remaining variance, which
was split into unresolved and deterministic components.
The unresolved component was further divided into mea-
surement error (based on multiple samples around sites with
independent measurements) and a residual unexplained
component. For pragmatic reasons of data availability we
remove seasonally related variation in time and topograph-
ically related variation in space using a priori patterns. That
is, temporal variance (v,) and spatial variance (v,) are
comprised of the following components:

v, = seasonal + (spatial) average residual + measurement error
+ unexplained
v, = terrain + (temporal) average residual + measurement error

+ unexplained

The analysis proceeded using the following four steps for
each study site separately.

Table 1. Annual Rainfall and PET at Each Field Site

Field Site Annual Rainfall, mm Annual PET, mm
Mahurangi River 1600 1300
Point Nepean 750 830
Tarrawarra 820 830
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Figure 2. New Zealand field sites, with soil moisture spatial grid and permanent measuring locations
shown (u, Upper; m, Mid; 1, Lower). (a) Carran’s, (b) Satellite Station (t, Trib; f, Flat; s, Station), and

(c) Clayden’s.

[16] 1. An a priori empirical pattern was fitted to each
(temporal or spatial) soil moisture pattern 6,(¢) or 6,(x, y) using
least squares techniques. The subscripts s and ¢ imply a
temporal pattern at location s or a spatial pattern at time ¢,
respectively. The explained variance was calculated, (ofpriori )
and residuals, ry(¢) or r(x, y), were also calculated. The
calculation of the a priori patterns is discussed in more detail
below.

[17] 2. Consistent variation at a point in time (or in space)
was estimated by averaging r,(¢) between automatic recorder
sites to obtain r¢(¢) (or by averaging r(x, y) over time
to obtain r¢(x,y)). r;(¢) was then compared to each of
the residual patterns 7(f). To avoid spurious effects, the
average residual pattern used as the predictor for station s°
was calculated with r(¢) excluded, thus several average
residual patterns were calculated for each study site. The
explained (02esiq ) and unexplained variance from this step
were calculated for each pattern. The variance explained by
rs(t) variance, or the deterministic component in time, is
thought to be related (in approximate order of importance) to
precipitation events, short timescale changes in evaporative
forcing and temporal changes in vegetation. An analogous
approach was used for the spatial patterns, where the
explained variance was interpreted as some deterministic
(and time stable) but unknown pattern. In space this pattern

is thought to depend mainly on soils properties since the
vegetation was spatially quite uniform at each site.

[18] 3. Estimates of the random measurement error were
also made and these were used to divide the unexplained
variance from step 2 into measurement error (cgm,r) and a
residual unexplained component, (cﬁnexp). For the spatial
case these estimates were made for each study site based on
the variance of repeated multiple measurements of soil
moisture made within a small area patches (<1 m?). These
measurements were made for a number of patches on each
of the sampling occasions and the variance was averaged
across all the patches and occasions. While 0%, varied
between sites it was typically about 2(V/V%)”. For the
temporal case the errors were assumed to be 2(V/V%)* on
the basis of calibration information.

[19] 4. The a priori patterns fitted to the data in step 1
were derived as follows. The temporal pattern consisted of a
two-component (i.e., 12 and 6 month periods) Fourier series
fitted to an average annual soil moisture time series (0;(¢)).
The average annual series was calculated by averaging
moisture values from all sites within a sample catchment,
recorded on a specific day of the year. Because only two
years of data were available, there is some uncertainty in
this pattern. This will have lead to some overestimation of
the importance of the seasonal signal (due to the optimal
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Figure 3. (a) Temporal record of soil moisture averaged

over 0—30 cm; Station location of Satellite Station field site.
Six instances of spatial sampling indicated by vertical lines.
(b) Seasonal signal of moisture at Station. (¢c) Mean residual
of all sites at satellite station, except station.

fitting), at the expense of larger scale (i.e., interannual)
variability and nonstationarity. The average residual series
(75(2)) was calculated by averaging the residual series (r(7))
for each time series record. Spatially, topographic patterns

Figure 4. Spatial distribution (40 m grid) of soil moisture

averaged over 0—30 cm depth, (a) measured at Satellite  10% 10%
Station field site, 22—25 November 1998; 3 m elevation ~ TecWet ~ TooDry
HEEE TEEE

contours, (b) spatial distribution based on terrain indices,
and (c) mean residual of all measurement occasions except
November 1998. See color version of this figure at back of
this issue.
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Figure 5. Classified temporal variance in soil moisture at all field sites.

fitted to the soil moisture data included elevation, upslope
contributing area, slope, wetness index [Beven and Kirkby,
1979], potential solar radiation index [Moore et al., 1991],
lowness and multiresolution valley bottom flatness index
[Gallant and Dowling, 2003]. Stepwise multiple linear
regression was used to select and fit the predictor patterns
(6,(x, y)) to each spatial soil moisture pattern, which were
used to calculate residual patterns (r(x, y)). The average
residual pattern (r,(x,y)) was calculated averaging the
residual patterns for each field site.

3. Results
3.1. Temporal Behavior

[20] Measurements of soil moisture through time (0,(¢))
indicate changes in soil moisture content occurring at
different scales; a seasonal and an event scale (Figure 3).
Nineteen such temporal soil moisture series were available.
In each case, the series was separated into seasonal and
event-scale components. For example, observations from a
point at Satellite Station known as ““Station” were found to
have seasonal characteristics depicted in Figure 3a. The
temporal pattern is identical on an annual basis and can be
thought of as the deterministic component of the signal over
a long timescale, or the a priori component (e.g., Figure 3b).
Residual series (74(¢)) were found by removing the seasonal
signal from each set of observations. Within each field site,
residual series for each point location were averaged to
create a fitted average residual signal (r(¢)) (e.g., Figure 3c).
Fluctuation in the series of fitted average residuals occurs at
timescales corresponding to individual storm events. Com-
bining the fitted deterministic signal with the fitted average
residual signal gives the best estimate of a soil moisture
series. Differences between this best estimate and observa-
tions are due to both random measurement error and other
unexplained variance.

[21] The total variance (ot,,m,) at each monitoring station
is shown as the total column height in Figure 5. The greatest
temporal variance in moisture content was observed at three

of the six Satellite Station logging points; Station, Upper
and Trib. Upper was on a ridgeline, while Station and
Trib were placed midway along a slope. Apparently, no
topographic reasons explain the difference in 07,,,; observed
among the Satellite Station points; logging point Mid was
topographically similar to Station and Trib, yet 07, at Mid
was less than half that of either Station or Trib (Figure 5).
Topographlc position seems not to control soil moisture
temporal o2, at Satellite Station. At Clayden’s and Car-
ran’s, however, a trend between o2, and topographic
position is evident, with sites lower in the landscape
displaying larger 0,2(,,01 (Figure 5). A similar trend is appar-
ent at Point Nepean. At Tarrawarra, the three logging
locations on mid- slopes Station, South and North, have
similar temporal 02, The convergent location, however,
has a higher temporal 02 (Figure 5).

[22] Statistical characteristics of the temporal 02, were
divided between the seasonal and event scales. Over all
field sites, between 18 and 84% of the temporal 07, of the
observed moisture content serles is explained by the vari-
ance in the seasonal signal (Uapmn) (Figure 5). Of the New
Zealand sites, the smallest component of variance explained
by oﬁ,mor, was 65% (Satellite Station Mld) On average,
77% of temporal 02, was explained by oapr,m at the New
Zealand sites.

[23] Similarly, between 71% (Convergent) and 81%
(South) of temporal 02 a1 18 explained by ofp,iori at Tarra-
warra, Australia. In contrast, on the sandy soils of Point
Nepean, 03,,”-0,,- explains only between 18% (Upper) and
53% (Mid) of temporal 02, (Figure 5). 02 ,esiz i more
important to 02, on the sandy soil. Temporal variance was
explained at all sites (except Point Nepean) to a lesser extent
by the series of averaged residuals. At Point Nepean, r(f)
accounts for between 33% (Mid) and 59% (Upper) of the
temporal 07,,, while for all the other sites the highest was

24% (Tarrawarra Convergent).

[24] Very little of temporal 02 Temained unexplained
after the combinations of variance in the seasonal series
(ofpriari), variance in the average residual series (ofvmid)
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Figure 6. Classified spatial variance in soil moisture at all field sites.

and that of measurement error (ofm,r) were accounted for.
Overall, the proportions of o, are roughly consistent
between CS615 locations at all sites except Point Nepean.
Here oﬁl,mr, (seasonal signal) was relat1vely small, while
Oresia (attributable to event-scale series), 02, (measure-
ment error) and Gfmxp (unexplained causes) was consistent
between CS615 locations but quite different to the other
sites. Soil texture, the relative presence of organic matter
and soil structure are all recognized to affect the moisture
storage capacity of a soil [Hillel, 1998, p. 466]. Soil texture,
for example, influences moisture holding capacity, as fine
textured soils retain water more effectively than sandy soils.
For Point Nepean, where water is not retained in the profile
over long time periods, the seasonal pattern of moisture
content is not important relative to the event-scale pattern.

3.2. Spatial Behavior

[25] Measurements of the spatial distribution of soil
moisture indicate that processes operating at a variety of
scales control the distribution (Figure 4). Soil moisture
distribution can be partly explained by terrain, and partly
by other spatially varying attributes.

[26] 02, at each monitoring location is shown as the
total column height in Figure 6. The greatest spatial 02l
was observed for different occasions at Satellite Station and
Tarrawarra. These two locations comprised subcatchments,
as opposed to the other locations, which are hillslope
segments. At Satellite Station, otzoml depended on overall
moisture condition of the field site, with greater spatial 02l
observed in drier conditions than wet. At all other locations,
02, fluctuated and showed no clear trend with moisture
condition (Figure 6).

[27] Terrain controls on soil moisture have been shown to
exist in numerous studies, with the best-performed terrain
indices typically including the wetness index [Beven and
Kirkby, 1979], where convergent gullies are modeled as wet
and divergent hillslopes dry. Combining a number of
indices in an MLR process allowed the terrain signal to
be isolated from the observed distribution. This was done
for each spatial measurement (e.g., Figure 4b). Terrain-
based maps are a linear combination of the following terrain
indices: elevation, upslope contributing area, slope, wetness
index, potential solar radiation index, lowness, multiresolu-
tion valley bottom flatness index. The optimum combina-

tion of weighted indices was calculated by a Multiple Linear
Regression of all indices against observed soil moisture
for a given occasion. Figure 4b shows the terrain-based
distribution for Satellite Station in November 1998. This is
the best distribution that terrain can explain. Correlations
between terrain-based distribution and the observed distri-
bution appear in Table 2.

[28] For each measurement occasion, the observed spatial
distribution differs from the terrain-based distribution by a
particular amount. For each measurement occasion the
distribution of residuals was calculated. Residual maps were
calculated for every measurement occasion (r{x, y)) and
averaged to provide a distribution of average residual effects
(r+(x,»)) (e.g., Figure 4c).

[29] Statistical characteristics of the Terrain and Non-
Terrain -scale distributions were then found and compared
Over all field sites, up to 57% of the spatial 02, of the
observed moisture content series is explained by ofp,,or, (the
terrain component) (Figure 6) Of the New Zealand sites,
the smallest component of 02, explained by O‘ap”(m was
0% (Clayden’s February 1999 and November 1999). On
average, 36% of spatial 02,, was explained by ofp,,»,,,i at
the catchment sites, Satellite Station and Tarrawarra.

[30] On the divergent and convergent hillslope sites of
New Zealand, Clayden s and Carran’s respectlvely, just 5%
of the spatial 02, is explained by ca,,,,,,,, on average. On
the sandy soils of Point Nepean, 05, also explains only
5% of the spatial 02 a1 ON average, with a high of 13 and a
low of 0% (Figure 6). O 2oresia 18 far more important to 02 al
on the sandy soil. This is likely due to the low water-
holding capacity and deep freely draining nature of these
sandy soils and the corresponding lack of opportunity for
lateral redistribution to occur.

[31] Local terrain can therefore sometimes explain a
useful proportion of the spatial distribution of soil moisture
at the sites analyzed. This is quite consistent with other
results from the literature [e.g., Zavlasky and Sinai, 1981;
Burt and Butcher, 1985; Moore et al., 1988b; Ladson and
Moore, 1992; Jordan, 1994; Moore and Thompson, 1996;
Nyberg, 1996; Grayson et al., 1997; Grayson and Western,
1998; Famiglietti et al., 1998; Western et al., 1999; Western
and Grayson 2000; Green et al. 2001]

[32] At Satellite Station spatlal 02, diminishes with
increasing average moisture condition. The relative impor-
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Table 2. Correlation R Between Soil Moisture and a Range of Terrain Attributes Selected by MLR?

Satellite Station Clayden’s Carran’s Point Nepean Tarrawarra 2
Date Value Date Value Date Value Date Value Date Value
March 1998 522 March 1998 41.7 April 1998 30.7 July 1998 19.1 June 1998 -
Aug. 1998 429 Aug. 1998 15.4 Aug. 1998 14.5 Nov. 1998 223 Oct. 98 64.1
Nov. 1998 55.6 Nov. 1998 12.1 Nov. 1998 17.6 Jan. 1999 - Oct. 98 63.4
Feb. 1999 57.0 Feb. 1999 Feb. 1999 15.2 April 1999 18.9 Jan. 1999 29.0
May 1999 449 May 1999 14.3 May 1999 27.6 Aug. 1999 30.3 April 1999 26.1
Nov. 1999 46.6 Nov. 1999 - Nov. 1999 15.7 Oct. 1999 16.9 Juy 1999 41.6
Aug. 1999 455
Oct. 1999 61.2

Correlations are in percent.

tance of cfpmﬁ, 02 esia and angxp remains approximately
constant, however, over a range of moisture conditions. At
Clayden’s and Carran’s, 02 resia Temains relatively constant
over a range of moisture conditions, while oﬁpm,.,- and c,f,,exp
vary with no relation to the overall moisture condition.

[33] At Point Nepean, the general trend is for an increase
in 02, with increasing wetness. While this is the opposite
trend to that observed for Satellite Station, we should
remember that moisture content at Point Nepean was always
very low. The change in 02, at Point Nepean is typically
due to changes in 62,,.s and Ounexp (NONterTAIN SOUTCES). At
Point Nepean there are observable variations in soil type,
particularly clay content that are important in determining
the spatial soil moisture pattern. At Tarrawarra, 02, and its
components, generally increase with i 1ncreasmg wetness.

[34] Most of the changes in spatial 02 al through time are
due to changes in 05,,,,0,, (the component attributable to
terrain). 02, 0ia and o2, are reasonably constant over
the range of m01sture conditions, however fluctuations are
seen in oﬁpm” and ounexp

[35] In summary, 62, in the temporal pattern of mois-
ture content dominates over that in the spatial pattern, with
temporal variance up to 10 times greater than spatial
variance (Figures 5 and 6). In time the most important
contribution to temporal 02 18 the seasonal signal.

4. Discussion

[36] This discussion focuses on two issues: (1) reasons
for the similarity and differences noted between individual
sites and (2) the relative importance of temporal and spatial
controls affecting the variance of soil moisture. In part 2 we
identify the key site characteristics that determine how
much variability we can explain (where this differs sub-
stantially between sites).

[37]1 Temporally, the major source of o2, is oazpn-(,,,-
(seasonal signal) (Figure 5). This is particularly true for
the New Zealand data, where in excess of 75% of the
temporal 02, could be attributed to seasonal behavior.
02,esia, however, described only a small proportion of
02 For the New Zealand sites this can be explained by
two factors: (1) relatively frequent rainfall throughout 1998
and 1999 and (2) soils of high water storage capacity. Few
major peaks or troughs were observed in the temporal
rainfall series, so soil moisture was rarely influenced greatly
by short-term events. Rather, the series of average residuals
were noisy and bore little relation to series of rainfall. Soils
of high clay content and large storage tend to smooth

temporal variability at short timescales. In heavier soils
with restricted deep drainage there is also the potential for
lateral flow, which will affect different sites in different
ways and thus reduce the spatial coherence of the temporal
variations, as evidenced by the higher variability of the
downslope sites at Clayden’s, Carran’s and Tarrawarra.

[38] For Point Nepean, where soils are sandy, oﬁpmn is
relatively less important. Here, as expected %wmd explalns
a greater proportion of the temporal 02,,. Rapid spikes in
moisture content correspond directly with rainfall events
such that the variance of the residual series of the three
stations Upper Mid, and Lower, explain a relatively large
part of Gtotal

[39] Spatially, either ouprwn (terrain pattern) OF 02 resid
(average residual pattern) are generally the major sources of
02 1l (Figure 6). Terrain influence on spat1al 02,01 1S Most
strongly seen at the two field sites comprising subcatch-
ments; Satellite Station and Tarrawarra; as opposed to
hillslope segments due to the wider range of terrain posi-
tions at these sites. At all sites, particularly Clayden’s,
Carran’s and Point Nepean, the proportion of spatial o2,
explained by 02,esia 18 considerable. The average residual
patterns represent the action of spatially persistent processes
unrelated to those described by terrain indices.

[40] Both temporally and spatially, a large range exists in
both inter-site and intrasite 02,;. At Satellite Station the
largest temporal 02, occurs at locations Station, Trib and
Upper, while Flat, Mid and Lower vary relatively little
(Figure 5). Temporal 02, (seasonal) is larger at Station,
Trib and Upper; these are the points that dry most rapidly.
Given that rain fell frequently in New Zealand throughout
the two year period, moisture content is limited by drainage
and evapotranspiration rather than by rainfall. Points where
either the soil drains most effectively, or the where soils have
a lower wilting point (e.g., more clay), display the strongest
seasonal behavior. The effect of topography is dominated by
other controls when considering seasonal influences. Anal-
ysis of the spatial correlation structure of soil moisture at
Satellite Station indicates that there is an unusually large
small-scale component of the spatial variability at this site,
compared with the others [Western et al., 2004]. Western et
al. [2004] suggested that this small-scale variability might be
related to: “lateral flow occurring at depths considerably
below 30 cm; variability of soils on the hillslopes; and/or, a
soil pipe network that is sufficiently extensive to rapidly
drain the entire hillslope”. It is probable that a common
cause lies behind this small-scale spatial variability and the
lack of topographic signal in the temporal variability.
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[41] Likewise at other field sites, temporal ogpr,-on»
accounts for the majority of temporal o2,,. Water holding
capacity affects the proportion of 02, described by ogp,,-o,,-
and 62,esid: logically more capacity for water storage will
lead to a stronger seasonal signal for a given forcing with
both seasonal and event components, because the small
scale variations will be smoothed to a greater extent. Terrain
position may affect the degree of temporal 02, described
by oﬁp,,b,,-, but cannot be used in a predictive sense, based
on the data analyzed here.

[42] Spatially, mean residual patterns account for system-
atic differences between and within sites and are a signif-
icant component of spatial 02, Given that the terrain
indices used represent a range of terrain-related processes,
residual spatial patterns represent spatial controls not related
to topography. And given also that vegetation was the same
for all sites, the residual maps are probably surrogate
distributions for effective soil properties.

[43] Temporally, average residuals explain a small pro-
portion of temporal 02,0, in this context residuals are
patterns that occur at timescales other than seasonal. Most
of the temporal variability in soil moisture around the
seasonal signal is brought about by storm events and
subsequent ET, vertical drainage and lateral redistribution.

[44] In general the variability in the patterns of average
spatial residuals is at quite small scales, certainly smaller
than the hillslope scale (Figure 4c). A similar observation
was also made by Western et al. [1999] for patterns of soil
moisture residuals for individual days. Thus there are some
significant sources of spatial variability at small scales. In
contrast, temporally most of the variability occurs at quite
large scales (is explained by the seasonal pattern). This
probably reflects the fundamentally different nature of
transformation of spatial and temporal variability in differ-
ent components of the catchment system found by Skoien et
al. [2003]. They found that spatial variability was shifted to
smaller and smaller scales as water moved through catch-
ment systems but that temporal variability was shifted to
progressively larger scales as water moved through the same
systems. They argued that this was due to fundamentally
different behavior of hydrologic processes in space and
time. In time, storage in the catchment smooths variability;
this occurs to a greater extent as water moves through larger
stores, for example groundwater systems, which have
longer characteristic timescales than soil water stores. In
space, catchment heterogeneity acts to add variability at
small scales.

[45] Implications for hydrology are the apparent controls
on moisture patterns. In time, the control is mainly seasonal
on soils with large water holding capacities. This is empha-
sized when comparing Tarrawarra with Point Nepean. In
space, the local control is both terrain and soils (and
probably often also vegetation), but even with the site-
specific approach followed here, a significant amount of
spatial variance is due to unexplained sources. Perhaps
using a single average residual pattern is an incorrect
approach for capturing spatial effects other than terrain
(most likely soils). This would be the case if patterns of
porosity, field capacity and wilting point were different, for
example. It could also be an effect of spatial dynamics
(which we would also expect to affect the temporal case by
creating differences between sites).
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[46] Temporally, we can explain much of the fluctuation
of soil moisture based on knowledge of local climate, which
is generally fairly well known. Since temporal variance
dominates, the ability to predict moisture fluctuation a priori
with confidence is significant (although we do need to know
something about the soil storage). Spatially, the average
residual patterns are quite important yet we cannot deter-
mine them a priori and we have poor information on the soils
and vegetation properties for which they act as surrogates. In
space, the terrain component is really the only part for which
good data exists, and this rarely accounts for more than half
the variance. It is clear from our analysis and from others
[e.g., Albertson and Kiely, 2001; Seyfried, 1998] that to
make good space-time predictions of soil moisture patterns,
we need better information on the effective hydrologic
properties of soils and vegetation. This information is
difficult to obtain and will require innovative approaches,
given the practical limitations of traditional methods of
collecting spatial soils data. It is also important to note that
commonly available soils maps often do not provide appro-
priate data to capture the effects on soil moisture patterns
[e.g., Houser et al., 2000; Western and Grayson, 2000].
Others have also found spatial heterogeneity to be critical
[Bloschl et al., 2001; Skoien et al., 2003] but not well related
to commonly available spatial data sets.

[47]1 Bloschl et al. [2001] focused on spatial patterns of
runoff and also found consistent patterns, but like in this
paper, these were not related to standard soils or geological
information. This makes predicting spatial heterogeneity a
challenge for hydrology more generally due to the action of
catchments to “roughen” the spatial response (as opposed
to smoothing the temporal response).

5. Conclusions

[48] In closing it is important to reiterate that we were
able to explain most of the observed variance in time and
space, and that temporal variance was typically five times
larger than spatial variance. Seasonality is the dominant
source of variability at our sites, although this conclusion
obviously depends on climate and does not hold where soil
water storage is limited. Most importantly, in controlling the
distribution of soil moisture in space, the spatial distribution
of soils and vegetation seems to be of similar importance to
that of topography, a fact often ignored in hydrological
modeling, or else surrogate soils patterns are used, but these
are often not well correlated to the actual patterns [Grayson
and Bloschl, 2000]. Better methods for defining the spatial
properties of soils and vegetation as they affect soil moisture
patterns is a key challenge.
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Figure 4. Spatial distribution (40 m grid) of soil moisture
averaged over 0—30 cm depth, (a) measured at Satellite
Station field site, 22—25 November 1998; 3 m elevation
contours, (b) spatial distribution based on terrain indices,

and (c) mean residual of all measurement occasions except
November 1998.
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