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Abstract. Knowledge about the spatio-temporal variability
of soil moisture is essential to understand and predict pro-
cesses in climate science and hydrology. A significant body
of literature exists on the characterization of the spatial vari-
ability and the rank stability (also called temporal stability)
of absolute soil moisture. Yet previous studies were gener-
ally based on short-term measurement campaigns and did not
distinguish the respective contributions of time-varying and
time-invariant components to these quantities. In this study,
we investigate this issue using measurements from 14 grass-
land sites of the SwissSMEX soil moisture network (spatial
extent of approx. 150× 210 km) over the time period May
2010 to July 2011. We thereby decompose the spatial vari-
ance of absolute soil moisture over time in contributions from
the spatial variance of the mean soil moisture at all sites
(which is time-invariant), and components that vary over
time and are related to soil moisture dynamics. These include
the spatial variance of the temporal soil moisture anomalies
at all sites and the covariance between the site anomalies to
the spatial mean at a given time step and those for the tem-
poral mean values. The analysis demonstrates that the time-
invariant term contributes 50–160 % (on average 94 %) of
the spatial soil moisture variance at any point in time, while
the covariance term generally contributes negatively to the
spatial variance. On the other hand, the spatial variance of
the temporal anomalies, which is overall most relevant for
climate and hydrological applications because it is related
to soil moisture dynamics, is relatively limited and consti-
tutes at most 2–30 % (on average 9 %) of the total variance.
Nonetheless, this term is not negligible compared to the tem-
poral anomalies of the spatial mean. These results suggest
that a large fraction of the spatial variability of soil moisture

assessed from short-term campaign may be time-invariant if
other regions present a similar behavior. Moreover, we find
that the rank (or temporal) stability concept, when applied to
absolute soil moisture at the sites, mostly characterizes the
time-invariant patterns. Indeed, sites that best represent the
mean soil moisture dynamics of the network are not the same
as those that best reflect mean soil moisture at any point in
time. Overall, this study shows that conclusions derived from
the analysis of the spatio-temporal variability of absolute soil
moisture need not generally apply to temporal soil moisture
anomalies, and hence to soil moisture dynamics.

1 Introduction

Soil moisture is an essential variable in climate and hydro-
logical science through its impact on the energy and water
balance (seeSeneviratne et al., 2010, for a review). Knowl-
edge about soil moisture and its spatio-temporal variability,
which is impacted by the heterogeneity of different charac-
teristics, such as soil texture, vegetation, topography and me-
teorological conditions, is essential to improve climate and
hydrological modeling, to derive remote sensing-based soil
moisture estimates, and to optimize soil moisture monitoring
networks (e.g.Vinnikov et al., 1996; Western et al., 2002;
Jacobs, 2004; Koster et al., 2004; Seneviratne et al., 2006;
Robinson et al., 2008; Brocca et al., 2010).

Frequently used frameworks to investigate spatio-
temporal variability of soil moisture patterns in-
clude geostatistical methods (Famiglietti et al., 2008;
Western et al., 2004; Entin et al., 2000), the relationship
between the spatial variance and the spatial mean soil
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moisture (e.g.Famiglietti et al., 1999; Brocca et al., 2010),
and rank stability analyses (e.g.Vachaud et al., 1985;
Mart́ınez-Ferńandez and Ceballos, 2003; Tallon and Si,
2004; Zhou et al., 2007). These approaches are used to
analyze and compare the spatial variability of soil mois-
ture at multiple depths, across spatial scales and under
different moisture conditions and are based on ground
observations and stochastic analysis of the unsaturated
water flow (e.g.Famiglietti et al., 1999; Teuling et al.,
2006; Vereecken et al., 2007). Investigations of the potential
controls on soil moisture variability are for instance provided
in Western et al.(1999), Albertson and Montaldo(2003),
Cosh(2004), and Teuling and Troch(2005), and generally
focus on parameters or variables such as soil texture,
vegetation cover, topography, as well as land surface fluxes.
The role of meteorological and climate forcing for spatial
soil moisture variability has only been considered in few
studies (Vinnikov et al., 1996; Robock et al., 1998; Entin
et al., 2000). For its part, the concept of temporal stability
proposed byVachaud et al.(1985) aims at identifying the
most representative soil moisture site within a given network
and has been suggested to be relevant for improving mon-
itoring strategies or for the upscaling of soil moisture (e.g.
Kamgar et al., 1993; Guber et al., 2008; Brocca et al., 2009).

Most of the mentioned studies are based on data sets
that were collected during short-term field campaigns. These
studies often include observations for wet and dry conditions
but no continuous long-term time series. However, already
Bell et al. (1980) emphasized the need for long-term mea-
surements to study the spatial variability over a large range
of spatial mean moisture contents.

Long-term time series are furthermore essential
to investigate soil moisture dynamics, i.e. varia-
tions of soil moisture in time. Previous analyses
(Seneviratne, 2003; Seneviratne et al., 2004) indicated that
temporal soil moisture variations may be more stable in space
than absolute soil moisture. Reasons can be found in the dif-
ferent spatial scale of soil moisture variations characterized
either by local (e.g. soil texture, land cover, topography) or
regional scale pattern (e.g. weather and climate anomalies)
(Vinnikov et al., 1996; Robock et al., 1998). However, to
our knowledge no extensive analyses have been provided on
this topic so far.

In the present study, we use continuous 15-month long soil
moisture measurements from 14 sites of the SwissSMEX soil
moisture network (Sect. 3.1), which cover a spatial extent of
150× 210 km. The time series are decomposed in their tem-
poral mean and anomalies. We apply the concepts of spatial
variability and temporal stability to the decomposed time se-
ries, to assess the extent to which they respectively contribute
to the overall spatial soil moisture variability. In addition, we
also investigate whether commonly applied concepts such as
that of temporal stability are relevant from the point of view
of soil moisture dynamics.

2 Methods

2.1 Framework to distinguish between time-varying
and time-invariant contributors to spatial
variability

Spatio-temporal variability of soil moisture is characterized
by the spatial and temporal statistics of soil moisture. The
spatial variability of soil moisture has been investigated in
a number of previous studies using the relation between the
spatial variance and the spatial mean of absolute soil mois-
ture (e.g.Famiglietti et al., 1999, 2008; Brocca et al., 2007).
Here we propose a new approach, whereby we consider the
respective contributions of time-varying and time-invariant
factors to the overall spatial variability of soil moisture at
any point in time.

For more clarity, we will denote hereafter the meanµ,
varianceσ 2, and standard deviationσ with the subscript̂n for
the spatial statistics, and with the subscriptt̂ for the tempo-
ral statistics. LetStn be the soil moisture of siten ⊂ [1, ...N ]

at time t ⊂ [1, ...T ] (Stn being defined as scalar). Its spatial
meanµn̂(Stn) and spatial varianceσ 2

n̂ (Stn) at any time stept
are defined as:

µn̂(Stn) =
1

N

N∑
n=1

(Stn), (1)

σ 2
n̂ (Stn) =

1

N

N∑
n=1

(Stn − µn̂(Stn))
2. (2)

Similarly, the temporal mean of soil moisture at any siten is
defined as:

µ̂t(Stn) =
1

T

T∑
t=1

(Stn). (3)

Note that of ease for notation we will use the symbolMtn to
refer to the temporal meanµ̂t(Stn).

Here we extend the classical framework that generally
comparesµn̂(Stn) andσ 2

n̂ (Stn) by decomposingStn into its
temporal meanMtn and its temporal anomaliesAtn. This al-
lows us to distinguish between spatio-temporal aspects that
are time-invariant and those related to soil moisture dynam-
ics. Formally, this is expressed as follows:

Stn = Mtn + Atn. (4)

The corresponding equation for the mean of all sites is

µn̂(Stn) = µn̂(Mtn) + µn̂(Atn) = Mt n̂ + At n̂. (5)

Using Eqs. (4) and (5), it is possible to decomposeσ 2
n̂ (Stn)

in time-varying and time-invariant components by resolving
Eqs. (4) and (5) into Eqs. (1) and (2):

σ 2
n̂ (Stn) =

1

N

N∑
n=1

[(Mtn + Atn) − (Mt n̂ + At n̂)]
2. (6)
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Eq. (6) can then be reexpressed as follows:

σ 2
n̂ (Stn) =

1

N

N∑
n=1

[(Mtn − Mt n̂)
2

+2(Mtn − Mt n̂)(Atn − At n̂)

+(Atn − At n̂)
2
], (7)

resulting in the following equation:

σ 2
n̂ (Stn) = σ 2

n̂ (Mtn) + 2cov(Mtn,Atn) + σ 2
n̂ (Atn), (8)

whereσ 2
n̂ (Mtn) is the spatial variance of temporal mean soil

moisture,σ 2
n̂ (Atn) is the spatial variance of anomalies, and

cov(Mtn,Atn) is the spatial covariance between the temporal
mean soil moisture of a site and its respective anomaly.

Note that Eq. (8) can also be expressed as follows:

σ 2
n̂ (Stn) = σ 2

n̂ (Mtn)

+2ρ(Mtn,Atn)σ (Mtn)σ (Atn) + σ 2
n̂ (Atn), (9)

whereρ(Mtn,Atn) refers to the correlation betweenMtn and
Atn.

Equation (8) allows us to analyze the spatio-temporal vari-
ability of soil moisture considering its temporal meanMtn

state and its dynamicsAtn. Furthermore, the temporal evolu-
tion of the spatial variance and the contribution of its single
components can be investigated. Note thatσ 2

n̂ (Mtn) is time-
invariant, whileσ 2

n̂ (Atn) and cov(Mtn,Atn) vary over time.

2.2 Relating the rank stability concept to time-varying
and time-invariant soil moisture components

The concept of temporal stability proposed byVachaud et al.
(1985) is used in several previous studies to identify sites
where soil moisture is considered to be most representative of
the spatial mean soil moisture within a network (e.g.Kamgar
et al., 1993; Teuling et al., 2006; Brocca et al., 2010). Follow-
ing Vachaud et al.(1985), the difference1Stn between the
soil moistureStn and the spatial mean soil moistureµn̂(Stn)

is defined as:

1Stn = Stn − µn̂(Stn). (10)

Its relative difference is

δStn =
1Stn

µn̂(Stn)
, (11)

and its temporal meanµ̂t(δStn) and temporal standard devi-
ation σ̂t(δStn) are estimated as:

µ̂t(δStn) =
1

T

T∑
t=1

(δStn), (12)

σ̂t(δStn) =

√√√√ 1

T

T∑
t=1

(δStn − µ̂t(δStn))2. (13)

The µ̂t(δStn) andµ̂t(1Stn) of the sites are ranked from the
smallest to the largest difference. Sites closest toµn̂(Stn) (i.e.
µ̂t(δStn) ≈ 0) are considered to be the most representative of
the overall network.

Using Eq. (4), the temporal stability analyses (Eqs. 10–
13) can be extended by including the different contributors to
absolute soil moisture. AsAtn can have negative values, the
absolute values of the difference forAtn andMtn are used:

|1Atn| = |Atn − µn̂(Atn)| , (14)

|1Mtn| = |Mtn − µn̂(Mtn)| . (15)

The temporal mean and standard deviation of the anomalies
µ̂t(1Atn) andσ̂t(1Atn) can be analyzed to provide a ranking
of the sites according to their respective deviation from the
overall mean. Similarly, the absolute deviation of the tempo-
ral mean1Mtn can also provide a ranking. To relate the new
ranking to the ranking of the overall soil moisture, the frame-
work byVachaud et al.(1985) is adapted here by considering
the absolute terms|δStn| and|1Stn|, respectively.

In this study, we are interested in the ranking of the single
sites and not in the differences themselves. The comparison
of the rank of the absolute soil moistureStn with the ranks
of its decomposed partsMtn andAtn allows us to make a
statement on how the framework of rank stability (Vachaud
et al., 1985) incorporates the soil moisture dynamics.

3 Application to the SwissSMEX network

3.1 Studied network and data

The Swiss Soil Moisture Experiment (SwissSMEX) network
(http://www.iac.ethz.ch/url/research/SwissSMEX) has a spa-
tial extent of about 150× 210 km and consists of overall 19
sites, covering different land use and climatic regimes of
Switzerland. For further information about the setup and in-
strumentation of the network, seeMittelbach et al.(2011).
In the present study, 14 grassland sites with no slope
and an elevation ranging from about 200 m a.s.l. to about
1000 m a.s.l. are included. Their location, respective climatic
region (Müller, 1980), and average soil texture over 50 cm
are shown in Fig. 1. At each site, measurements of volumet-
ric water content (VWC) at 5, 10, 30, and 50 cm depth as well
as precipitation (P ) and 2-m air temperature (Tair) are avail-
able. The VWCs at the different depths were integrated over
50 cm using the trapezoidal method (e.g.Hupet et al., 2004)
including an additional value of VWC at the surface, which
is set equal to the measurement in 5 cm depth. The analysis is
based on daily averaged data for the time period 1 May 2010
to 31 July 2011, including the particularly dry months April
and May 2011.

3.2 Relation between spatial variance and spatial mean

Brocca et al.(2007) investigate the relation betweenσ 2
n̂ (Stn)

andµn̂(Stn), as well as the relation between the coefficient
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Fig. 1. Map of Switzerland showing the location, climatic re-
gion, and soil texture (according to USDA taxonomy and aver-
aged over 50 cm depth) of the 14 investigated grassland sites of the
SwissSMEX network. The indicated climate regions are based on
the classification of M̈uller (1980).

of variation(CV = σ̂n(Stn)/µn̂(Stn)) andµn̂(Stn), based on
measurements from several networks. Based on these data,
they identified an increasing spatial variability with decreas-
ing mean soil moisture for humid climates. The correspond-
ing relation for the measurements used in the current study
with their temporal occurrence is shown in Fig. 2a and b.
Similarly to Brocca et al.(2007), an increasing variability
with decreasing spatial mean is found. However, the values
of spatial variability scatter more widely when the spatial
mean soil moisture decreases (Fig. 2a). The nearly steady
spatial variability with decreasing spatial mean soil moisture
for April and May 2011 is particularly seen forσ 2

n̂ (St). The
relation for the anomalies (Fig. 2c) shows the behavior of
soil moisture when the temporal mean state of each site is
removed and only its dynamics are considered. A parabolic
shape with smallest variability for moisture conditions close
to the spatial meanMt n̂, with µn̂(Atn) ≈ 0, is found. Inter-
estingly, the dry period of April and May 2011 is not as out-
standing for the soil moisture anomalies (Fig. 2c) as when
considering the absolute soil moisture (Fig. 2a, b), given that
it shows an increase in variability similar to that seen in July
and August 2010.

For both absolute soil moisture as well as its anomalies, a
temporal dependency in the sequence of the relation is found.
Indeed, for the absolute soil moisture, highest spatial mean
related to lowest spatial variance (e.g. for the DJF season)
and lowest spatial mean related to highest spatial variance
(e.g. for May to August) are found. On the other hand, the
relations of the anomalies reflect the longer dry period from
July 2010 to the beginning of August 2010 and the partic-
ularly dry April and May 2011 (see Fig. 3a for the spatial
meanP andTair during these periods).

3.3 Time series of absolute soil moisture and
its time-invariant and time-varying components

Figure 3a displays the time series of the spatial mean and spa-
tial standard deviation forP andTair, which show a higher
and more fluctuating variability inP and a more spatially
homogeneousTair. The time series of each site as well as the
spatial meanµn̂ of the absolute soil moistureStn and its de-
composed time-invariantMtn and time-variantAtn compo-
nents (Eq. 8) are displayed in Fig. 3b–d. This analysis reveals
that, by removing the time-invariant component, the time se-
ries are more similar and the main difference in absolute soil
moisture values is induced by the time-invariant component.

Figure 4a shows the spatial meanµn̂(Stn) and spatial
standard deviationσ̂n(Stn) of absolute soil moisture. The
term µn̂(Stn) is positively related toP and negatively re-
lated toTair and shows smallest variability during the winter
months. While the time series of spatial mean of the anoma-
liesµn̂(Atn) (Fig. 4b) show a similar behavior toµn̂(Stn), its
standard deviationσ̂n(Atn) (Fig. 4b, shaded area) displays a
higher variability thanσ̂n(Stn). A notable increase inσ̂n(Atn)

is visible during longer lasting periods with no rain over the
whole network, such as in July to August 2010 and April to
May 2011, but also during longer lasting periods with rain at
all sites, such as the end of August 2010.

The temporal evolution of the spatial variance of abso-
lute soil moisture and its components according to Eq. (7)
are shown in Fig. 4c. Their respective percentage is shown
in Fig. 4d and summarized over the DJF, MAM, JJA, and
SON seasons in Fig. 5. The sum bar in Fig. 5 confirms that
the spatial variance of the absolute soil moisture is equal
to the sum of the single terms in Eq. (8). As indicated in
Fig. 4b,σ 2

n̂ (Stn) displays clear lower variability for the win-
ter and spring months compared with the summer and au-
tumn seasons. The time-invariantσ 2

n̂ (Mtn) contributes most
to σ 2

n̂ (Stn) with percentages ranging from about 50 to 160 %,
with largest percentages and exceedance ofσ 2

n̂ (Stn) during
the DJF and MAM seasons, but also during particularly wet
or dry conditions, such as in May 2010 as well as in April
and May 2011. This exceedance is compensated by the time-
variant contributorsσ 2

n̂ (Atn) and cov(Mtn,Atn), and reflects
a negative contribution of cov(Mtn,Atn) of about 50 % dur-
ing these periods. The contribution ofσ 2

n̂ (Atn) is smallest
and ranges between about 2 to 30 % (Fig. 4). It is high-
est for MAM and JJA with an average percentage of 10 %
(Fig. 5). Interestingly,σ 2

n̂ (Atn) shows an increase during par-
ticularly dry periods, such as in July 2010 as well as in
April and in mid-May 2011, which are not seen inσ 2

n̂ (Stn).
Summarized by seasons (Fig. 5), the smallest percentages of
σ 2

n̂ (Mtn) and highest percentages of the summedσ 2
n̂ (Atn)

and cov(Mtn,Atn) are found for the summer season (JJA).
This indicates that the soil moisture dynamics has the largest
impact on the spatial variability in this season.
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Fig. 2. Scatter plots of(a) the spatial mean (µn̂(Stn)) vs spatial variance (σ2
n̂ (Stn)) of daily absolute soil moisture,(b) the coefficient

of variation (σ̂n(Stn)/µn̂(Stn)) vs. the spatial mean (µn̂(Stn)) of daily absolute soil moisture, as well as(c) the spatial mean (µn̂(Atn))
vs. spatial variance (σ2

n̂ (Atn)) of daily anomalies. The different colors indicate daily data of the single months.

Fig. 3.Time series of spatial mean and spatial standard deviation (stem and shaded areas) for(a) precipitationP and 2-m air temperatureTair.
Time series of each site as well as the spatial mean (black bold lines) of(b) absolute soil moistureStn and its decomposed(c) time-invariant
(temporal mean)Mtn and(d) time-varying (anomalies)Atn component.

The relation between the single contributors can be seen in
the scatter plots of Fig. 6. The scatter plot betweenσ 2

n̂ (Atn)

andσ 2
n̂ (Stn) (Fig. 6a) shows a general positive relation be-

tween these two terms. However, forσ 2
n̂ (Stn) < σ 2

n̂ (Mtn)

the data scatter more widely, and moreover, the particu-
larly dry May enhances this scatter, indicating the above-
mentioned dynamics, which is not found in the total soil

moisture variance. A positive, mostly linear, relation be-
tween cov(Mtn,Atn) and σ 2

n̂ (Stn) is identified in Fig. 6b.
The contribution of cov(Mtn,Atn) results in positive but also
negative values, where negative values occur forσ 2

n̂ (Stn) <

σ 2
n̂ (Mtn). The different sign of cov(Mtn,Atn) for σ 2

n̂ (Stn)

above or belowσ 2
n̂ (Mtn) implies a change in the relation be-

tweenσ 2
n̂ (Mtn) andσ 2

n̂ (Atn), which depends on the structure
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Fig. 4.Time series of spatial mean and spatial standard deviation (shaded areas) for(a) absolute soil moistureStn, and(b) anomaliesAtn of
absolute soil moisture. Decomposition of spatial variance of absolute soil moisture into its contributors according to Eq. (8) expressed(c) in
mm2 and(d) as percentage.

of anomalies, as the variability in the mean stays the same
over time.

3.4 Temporal stability of absolute soil moisture and its
dynamics

The rank-ordered temporal mean of the absolute differences
δStn as well as of the relative differences1Stn afterVachaud
et al.(1985) with one standard deviation is shown in Fig. 7a
and b. The temporal mean ofδStn varies between−35 % and
39 %; its standard deviation varies between 3 % and 10 %
(Fig. 7b). Although the present data set is characterized by a
small number of sites over a larger spatial scale, these values
are comparable to values found in the literature using obser-
vations from networks with a smaller spatial extent (see e.g.
Brocca et al., 2009, for a summary of the characteristics of
temporal stability of different studies).

The rank-ordered absolute values of differences for the to-
tal and decomposed soil moisture(|µ̂t(1Stn)|, |µ̂t(δStn)|,
µ̂t(|1Mtn|), andµ̂t(|1Atn|)), with one standard deviation,
are shown in Figs. 7c, d and 8, respectively. As expected,
the ranks of|µ̂t(δStn)| and|µ̂t(1Stn)| have the same order.

In this study, we focus on the ordered ranks of
∣∣µ̂t(1Stn)

∣∣
and we analyze their relation to the time-varying and time-
invariant contributions by comparing the ranks of|µ̂t(1Stn)|

(Fig. 7c) with the ranks of the absolute differences of the de-
composed soil moistureµ̂t(|1Mn|) andµ̂t(|1Atn|) (Fig. 8a,
b). Considering the ranks of the decomposedStn (Fig. 8),
it is seen that the ranks of|µ̂t(1Stn)| (Fig. 7c) are mostly
reflected by the ranks ofµ̂t(|1Mn|) (Fig. 8a). The ranks
of the temporal mean of the anomaliesµ̂t(|1An|) (Fig. 8b)
show a contrasting sequence for the sites. The scatter plots
of Fig. 9 indicate that the rank stability ofStn contains in-
formation about the temporal mean of soil moisture, but is
not related to the dynamics of soil moisture. Hence, this sug-
gests that, within the SwissSMEX network, the evaluation
of the stability of the rank ordering ofµ̂t(δStn) proposed by
Vachaud et al.(1985) is a measure of the rank stability of
long-term mean soil moisture conditions but does not provide
information on the varying spatio-temporal characteristics of
the network.
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Fig. 5.Percentage of the single contributors (σ2
n̂ (Mtn), σ2

n̂ (Atn) and
2∗cov(Mtn,Atn)) to the spatial variance of absolute soil moisture
σ2

n̂ (Stn) averaged over the seasons DJF, MAM, JJA, and SON as
well as their sums.

4 Discussion

In this study, we expand frequently used hydrologi-
cal frameworks for the analysis of the spatio-temporal
variability of soil moisture within a given network to
distinguish between the contribution of the temporal
mean and anomalies of soil moisture. Furthermore, we
focus on how the dynamics of soil moisture is repre-
sented in these frameworks. Previous studies on related
topics (e.g.Kamgar et al., 1993; Famiglietti et al., 1999;
Teuling et al., 2006; Brocca et al., 2007) were mostly based
on non-continuous observations or short-term campaigns
and focused on the investigation of absolute soil moisture
values. By contrast, this study is based on 15-month-long
continuous soil moisture measurements from 14 grass-
land sites of the SwissSMEX network over a larger scale
(150× 210 km). It analyzes the decomposed absolute soil
moisture, including its time-invariant temporal mean and
its time-variant dynamics, expressed as anomalies. At the
regional scale, the time-invariant term is influenced by
factors that do not significantly change over time, such as
topography, soil texture, land cover, and land use, while the
time-variant dynamics are controlled by climate variables
that change at synoptic, seasonal, and interannual time
scales. Another aspect contributing to the time-invariant
component is the climate regime over the considered time
frame, which strictly speaking could be time varying if
the analyzed time series spanned a longer time period,
such as several years or decades. Reversely, some typically

considered “static” components such as land use or soil
texture may change over long time scales. The decompo-
sition of the absolute soil moisture into its time-invariant
and time-varying components enables us to investigate the
spatio-temporal variability of absolute soil moisture with
a focus on the contribution of these separate components.
Using long-term measurements provides furthermore the
possibility to analyze the temporal evolution of the spatial
variability of soil moisture.

In the context of the SwissSMEX network, the environ-
mental factors contributing to the time-invariant (static) and
time-varying (dynamic) components of the analyzed data
set are most likely soil texture and topography for the for-
mer, and meteorological and climate conditions for the lat-
ter (related to the commonly defined Swiss climatic re-
gions; Müller, 1980). The effects of land cover and land use
as further potential factors are not included, because the con-
sidered sites all have the same land cover (grassland). To in-
vestigate the possible role of some of the factors that could
explain the identified patterns, Fig. 10 displays the average
and standard deviation ofStn, Mtn andAtn when the sites
are subdivided by climate region, soil texture, and elevation
classes (see Fig. 1 for the definition of the climatic regions).
The analysis shows that for these considered factors the aver-
aged values for the different classes are generally within the
standard deviation of the single classes, and thus none of the
analyzed factors appear dominant in constraining the spatial
variability of soil moisture. A partial exception are the mean
values ofAtn for the “climatic regions”, which show that the
meanAtn within single climatic regions is not always in the
range of the standard deviation of other climatic regions. This
suggests that the meteorological and climate forcing is not
only important in explaining the common dynamic features
within the network as highlighted earlier, but also in inducing
spatial variations in these dynamics. Although the role of sin-
gle factors is difficult to isolate from this analysis, one should
note that the dynamic and static components may not only be
influenced by the single factors considered here but also by
a combination of these and other local factors (e.g. specifici-
ties of the sites and instrument locations, such as local slope,
local variations in soil properties, the presence of stones, or
the depth to the groundwater table, to mention a few).

First comparisons of the relation between the spa-
tial variance and the spatial mean of the absolute
soil moisture as well as the analysis of the tem-
poral stability indicate an overall behavior that is
consistent with previous reports from the literature
(seeBrocca et al., 2007, 2010, for a summary). Deviations
of the relation between the spatial mean soil moisture and
the spatial variance of soil moisture are mainly found for
average dry moisture contents. The particularly dry 2011
spring displays almost constant absolute soil moisture during
the recession of the spatial mean moisture content, while the
variability of the anomalies indicates an increased variability
during this period.
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Fig. 6. Scatter plots of(a) the spatial variance of absolute soil moisture (σ2
n̂ (Stn)) vs. spatial variance of anomalies (σ2

n̂ (Atn)), (b) spatial
variance of absolute soil moisture vs. spatial covariance of temporal mean and anomalies 2∗cov(Mtn,Atn), and of(c) spatial variance of
anomalies vs. the spatial covariance between the mean and anomalies. The green dotted line represents the variance of spatial temporal mean
(σ2

n̂ (Mtn)).

Fig. 7. Rank stability plots of(a) the temporal mean of relative difference of absolute soil moistureµ̂t(δS(tn)), (b) the temporal mean of
difference of absolute soil moisture (µ̂t(1Stn)), (c) the absolute values of temporal mean of the relative difference of absolute soil moisture
|µ̂t(δS(tn))|, and(d) the absolute values of temporal mean of difference of absolute soil moisture|µ̂t(1S(tn))|. The vertical lines represent
± one standard deviation. The sites have been ranked according to their mean differences.

With respect to the temporal evolution of the spatial vari-
ability of absolute soil moisture and the contribution of its
time-varying and time-invariant parts, the results reveal that
the variance of the time-invariant mean is with 50 to 160 %
the largest contributor to the overall spatial variability. The
variance of temporal anomalies contributes about 5 to 30 %.
The covariance term of the temporal mean and anomalies re-
sults in correlations of both negative and positive signs, in-
cluding periods of almost no correlation. For the DJF season,
the relation is continuously negative with low variability over
the whole period, whereas in the other seasons the correlation
changes between positive and negative values, influenced by

the meteorological conditions, with mainly positive values
for JJA and SON. For periods with particularly wet but also
particularly dry soil moisture conditions, as in the case of
the dry 2011 spring, the correlation results in negative values
and appears to get more negative with longer lasting dura-
tion. This implies that the rank of the sites with respect to
their mean status is not the same for their anomalies. Indeed,
for the studied period the particularly dry 2011 spring shows
the strongest increase of a negative correlation between the
spatial variance of absolute soil moisture and anomalies, re-
sulting in different potential controls of spatial variability
during such periods. Findings of the rank stability analyses
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Fig. 8. Rank stability plots of(a) the absolute value of temporal mean (µ̂t(|1Mtn|)), and(b) the temporal mean of the absolute values of
differences of anomalies (µ̂t(|1Atn|)). The vertical lines represent± one standard deviation. The sites have been ranked according to their
mean differences.
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Fig. 9. Scatter plots of(a) the rank of absolute value of tempo-
ral mean (µ̂t(|1Mtn|)) vs. the rank of absolute values of temporal
mean difference of absolute soil moisture (|µ̂t(1Stn)|) and(b) the
rank of absolute values of temporal mean difference of absolute soil
moisture vs the rank of temporal mean of absolute values of differ-
ences of anomalies (µ̂t(|1Atn|)).

confirm that the ordered ranks of the temporal mean abso-
lute soil moisture are similar to the ranks of its mean state,
while the ranks of the soil moisture dynamics are not con-
sistent with this ranking. Indeed, sites that are identified as
being most representative for the spatial mean do not corre-
spond to the sites that are most representative for the average
soil moisture dynamics within the network.

5 Conclusions

From this study, we conclude that frequently used frame-
works assessing spatio-temporal characteristics of soil mois-
ture networks need not generally apply to temporal soil mois-
ture anomalies. Indeed, for the investigated data set, the anal-
yses of the decomposed soil moisture reveal a small con-
tribution of the dynamics to the overall variability of soil
moisture. Reversely, this indicates a smaller spatial variabil-
ity of the temporal dynamics than possibly inferred from the
spatial variability of the mean soil moisture. Although the
spatial variability of anomalies contributes with a smaller
percentage to the whole spatial variance, its contribution is
nonetheless not negligible compared to the actual values of

Fig. 10. Average and standard deviation over the respective sites
for each climatic region (M̈uller 1980), soil texture and elevation of
(a) absolute soil moistureStn and its decomposed(b) time-invariant
(temporal mean)Mtn and(c) time-varying (anomalies)Atn compo-
nent.

the temporal anomalies. Based on our results, we strongly
encourage further analyses investigating the spatio-temporal
characteristics of temporal soil moisture anomalies, in addi-
tion to assessments of those of absolute soil moisture alone.
This is essential for investigations focusing on soil moisture
dynamics, e.g. on runoff generation, drought development,
and land-atmosphere interactions (e.g.Entekhabi et al., 1996;
Seneviratne et al., 2010), weather and seasonal forecasting
(e.g. Beljaars et al., 1996; Koster et al., 2010; Weisheimer
et al., 2011) or climate change applications. To our knowl-
edge, this is the first study focusing on the spatio-temporal
variability of soil moisture that provides a separate analysis
for its time-varying and time-invariant components. We en-
courage the application of the present framework to further
long-term data sets. This would allow the assessment of the
relative contributions of dynamic and static components to
the spatial variability of soil moisture for different regions.
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Notation.

Stn soil moisture at siten and timet
Mtn temporal mean of soil moisture at siten and

time t
Atn temporal anomaly of soil moisture at siten

and timet
P precipitation
Tair 2-m air temperature
n̂ subscript for spatial statistics
t̂ subscript for temporal statistics
µn̂ spatial mean
µ̂t temporal mean
σ2

n̂ spatial variance
σ2

t̂
temporal variance

cov(Mtn,Atn) spatial covariance between temporal mean
soil moisture of a site and its respective
anomaly

1 absolute difference of spatial mean
δ relative difference of spatial mean
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