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Abstract. Knowledge about the spatio-temporal variability assessed from short-term campaign may be time-invariant if
of soil moisture is essential to understand and predict pro-other regions present a similar behavior. Moreover, we find
cesses in climate science and hydrology. A significant bodythat the rank (or temporal) stability concept, when applied to
of literature exists on the characterization of the spatial vari-absolute soil moisture at the sites, mostly characterizes the
ability and the rank stability (also called temporal stability) time-invariant patterns. Indeed, sites that best represent the
of absolute soil moisture. Yet previous studies were genermean soil moisture dynamics of the network are not the same
ally based on short-term measurement campaigns and did nais those that best reflect mean soil moisture at any point in
distinguish the respective contributions of time-varying andtime. Overall, this study shows that conclusions derived from
time-invariant components to these quantities. In this studythe analysis of the spatio-temporal variability of absolute soil
we investigate this issue using measurements from 14 grassnoisture need not generally apply to temporal soil moisture
land sites of the SwissSMEX soil moisture network (spatialanomalies, and hence to soil moisture dynamics.

extent of approx. 15& 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 . | sci th hits i t on th d wat
the spatial variance of the temporal soil moisture anomalie ogical science througn 1ts iImpact on the energy and water
alance (se&eneviratne et g1201Q for a review). Knowl-

at all sites and the covariance between the site anomalies . . . . -
the spatial mean at a given time step and those for the temnge about soil moisture and its spatio-temporal variability,

poral mean values. The analysis demonstrates that the timé"-’hICh is impacted by the heterogeneity of different charac-

invariant term contributes 50-160% (on average 94 %) often:stlcs, such as soil texture, vegetation, topography and me-

the spatial soil moisture variance at any point in time, Wh“eteorologlcal conditions, is essential to improve climate and

the covariance term generally contributes negatively to thehydrologlcal modeling, to derive remote sensing-based soil

spatial variance. On the other hand, the spatial variance O?noisture estimate_s, :_;md to optimize soil moisture monitoring
the temporal anomalies, which is overall most relevant fornetworks (e.gvinnikov et al, 1996 Westem et a].2002

climate and hydrological applications because it is relateor]aCObs2004 Koster et al. 2004 Seneviratne et 312006

to soil moisture dynamics, is relatively limited and consti- Robinson et ].2008 Brocca et al.2010.

tutes at most 2—30 % (on average 9 %) of the total variancet. Frequiantly UET? frafmewarks t(.) t mvestlggte sp:?mo-
Nonetheless, this term is not negligible compared to the tem-SMPOral - variabiiity ot - ot - moisture -patterns in-
{ude geostatistical methods Fgmiglietti et al, 2008

poral anomalies of the spatial mean. These results sugge%v

that a large fraction of the spatial variability of soil moisture estern etaJ.2004_ Entm_etal, 2009, the re_latlonshlp .
between the spatial variance and the spatial mean soil

Introduction

oil moisture is an essential variable in climate and hydro-
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moisture (e.gFamiglietti et al, 1999 Brocca et al.2010), 2 Methods

and rank stability analyses (eMachaud et a).1985

Martinez-Ferandez and Ceballp2003 Tallon and Si 2.1 Framework to distinguish between time-varying
2004 Zhou et al,2007). These approaches are used to and time-invariant contributors to spatial
analyze and compare the spatial variability of soil mois- variability

ture at multiple depths, across spatial scales and under

different moisture conditions and are based on groundSpatio-temporal variability of soil moisture is characterized
observations and stochastic analysis of the unsaturatefY the spatial and temporal statistics of soil moisture. The
water flow (e.gFamiglietti etal, 1999 Teuling et al spatial variability of soil moisture has been investigated in

2008 Vereecken et al2007). Investigations of the potential & Number of previous studies using the relation between the
controls on soil moisture variability are for instance provided SPatial variance and the spatial mean of absolute soil mois-
in Western et al(1999, Albertson and Montald(2003, ture (e.gFamiglietti et al, 1999 2008 Brocca et al.ZOO?).
Cosh(2004, and Teuling and Troct{2009, and generally Here we propose a new approach, whereby we consider the
focus on parameters or variables such as soil texturef€spective contributions of time-varying and time-invariant
vegetation cover, topography, as well as land surface ﬂuxesf_actors. to_thg overall spatial variability of soil moisture at
The role of meteorological and climate forcing for spatial @ Pointintime.

soil moisture variability has only been considered in few FOr more clarity, we will denote hereafter the mean
studies Vinnikov et al, 1996 Robock et al. 1998 Entin variances ¢, and standard deviatienwith the subscripi for

et al, 2000. For its part, the concept of temporal stability € spatial statistics, and with the subscﬁmr the tempo-
proposed byVachaud et al(1989 aims at identifying the ral _statlst|cs. Less;, be the _son mqsture ofsiteC [1,...N] _
most representative soil moisture site within a given networkat imes C (1,..T] (Sm_ belng deflrzled as scalar). Its spatial
and has been suggested to be relevant for improving monM&anka(S,) and spatial variances (S;») at any time step
itoring strategies or for the upscaling of soil moisture (e.g. &€ defined as:
Kamgar et al.1993 Guber et al.2008 Brocca et al.2009. 1N

Most of the mentioned studies are based on data set#n(Sim) = NZ(S’”)’ (1)
that were collected during short-term field campaigns. These n=1
studies often include observations for wet and dry conditions

but no continuous long-term time series. However, already ) 1 X )

Bell et al. (1980 emphasized the need for long-term mea- o3 (Sm) = D (Sin = ua(Sim))%. 2
surements to study the spatial variability over a large range n=1

of spatial mean moisture contents. Similarly, the temporal mean of soil moisture at any sits

Long-term time series are furthermore essentialdefined as:
to investigate soil moisture dynamics, i.e. varia- T
tions of soil moisture in time. Previous analyses 15(Sim) = 1 Z(S’”)' (3)
(Seneviratng2003 Seneviratne et gl2004) indicated that i
temporal soil moisture variations may be more stable in spac?\l . .
than absolute soil moisture. Reasons can be found in the dif- ote that of ease for notation we will use the symbg), to
ferent spatial scale of soil moisture variations characterized efer to the temporal mezm(St_,,).
either by local (e.g. soil texture, land cover, topography) or Olr-|neraereweAEa;tin:n(tjhez(cslas)stljca(ljérce:)n;]ev;(;:rlig;ha;tngoe;:ralIy
regional scale pattern (e.g. weather and climate anomaliesﬁ P ls*” n gﬁ. ) DY : P i n his al
(Vinnikov et al, 1996 Robock et al.1999. However,  to emporal mea/;, and its temporal anomalies,,. This al-

our knowledge no extensive analyses have been provided Oquws.us tp d|SF|th|sh between spaﬂo-temporgl aspects that
this topic so far. are time-invariant _and those related to soil moisture dynam-
In the present study, we use continuous 15-month long soil®s: Formally, this is expressed as follows:
mo!sture measurements from 14_sites of the SwigsSMEX soik,, — M,, + A,,. (4)
moisture network (Sect. 3.1), which cover a spatial extent of _ _ o
150x 210 km. The time series are decomposed in their tem-The corresponding equation for the mean of all sites is
poral mean and anomalies. We apply the concepts of spatial S )= un(M N VIR N
- o . = + una(Am) = Ma+ A 5
variability and temporal stability to the decomposed time se-Fn(5m) = ua(Mum) + pa(Am) = Ma+ Am ©)
ries, to assess the extent to which they respectively contribut&Jsing Egs. (4) and (5), it is possible to decomp@ﬁesm)
to the overall spatial soil moisture variability. In addition, we in time-varying and time-invariant components by resolving
also investigate whether commonly applied concepts such aggs. (4) and (5) into Eqs1) and @):
that of temporal stability are relevant from the point of view
of soil moisture dynamics. 2 _
oq (Stn) -

1 N
5 2 Mo+ Au) = (Mia+ Am2. (6)
n=1
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Eq. (6) can then be reexpressed as follows: The 148 S:,) and uz(AS;,) of the sites are ranked from the
LN smallest to the largest difference. Sites closegtics;,) (i.e.
Uﬁz(sm) _ Z[(M’" — M)? u(8Ss,) = 0) are considered to be the most representative of
N = the overall network.
12(Myy — M) (A — A) Using Eq. @), the temporal_stablllty_ analyses (Eqs. 10-
A A2 ) 13) can be extended by including the different contributors to
+(Am = Am)", absolute soil moisture. Ad,, can have negative values, the
resulting in the following equation: absolute values of the difference far, andM;, are used:
gﬁz(Sm) = aﬁz(Mm) + 2coM My, Arn) + aﬁz(A,,,), (8) [AAy| =1Am — ua(Am)l, (14)
[AM;y| = My, — (M) . (15)

whereaﬁZ(M,,,) is the spatial variance of temporal mean soil

moisture,aﬁz(Am) is the spatial variance of anomalies, and

cov(M,,, Ay 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:

The temporal mean and standard deviation of the anomalies
ui(AA:n) andoy(AAy,) 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 meanA M,, can also provide a ranking. To relate the new

oﬁz(Sm) = aﬁZ(M,,,) ranking to the ranking of the overall soil moisture, the frame-
F20(Myy, An)o (Mi)o (Agn) + aﬁz(A,,,), 9) work byVachaud et al(1985 is adapted her.e by considering
the absolute termi$ S;,| and|AS;, |, respectively.
wherep(M;,, A,,) refers to the correlation betwea#,, and In this study, we are interested in the ranking of the single
Amn. sites and not in the differences themselves. The comparison

Equation (8) allows us to analyze the spatio-temporal vari-of the rank of the absolute soil moistusg, with the ranks
ability of soil moisture considering its temporal meaf, of its decomposed part¥;, and A,,, allows us to make a
state and its dynamics;,,. Furthermore, the temporal evolu- statement on how the framework of rank stabilita¢haud
tion of the spatial variance and the contribution of its single et al, 1985 incorporates the soil moisture dynamics.
components can be investigated. Note tbfétMm) is time-

invariant, whilea:2(A,,) and co{M,,,, A,,) vary over time. L .
 (Am) \Min, Arm) vary 3 Application to the SwissSMEX network

2.2 Relating the rank stability concept to time-varying

and time-invariant soil moisture components 3.1 Studied network and data

The concept of temporal stability proposed\achaud et al. The Swiss S.Oil Moisture Experiment (SWiSSSMEX) network
(1985 is used in several previous studies to identify sites (htltp./ /www.;acbethzicsré/(uzr%esearcg SW'SS.S ’DEfiéls asEal-g
where soil moisture is considered to be most representative otf_a extent ora Ol_Jt m an conS|_sts otovera

the spatial mean soil moisture within a network (&gmgar sites, covering different land use and climatic regimes of
etal, 1993 Teuling et al, 2006 Brocca et al.2010). Follow- Switzerland. For further information about the setup and in-
ing Vachaud et al(1985, the differenceA S, between the strumentation of the network, sédittelbach et al(2011).

. . ; : : In the present study, 14 grassland sites with no slope
soil moistures;,, and the spatial mean soil moistyig(S, . i’
" P (Stn) and an elevation ranging from about 200 ma.s.l. to about

is defined as: 1000 ma.s.l. are included. Their location, respective climatic
ASin = Sin — 1a(Sim). (10)  region Mdller, 1980, and average soil texture over 50cm
are shown in Fig. 1. At each site, measurements of volumet-
Its relative difference is ric water content (VWC) at 5, 10, 30, and 50 cm depth as well
ASn as precipitation ) and 2-m air temperaturd;;) are avail-
88m = )’ (11)  able. The VWCs at the different depths were integrated over

' ~ 50cm using the trapezoidal method (e-yipet et al. 2004
and its temporal meany(6S:,) and temporal standard devi- including an additional value of VWC at the surface, which

ationoy(8S;,) are estimated as: is set equal to the measurement in 5 cm depth. The analysis is

LT based on daily averaged data for the time period 1 May 2010

_ to 31 July 2011, including the particularly dry months April
38m) == 3Sim), 12
1a(8Sim) = — ;< ) (12 nd May 2011,
3.2 Relation between spatial variance and spatial mean
T
01 (88,,) = 1 Z((SSI" — 1558 Sm))?. (13) Brocca et al(2007) investigate the relation betweeg(S;,)
T ) and un(S;,), as well as the relation between the coefficient

www.hydrol-earth-syst-sci.net/16/2169/2012/ Hydrol. Earth Syst. Sci., 16, 216879 2012


http://www.iac.ethz.ch/url/research/SwissSMEX

2172 H. Mittelbach and S. I. Seneviratne: Spatio-temporal variability of soil moisture

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 foP and Tyj,, which show a higher
and more fluctuating variability irP and a more spatially
homogeneougs;.. The time series of each site as well as the
spatial meanuy of the absolute soil moistur®, and its de-
composed time-invarian¥,,, and time-variantd,, compo-
nents (Eq. 8) are displayed in Fig. 3b—d. This analysis reveals
solltexture - climatic region 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 meam(S;,) and spatial
Fig. 1. Map of Switzerland showing the location, climatic re- standard de\{latlom.ﬁgst”) of absolute soll mOISt_ure' The
gion, and soil texture (according to USDA taxonomy and aver- term a(Sin) is positively related tQP .&?nd neganvely .re-
aged over 50 cm depth) of the 14 investigated grassland sites of th@tecj t0Tair qnd ShO\_NS sma!lest Va“ab_'“ty during the winter
SwissSMEX network. The indicated climate regions are based ofMonths. While the time series of spatial mean of the anoma-

the classification of Nlller (1980). lies un(Ay,) (Fig. 4b) show a similar behavior {or(S;,,), its
standard deviationn(A;,) (Fig. 4b, shaded area) displays a

higher variability tharwa(S;,,). A notable increase iga(A;,)

of variation(CV = ona(Si)/ua(Sm)) andun(S:,), based on s visible during longer lasting periods with no rain over the
measurements from several networks. Based on these datahole network, such as in July to August 2010 and April to
they identified an increasing spatial variability with decreas-May 2011, but also during longer lasting periods with rain at
ing mean soil moisture for humid climates. The correspond-all sites, such as the end of August 2010.
ing relation for the measurements used in the current study The temporal evolution of the spatial variance of abso-
with their temporal occurrence is shown in Fig. 2a and b.lute soil moisture and its components according to Eq. (7)
Similarly to Brocca et al.(2007), an increasing variability —are shown in Fig. 4c. Their respective percentage is shown
with decreasing spatial mean is found. However, the valuesn Fig. 4d and summarized over the DJF, MAM, JJA, and
of spatial variability scatter more widely when the spatial SON seasons in Fig. 5. The sum bar in Fig. 5 confirms that
mean soil moisture decreases (Fig. 2a). The nearly steadghe spatial variance of the absolute soil moisture is equal
spatial variability with decreasing spatial mean soil moistureto the sum of the single terms in Eq. (8). As indicated in
for April and May 2011 is particularly seen foﬁ(St). The  Fig. 4b,oﬁ2(S,,,) displays clear lower variability for the win-
relation for the anomalies (Fig. 2c) shows the behavior ofter and spring months compared with the summer and au-
soil moisture when the temporal mean state of each site isumn seasons. The time-invariar#(Mm) contributes most
removed and only its dynamics are considered. A parabolio 6:2(5;,) with percentages ranging from about 50 to 160 %,
shape with smallest variability for moisture conditions close with |argest percentages and exceedanceZes,,) during
to the spatial meat/ s, with jn(A,) ~ 0, is found. Inter-  the DJF and MAM seasons, but also during particularly wet
estingly, the dry period of April and May 2011 is not as out- or dry conditions, such as in May 2010 as well as in April
standing for the soil moisture anomalies (Fig. 2c) as whenand May 2011. This exceedance is compensated by the time-
considering the absolute soil moisture (Fig. 2a, b), given thaariant contributors:2(A,,,) and Co(M;,. A,,), and reflects
it shows an increase in variability similar to that seen in July 3 negative contribution of c@¥4,,, A,,) of about 50 % dur-
and August 2010. ing these periods. The contribution 6f(A,,) is smallest

For both absolute soil moisture as well as its anomalies, ynd ranges between about 2 to 30% (Fig. 4). It is high-
temporal dependency in the sequence of the relation is founchst for MAM and JJA with an average percentage of 10 %
Indeed, for the absolute soil moisture, highest spatial meanrig. 5). Interestinglyg2(A,,) shows an increase during par-
related to lowest spatial variance (e.g. for the DJF seasonjcylarly dry periods, such as in July 2010 as well as in
and lowest spatial mean related to highest spatial varianc@pri| and in mid-May 2011, which are not seendg(S;,).
(e.g. for May to August) are found. On the other hand, thesummarized by seasons (Fig. 5), the smallest percentages of
relations of the anomalies reflect the longer dry period fromUﬁZ(Mm) and highest percentages of the summﬁxﬂAm)
July 2010 to the beginning of August 2010 and the partic-and coy,,, A,,) are found for the summer season (JJA).
ularly dry April and May 2011 (see Fig. 3a for the spatial Thjs indicates that the soil moisture dynamics has the largest
meanP andTxi during these periods). impact on the spatial variability in this season.

Ioan} |

sandy loam

silty clay 9
O

5
S0km = @10
12
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Fig. 2. Scatter plots ofa) the spatial meanu(S:,)) vs spatial variancea(%(stn)) of daily absolute soil moisturgp) the coefficient
of variation Ep(Si)/unp(Sim)) Vs. the spatial meanug(Sy,)) of daily absolute soil moisture, as well &s) the spatial meanun(Ary))
vs. spatial variance:{%(Am)) of daily anomalies. The different colors indicate daily data of the single months.
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Fig. 3. Time series of spatial mean and spatial standard deviation (stem and shaded afaag)doipitationP and 2-m air temperaturg;;.
Time series of each site as well as the spatial mean (black bold linés) absolute soil moisturs;,, and its decomposeg) time-invariant
(temporal mean);,, and(d) time-varying (anomalies};,, component.

The relation between the single contributors can be seen imoisture variance. A positive, mostly linear, relation be-
the scatter plots of Fig. 6. The scatter plot betweé(v\m) tween covM;,, A;,) and aﬁz(Sm) is identified in Fig. 6b.
ando2(S,) (Fig. 6a) shows a general positive relation be- The contribution of couM;,, A,) results in positive but also
tween these two terms. However, f@ﬁ( Sin) < gﬁZ(Mm) negative values, where negative values occuro#nSm) <
the data scatter more widely, and moreover, the particuo2(M;,). The different sign of co,,, A.,) for o2(S;,)
larly dry May enhances this scatter, indicating the above-above or belovw%(M,,,) implies a change in the relation be-
mentioned dynamics, which is not found in the total soil tweenc2(M,,) anda2(A,,), which depends on the structure
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01/06/10 01/07/10 01/08/10 01/09/10 01/10/10 01/11/10 01/12/10 01/01/11 01/02/11 01/03/11 01/04/11 01/05/11 01/06/11 01/07/11
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Fig. 4. Time series of spatial mean and spatial standard deviation (shaded arda}pfisolute soil moisturs;,, and(b) anomaliesd;, of
absolute soil moisture. Decomposition of spatial variance of absolute soil moisture into its contributors according to Eq. (8) égpiressed

mm? and(d) as percentage.

of anomalies, as the variability in the mean stays the samén this study, we focus on the ordered ranks\pf(ASm)!
over time. and we analyze their relation to the time-varying and time-
invariant contributions by comparing the rankg @f(A S;,,)|
3.4 Temporal stability of absolute soil moisture and its ~ (Fig. 7¢) with the ranks of the absolute differences of the de-
dynamics composed soil moistures(|AMp|) anduz(| A A |) (Fig. 8a,
b). Considering the ranks of the decomposszd (Fig. 8),
The rank-ordered temporal mean of the absolute differencel IS seen that the ranks 0fi(AS;,)| (Fig. 7c) are mostly
85., as well as of the relative differencess,, afterVachaud ~ reflected by the ranks ofz(|AMn|) (Fig. 8a). The ranks
et al. (1985 with one standard deviation is shown in Fig. 7a ©f the temporal mean of the anomalieg| A An|) (Fig. 8b)
and b. The temporal mean &, varies betweer-35 % and show a contrasting sequence for the sites. The scatter plots
39%; its standard deviation varies between 3% and 109@f Fig. 9 indicate that the rank stability &, contains in-
(Fig. 7b). Although the present data set is characterized by &rmation about the temporal mean of soil moisture, but is
small number of sites over a larger spatial scale, these valug&Ot related to the dynamics of soil moisture. Hence, this sug-
are comparable to values found in the literature using obserd®Sts that, within the SwissSMEX network, the evaluation
vations from networks with a smaller spatial extent (see e.g©f the stability of the rank ordering gf(35;,) proposed by
Brocca et al.2009 for a summary of the characteristics of vachaud et al(1983 is a measure of the rank stability of
temporal stability of different studies). !ong-terr_n mean soil mo_lsture cqndltlons but does not_pr_owde
The rank-ordered absolute values of differences for the toinformation on the varying spatio-temporal characteristics of
tal and decomposed soil moistutRe(AS,)|, 15@dSm)|, e network.
wi(|AMy, ), and up(JA A4, |)), with one standard deviation,
are shown in Figs. 7c, d and 8, respectively. As expected,
the ranks ofl (8 S:,)| and|uz(AS;,)| have the same order.
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considered “static” components such as land use or soil

1200~ ' texture may change over long time scales. The decompo-
] sition of the absolute soil moisture into its time-invariant

100 and time-varying components enables us to investigate the
30 A - spatio-temporal variability of absolute soil moisture with

a focus on the contribution of these separate components.

= 60} . o o | Using long-term measurements provides furthermore the
= possibility to analyze the temporal evolution of the spatial

™65 40 , - S 4 variability of soil moisture.

In the context of the SwissSMEX network, the environ-
20 1 mental factors contributing to the time-invariant (static) and
! ol time-varying (dynamic) components of the analyzed data
0 ' set are most likely soil texture and topography for the for-

) JI mer, and meteorological and climate conditions for the lat-
—20 1 ter (related to the commonly defined Swiss climatic re-
DJF MAM 1A SON gions; Miller, 1980). The effects of land cover and land use

2 , as further potential factors are not included, because the con-

|:| (M) - oA ) - 2*coviM A, ) sidered sites all have the same land cover (grassland). To in-

. vestigate the possible role of some of the factors that could

-‘jn (s,) [sum explain the identified patterns, Fig. 10 displays the average

) ) ) 2 and standard deviation o,,, M;, and A, when the sites
;'9- 5-';;”@:‘39? Of”t]he s'”?_'el CO”_"'bUtO"f("t;’m?’;’ﬁ(A{(l) ar_1dt are subdivided by climate region, soil texture, and elevation
o;f(gxf) é’\l/ ,e ; é’é)e) d %Ve? ;]%aéga\;zzzngis I\mﬂoy %?Afzn?cgng Sc.I:_Irzilsses (sge Fig. 1 for the definition of_the climatic regions).
well as their sums. e 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
4 Discussion analyzed factors appear dominant in constraining the spatial
variability of soil moisture. A partial exception are the mean
In this study, we expand frequently used hydrologi- values ofA,, for the “climatic regions”, which show that the
cal frameworks for the analysis of the spatio-temporalmeanA;, within single climatic regions is not always in the
variability of soil moisture within a given network to range of the standard deviation of other climatic regions. This
distinguish between the contribution of the temporal suggests that the meteorological and climate forcing is not
mean and anomalies of soil moisture. Furthermore, weonly important in explaining the common dynamic features
focus on how the dynamics of soil moisture is repre- within the network as highlighted earlier, but also in inducing
sented in these frameworks. Previous studies on relatedpatial variations in these dynamics. Although the role of sin-
topics (e.gKamgar et al.1993 Famiglietti et al, 1999 gle factors is difficult to isolate from this analysis, one should
Teuling et al, 2006 Brocca et al.2007) were mostly based note that the dynamic and static components may not only be
on non-continuous observations or short-term campaignsnfluenced by the single factors considered here but also by
and focused on the investigation of absolute soil moisturea combination of these and other local factors (e.g. specifici-
values. By contrast, this study is based on 15-month-longies of the sites and instrument locations, such as local slope,
continuous soil moisture measurements from 14 grassfocal variations in soil properties, the presence of stones, or
land sites of the SwissSMEX network over a larger scalethe depth to the groundwater table, to mention a few).
(150x 210km). It analyzes the decomposed absolute soil First comparisons of the relation between the spa-
moisture, including its time-invariant temporal mean andtial variance and the spatial mean of the absolute
its time-variant dynamics, expressed as anomalies. At thesoil moisture as well as the analysis of the tem-
regional scale, the time-invariant term is influenced byporal stability indicate an overall behavior that is
factors that do not significantly change over time, such asconsistent with previous reports from the literature
topography, soil texture, land cover, and land use, while theseeBrocca et al.2007, 2010 for a summary). Deviations
time-variant dynamics are controlled by climate variablesof the relation between the spatial mean soil moisture and
that change at synoptic, seasonal, and interannual timéhe spatial variance of soil moisture are mainly found for
scales. Another aspect contributing to the time-invariantaverage dry moisture contents. The particularly dry 2011
component is the climate regime over the considered timespring displays almost constant absolute soil moisture during
frame, which strictly speaking could be time varying if the recession of the spatial mean moisture content, while the
the analyzed time series spanned a longer time periodvariability of the anomalies indicates an increased variability
such as several years or decades. Reversely, some typicalturing this period.
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Fig. 6. Scatter plots ofa) the spatial variance of absolute soil moistwﬁ((Sm)) vs. spatial variance of anomalies%((Am)), (b) spatial
variance of absolute soil moisture vs. spatial covariance of temporal mean and anomah&d42,, A;,), 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 me
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Fig. 7. Rank stability plots ofa) the temporal mean of relative difference of absolute soil moist(&S(;,)), (b) the temporal mean of
difference of absolute soil moisturg{(AS;,)), (€) the absolute values of temporal mean of the relative difference of absolute soil moisture
|13(8S(:n))1, and(d) the absolute values of temporal mean of difference of absolute soil mojsiireS(;,))|. 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- the meteorological conditions, with mainly positive values
ability of absolute soil moisture and the contribution of its for JJA and SON. For periods with particularly wet but also
time-varying and time-invariant parts, the results reveal thatparticularly dry soil moisture conditions, as in the case of
the variance of the time-invariant mean is with 50 to 160 %the dry 2011 spring, the correlation results in negative values
the largest contributor to the overall spatial variability. The and appears to get more negative with longer lasting dura-
variance of temporal anomalies contributes about 5 to 30 %tion. This implies that the rank of the sites with respect to
The covariance term of the temporal mean and anomalies reheir mean status is not the same for their anomalies. Indeed,
sults in correlations of both negative and positive signs, in-for the studied period the particularly dry 2011 spring shows
cluding periods of almost no correlation. For the DJF seasonthe strongest increase of a negative correlation between the
the relation is continuously negative with low variability over spatial variance of absolute soil moisture and anomalies, re-
the whole period, whereas in the other seasons the correlatiosulting in different potential controls of spatial variability
changes between positive and negative values, influenced bguring such periods. Findings of the rank stability analyses
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confirm that the ordered ranks of the temporal mean absoor each climatic region (Miler 1980), soil texture and elevation of

lute soil moisture are similar to the ranks of its mean state,(a) absolute soil moisturs;,, and its decompose) time-invariant
while the ranks of the soil moisture dynamics are not con-(temporal mean)/;, and(c) time-varying (anomalies};,, compo-
sistent with this ranking. Indeed, sites that are identified asent.

being most representative for the spatial mean do not corre-

spond to the sites that are most representative for the avera

e i
soil moisture dynamics within the network. E%he 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
From this study, we conclude that frequently used frame-dynamics, e.g. on runoff generation, drought development,
works assessing spatio-temporal characteristics of soil mois@nd land-atmosphere interactions (&gtekhabi eta) 1996
ture networks need not generally apply to temporal soil mois-S€neviratne et al2010, weather and seasonal forecasting
ture anomalies. Indeed, for the investigated data set, the anaf€-9- Beljaars et al.1996 Koster et al. 201Q Weisheimer
yses of the decomposed soil moisture reveal a small conet &l, 2011 or climate change applications. To our knowl-
tribution of the dynamics to the overall variability of soil ©dge, this is the first study focusing on the spatio-temporal
moisture. Reversely, this indicates a smaller spatial variabil-variability of soil moisture that provides a separate analysis
ity of the temporal dynamics than possibly inferred from the fOr its time-varying and time-invariant components. \We en-
spatial variability of the mean soil moisture. Although the courage the application of the present framework to further
spatial variability of anomalies contributes with a smaller long-term data sets. This would allow the assessment of the
percentage to the whole spatial variance, its contribution ig€lative contributions of dynamic and static components to
nonetheless not negligible compared to the actual values dihe spatial variability of soil moisture for different regions.

5 Conclusions
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Notation.

Stn soil moisture at site and timet

M, temporal mean of soil moisture at sitand
timet

A temporal anomaly of soil moisture at site
and timet

P precipitation

Tair 2-m air temperature

n subscript for spatial statistics

T subscript for temporal statistics

UA spatial mean

i temporal mean

o2 spatial variance

a? temporal variance

cov(M,, Ayy)  Spatial covariance between temporal mean
soil moisture of a site and its respective
anomaly

absolute difference of spatial mean

relative difference of spatial mean

(=2}
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