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Recently, the characterization of soil moisture spatiotemporal variability is recommended to consider
temporal soil moisture anomalies because of their distinctive behaviors with absolute soil moisture
and their importance in hydrological applications. Here we characterized soil moisture spatiotemporal
variability in the Yuanzegou catchment (0.58 km?) on the Loess Plateau of China, considering both abso-
lute soil moisture and temporal anomalies. The dataset contained soil moisture observations in the 0-
80 cm between 2009 and 2011 at 78 sampling locations. The spatial variance of time-invariant temporal
means was shown to be the primary contributor (61.7-76.2%) to the total variance but the magnitude of
this contribution was much lower than observed in large-scale studies. The seasonal variation in contri-
bution can be attributed into differences in soil wetness conditions; lower contribution was found at
intermediate wetness for spatial variances of temporal mean and temporal anomalies. Furthermore,
the upward-convex relationship between spatial variance and spatial means of absolute soil moisture
was mainly characterized by the covariance of temporal mean and temporal anomalies. Time stability
of absolute soil moisture and its components were analyzed by using both the “accuracy” metric mean
relative difference (MRD) and the “precision” metric variance of relative difference (VRD). As MRD was
considered, time stability of absolute soil moisture primarily characterized time-invariant patterns.
However, as VRD was used, the time stability of absolute soil moisture characterized only a small part
of time-invariant or -variant pattern.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

and Quiring, 2010; Niu et al., 2015), and the latter is usually of
greater interest because most of the informative content of soil

Root zone soil moisture is a key variable in land-surface hydrol-
ogy, ecology, and agriculture in arid and semiarid regions
(Rodriguez-Iturbe et al., 1999). Consequently, the characterization
of its spatial-temporal variability is vital for improving predictions
of hydrological and ecological processes (Vereecken et al., 2014)
and agricultural productivity (Champagne et al., 2012). At small
scales (e.g., hillslope or small watershed scale), soil moisture vari-
ability is important for hydrologic connectivity, runoff generation,
and precision management (Tetzlaff et al., 2014). In hydrological
and meteorological applications, absolute soil moisture is often
decomposed into the time-invariant temporal mean and the
time-varying temporal anomalies (Arora and Boer, 2006; Meng
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moisture data relates to the dynamics of soil moisture rather than
its absolute content (Brocca et al., 2014). In agriculture, soil mois-
ture anomalies from normal conditions are also more useful than
absolute moisture data for identifying droughts that may affect
agricultural productivity (Champagne et al., 2012).

The spatial variability of soil moisture is usually described as a
function of spatial means (Vereecken et al., 2007). When absolute
soil moisture is considered, the upward-convex (Brocca et al,,
2010, 2012; Famiglietti et al., 2008; Gao et al., 2011, 2013a; Sur
et al., 2013) or monotonic increasing/decreasing (Brocca et al,,
2007; Famiglietti et al., 1999; Martinez-Fernandez and Ceballos,
2003) relationship between spatial variance (standard deviation)
and spatial means has been observed dependent on the duration
of spatial period (Brocca et al., 2010) or the climate zone under
consideration (Lawrence and Hornberger, 2007; Hu et al,, 2011;
Rétzer et al., 2015). Recently, Mittelbach and Seneviratne (2012)
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suggested that spatial variance of absolute soil moisture could be
decomposed into spatial variance of temporal mean, that of tempo-
ral anomalies, and a covariance of temporal mean and temporal
anomalies. The relationship between spatial variability and spatial
means for temporal anomalies differs appreciably from that for
absolute soil moisture. After analyzing data from a soil moisture
network across Switzerland, Mittelbach and Seneviratne (2012)
found relatively low spatial variance for temporal anomalies but
relatively high spatial variance for absolute soil moisture at inter-
mediate spatial means. Brocca et al. (2014) reported similar find-
ings based on six worldwide soil moisture datasets. To our
knowledge, however, only these two studies by far characterized
the relationship by considering both absolute soil moisture and
temporal anomalies.

Quantifying the contribution of different components to the
total variance (spatial variance of absolute soil moisture) is impor-
tant to understand its structure. The findings based on in situ soil
moisture measurements showed that total variance was domi-
nated by the time-invariant part, and that the covariance generally
contributed negatively (Brocca et al., 2014; Mittelbach and
Seneviratne, 2012). Rétzer et al. (2015) studied the contributions
of time-invariant (spatial variance of temporal mean) and time-
varying (the sum of the covariance and spatial variance of temporal
anomalies) components to the total variance globally by using var-
ious remote sensing soil moisture datasets. They found that the
results obtained using different sources of soil moisture data and
for different regions differed significantly. However, all of the exist-
ing studies primarily focus on large scales (from 250 to
150,000 km?). Since soil moisture variability depends strongly on
spatial scales (Biswas and Si, 2011; Zhu and Lin, 2011), there is a
need to investigate the contribution of different components to
total variance at small scales. Furthermore, the above studies
showed strong seasonality of the contribution for different vari-
ance components. However, the characterization of seasonality
varies greatly among different study sites. For instance, Brocca
et al. (2014) found that negative contribution in covariance was
mainly in the period of March, April and May for the Swiss site,
but was primarily in the period of June, July and August for the
Illinois site. Since soil moisture spatial variability is highly depen-
dent on soil wetness conditions, it is interesting to test whether the
contribution for variance components can be described as a func-
tion of soil wetness conditions.

Generally, intensive samplings in space and time are required to
understand soil moisture spatiotemporal variability at field and
catchment scales. Alternatively, the concept of time stability anal-
ysis, introduced by Vachaud et al. (1985), is an effective avenue to
reduce spatial sampling counts without losing critical information
of spatial means. In applications, the key of time stability analysis
is to identify the representative location of spatial means and/or
the location having the most temporally stable rank (Grayson
and Western, 1998; Zhou et al., 2007; Brocca et al., 2009; Hu
et al,, 2010; Gao et al., 2013b). In particular, by considering soil
moisture dynamics, Mittelbach and Seneviratne (2012) found that
time stability (the rank of mean relative difference) of absolute soil
moisture mostly reflected time-invariant patterns and showed
weak relations with that of temporal anomalies. Generally, the
mean and variance (or standard deviation) of relative difference
are two most popular metrics for soil moisture time stability anal-
ysis. Temporal mean relative difference (MRD) represents the rela-
tive bias at a location (between the spatial mean at a time and the
measurement at the location) averaged over time and thus is the
“accuracy” term. Temporal variance of relative difference (VRD)
reflects temporal persistence of the “accuracy” and therefore is
the “precision” term. However, it is unclear whether time stability
of absolute soil moisture also primarily characterizes time-
invariant patterns if the “precision” metric is considered.

On these basis, the main objectives of this study are: (1) to
investigate how spatiotemporal variability of absolute soil mois-
ture differs from its components at small catchment scale, and
the difference with large-scale studies; (2) to characterize how soil
wetness conditions affect the contribution of different components
to the total variance; and (3) to probe whether time stability of
absolute soil moisture also primarily characterize the time-
invariant patterns if the “precision” term is considered. Here a
dataset including 3-yr soil moisture measurements gathered at
78 sampling locations was used for analyses, with measurements
being conducted at four depths (20, 40, 60, and 80 cm) at each
location.

2. Materials and methods
2.1. Site description

The Yuanzegou catchment (37°14'N, 110°20'E, Fig. 1), located in
the northern part of Loess Plateau of China, is selected as the study
site. This catchment has an area of 0.58 km? wherein 53.4% of the
total area is covered by gullies. Based on meteorological data from
1956 to 2006 provided by Weather Bureau of Shaanxi province,
this region has a semiarid continental climate: annual average pre-
cipitation of 505 mm, 70% of which falls in July, August, and
September; a mean annual temperature of 8.6 °C, with mean
monthly temperatures ranging from —6.5 °C in January to 22.8 °C
in July. As indicated in Fig. 1, the elevation of the catchment rises
from 865 to 1105 m. The uplands comprise hillslopes of tens to
hundreds of meters, with relatively gentle gradients (<30°). The
gullies have much steep slopes generally ranging from 30° to 90°.
The main gully direction extends from south to north. Most of
the gully bottom comprises exposed bedrock with only a thin soil
layer (generally < 20 cm). The gullies here may be developed tens
of thousands of years ago, and now most of them are stable in mor-
phology and topography (Tang, 2004). The whole catchment is cov-
ered by thick silt loam loess soils with 19.8% sand, 63.0% silt and
17.2% clay on average. There are mainly three land use types on
uplands: croplands, abandoned croplands with different years,
and jujube orchards. The gullies are covered by sparse annual
and perennial grass. The reader is referred to Gao et al. (2011,
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Upland locations
—— Gully border line
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Fig. 1. The distribution of sampling locations in the Yuanzegou catchment.
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2014) for more details in soil properties, topography, and land use
types in the catchment.

2.2. Soil moisture dataset

The dataset contains soil moisture observations collected at
both hillslopes (uplands) and gully in the Yuanzegou catchment
measured by the TRIME-IPH TDR system (IMKO, Germany). There
are 59 sampling locations over hillslopes and 19 over gully side-
wall. Soil moisture at gully bottom was not collected because most
of the gully bottom is exposed to bedrock. In general, these sam-
pling locations are along transects at different slopes and cover
various land use types and topography. The soil moisture was mea-
sured in the 0-160 cm with a depth interval of 20 cm from 2009 to
2011 with a total of 38 sampling campaigns. In this study, only soil
moisture measurements in the 0-80 cm (0-20, 20-40, 40-60 and
60-80 cm) were used for analyses because (1) dry roots weight
in this layer accounts for approximately 90% of that in the top
200 cm for the large majority of vegetation species (Gao et al.,
2011, 2014); (2) soil moisture in the 80-160 cm varies weakly dur-
ing the growing period at each year compared to that in shallower
layers. Detailed information on the description of spatial distribu-
tion of sampling locations in uplands and gullies and soil moisture
calibration process could refer to Gao et al. (2011, 20133, 2013b).

In this study, we aimed to characterize spatiotemporal variabil-
ity of absolute and temporal anomaly soil moisture at the catch-
ment scale. Therefore, here the soil moisture measurements from
hillslopes and gullies will be integrated as a whole to represent soil
moisture conditions of the catchment.

2.3. Methods

2.3.1. Statistics

Here we mainly focused on the relationship of spatial means
versus spatial variability, and contribution of different variance
components to the total variance. Following Mittelbach and
Seneviratne (2012), the mean, variance, and standard deviation
for a variable are denoted as y, 6%, and o, respectively. The sub-
script A and t are used for spatial and temporal statistics, respec-
tively. Define a soil moisture observation at location n and time t
as O, its spatial mean, spatial variance and temporal mean are
defined, respectively, as follows:

2 (0en) = Zem (1)

N
On Hf Hf - Aun 0f (2)
n N ] nzzl: n n

and

14 (O) = Zem (3)

where N is the number of sampling locations, and T is the number of
samples in a time series. For the sake of clarity, M,, will be used to
refer to u;(0:,) following Mittelbach and Seneviratne (2012). By sub-
tracting temporal mean at a location from absolute moisture con-
tent, the temporal anomalies, A, at corresponding location and
time is defined as:

Atn = th - Mtn (4)
Using Egs. (2) and (4), according to Mittelbach and Seneviratne

(2012), the spatial variance of absolute soil moisture, ¢2(6;,), can
be decomposed into spatial variance of temporal mean, 62(My),

spatial variance of temporal anomalies, 62(Ay), and the covariance
between temporal mean and temporal anomalies:

02 (0m) = 0%(M) + 0%(Am) + 2c0V(Mm, Arm) (5)

where 2cov(M,,Am) is the covariance term. The contribution of dif-
ferent variance components to the total variance can be calculated
through Eq. (5).

2.3.2. Time stability analysis
Following Vachaud et al. (1985), the relative difference for 0y,
with respect to its spatial means can be described as:

O fy(6m)
50y = L~ Hal%m) 6
"= L (O ©

The temporal mean (MRD) and temporal variance (VRD) of the
relative difference can be then calculated as follows:

T

Ui (30m) = Z (801m) (7
t=1
and
l M
2(30m) = 12 (80m — 14(50m)) (8)

t=1

where [;(60y,) represents the “accuracy” metric MRD which mea-
sures the bias of soil moisture content for a given sampling location
relative to spatial mean. The ¢Z(06:,) represents the “precision”
metric VRD which measures the degree of temporal persistence of
relative difference, and a lower af(é@tn) means the bias for a given
location is more temporally stable.

Mittelbach and Seneviratne (2012) used the difference (4)
between a variable (0, My, or A;) and the corresponding spatial
mean to characterize the relations of time stability of absolute soil
moisture and its components in terms of the “accuracy” metric
MRD. However, this is not allowed to analyze the relations of the
“precision” metric between absolute soil moisture and temporal
mean because the latter is temporally invariant. To fill this gap,
here we propose a new and effective way to link absolute soil
moisture, temporal mean and temporal anomalies to one bench-
mark, i.e., the spatial mean of absolute soil moisture. Here we
defined two variables as follows:

Min — 14;(0en)
oMy = —-1—~ 9
‘ M5y (Om) ®)
and
At — W (0rm)
oAy = ———1—2 10
TR 10

where 6(My,) and 6(Aq) are the relative difference of time-invariant
and -variant components to spatial mean of absolute soil moisture,
respectively. Eq. (6) can be then rewritten as:

— (0, Am — Otn
M»(’g;()f”ﬁfﬂ(’g::)f)+1famm+5/\m+1 (11)

Calculate temporal mean at the two sides of Eq. (11
has:

1e(50m) = He(OMun) + 11 (6Ars) + 1 (12)

To decompose VRD of ASM into time-invariant and -variant
components, the following procedure is performed. Define
Stn = OMy, + 0Am, then Eq. (11) can be rewritten as:

30 = O + 1 (13)

(50m =

), and then one

Mathematically, for a variable X, ¢?(X) = 6%(X 4 C), where C is a
constant. Therefore,
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0%(50m) = 07 (5m) (14)
According to Eq. (5), one then will have:
0%(00m) = 0%(Mm) + 02(3Am) + 2C0V(Men, 5Am) (15)

where 62(60), 62(6Mrm) and 62(6A,) represent the temporal vari-
ance of 60y, 6M;, and A, respectively, and the last term in the
right side represents the covariance.

Mittelbach and Seneviratne (2012) analyzed the relations of
time stability of absolute soil moisture and its components by
comparing the ranks of MRD. Generally, more similar ranks mean
stronger correlations for MRD, and vice versa. Therefore, here we
used Spearman rank correlation coefficient (r;) to characterize
the relations of time stability of absolute soil moisture and its com-
ponents for both “accuracy” and “precision” terms through Egs.
(12) and (15), respectively.

3. Results and discussion
3.1. Time series of absolute soil moisture and temporal anomalies

Time series of absolute soil moisture and temporal anomalies at
different depths are shown in Fig. 2. As expected, the spatial means
of these two variables show similar temporal trends. The average
of the spatial means of absolute soil moisture is 16.9% in the sur-
face layer (i.e. the topmost 20 cm of the soil), which is somewhat
lower than that in the subsurface layers (ranging from 19.6% to
19.8%). Both absolute soil moisture and temporal anomalies
increased when there was a significant precipitation event and
decreased in the no-rain periods. There were nearly monotonic
decreases in the growing season from April to end of July.

The spatial standard deviation of absolute soil moisture
increases with depth, from 2.11% at 0-20cm to 2.68% at 60-
80 cm. This is consistent with the findings of Hu et al. (2010) in a
small catchment on the Loess Plateau. However, Gao et al. (2011)
found that soil moisture standard deviation in a large gully
decreased as soil depth increased from 0-20 to 80-160 cm, and
subsequently Gao and Shao (2012) reported a decline in standard
deviation with increasing soil depth from 0-100cm to 200-
300 cm in a hillslope on the Loess Plateau. The differences between
these results can be attributed to the different vertical distribu-
tions of absolute soil moisture in hillslope and gully locations
(Gao et al., 2013a). The steep slopes of gully sidewalls (which are
generally between 30° and 90°) mean that most of the rainfall
tends to run off rather than infiltrating into the deeper soil layers
(van den Elsen et al., 2003). Conversely, greater levels of deep soil
infiltration can be expected on hillslopes that are much less steep.
Therefore, the difference in absolute soil moisture for the relatively
gentle hillslope and deeply sloped gully locations increases with
soil depth, raising the spatial variability of absolute soil moisture.

Similar with previous findings (Brocca et al., 2014; Koster et al.,
2009; Mittelbach and Seneviratne, 2012), the spatial standard
deviation of absolute soil moisture is much higher than that of
temporal anomalies for all 38 soil moisture sampling campaigns.
When the temporal mean is removed from absolute soil moisture,
areduction of 27.4-44.3% in SD for temporal anomalies is observed
compared with absolute soil moisture, which agrees with Brocca
et al. (2014) who reported a reduction of 47% on average. In con-
trast to the situation for absolute soil moisture, the highest stan-
dard deviation (1.58%) for temporal anomalies occurs at the
depth of 20-40 cm. This implies that absolute soil moisture and
temporal anomalies have different vertical patterns of spatial
variability.

3.2. Spatial variability versus spatial means

Unlike with Mittelbach and Seneviratne (2012) and Brocca et al.
(2014), spatial means of absolute soil moisture were related to var-
ious components of total variance here. This was done because (1)
spatial means of absolute soil moisture and those of temporal
anomalies behave very similarly in time (see also in Brocca et al.
(2014) and Mittelbach and Seneviratne (2012)) and are highly
and positively correlated (R? = 0.999); (2) it allows us to compare
changes in different variance components as the soil wetness
changes. The relationship between the spatial mean of absolute
soil moisture and its total variance as well as the variance of its
components is shown in Fig. 3. There is a clear upward convex rela-
tionship between the variance and spatial means of absolute soil
moisture at different depths. This is consistent with the results of
previous studies conducted in temperate regions (Brocca et al.,
2010; Gao et al., 2013a). Specifically, the spatial variance of abso-
lute soil moisture peaked when the spatial mean was between
15% and 20% and decreased gradually with increasing soil depth.
The low moisture contents were observed around late July and
early August each year. At this time, the plant’s evapotranspiration
demand is the highest in the growing season and consequently
plants would exhaust soil moisture in the root zone in gullies
and hillslopes (Wang et al., 2012), resulting in reduced spatial vari-
ability in absolute soil moisture. In late August and September, the
amounts of rainfall are relatively large and the excess water
recharges soil in the root zone in both gullies and hillslopes (Li
et al., 2014), which effectively shrinks the difference between gul-
lies and hillslopes. Therefore, both high evapotranspiration and
excessive rainfall would homogenize soil moisture spatial
variability.

Overall, the changes in spatial variance of temporal anomalies
with increasing soil wetness are noticeably different to the corre-
sponding changes in that of absolute soil moisture. We observed
no significant relations between spatial variance of temporal
anomalies and the soil wetness at any soil depth. However, in
the subsurface layers, spatial variance of temporal anomalies tends
to be lowest at intermediate wetness levels, although this trend is
not very pronounced. For the study site here, the primary controls
on spatial variance of temporal anomalies can be topography
(slope gradient and curvature) and land use types because of the
low spatial variation in soil texture and precipitation at small
scales. The response of soil moisture to precipitation for place with
low slope gradient and that with high slope gradient would be sub-
stantially different (Gao et al., 2016). Therefore, at high wetness
condition, the spatial variance of temporal anomalies should be
relatively high (Grayson et al., 1997). At low wetness condition,
the spatial variance of temporal anomalies can be also relatively
high because the diverse land use types here are expected to cause
high spatial variation in evapotranspiration. Mittelbach and
Seneviratne (2012) also found that the spatial variance of temporal
anomalies was lowest at intermediate wetness levels (under these
conditions, the spatial mean of temporal anomalies approached
zero) but their data yielded a clear and pronounced parabolic
curve, with the spatial variance of temporal anomalies at both
low and high wetness levels being substantially greater than at
the intermediate level. Similarly, Brocca et al. (2014) revealed a
parabolic relationship between the spatial mean of absolute soil
moisture and the spatial variance of temporal anomalies at three
of the six soil moisture networks located in different parts of the
world. The relationship observed for the other three sites was less
clear.

The covariance behaves very similarly to the total variance in
terms of its relationship with the mean soil moisture: at all depths
examined, the covariance peaked at intermediate soil wetness
levels. This means that the upward convex relationship between
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Fig. 2. Time series of absolute soil moisture and temporal anomalies during the study period at different depths. Error bar represents + one standard deviation.

spatial variance and means of absolute soil moisture is primarily
characterized by the covariance. Although we are not sure about
why covariance and the total variance behave similarly with soil
wetness, it at least suggested that (1) as soil wetness changes the
primary controls on covariance and the total variance behave in
similar ways; and (2) the positive interaction of the primary factors
controlling temporal mean (e.g., soil properties) and those control-
ling temporal anomalies (e.g., slope gradient and land use) is
strengthened. Moreover, we observed positive covariance when
the soil wetness was intermediate and negative covariance when
it was high or low. This means that temporal anomalies and tem-
poral mean are positively correlated at intermediate wetness
condition.

3.3. Contribution to total variance

As shown in Eq. (5), the spatial variance of absolute soil mois-
ture at any given measurement date is composed of the spatial
variances of temporal anomalies and temporal mean, and the
covariance at that date. The contributions of different variance
components to the total variance changed with time (Fig. 4). The
contributions clearly varied significantly over the entire study per-
iod and exhibited strong seasonality. In the surface layer (0-
20 cm), the variance contributions of temporal mean (time-
invariant) and temporal anomalies (time-variant) exhibit similar
temporal patterns; higher values are observed in summer (June,
July and early August) with lower values in spring (April and
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Fig. 3. Relationship between spatial means of absolute soil moisture (ASM) and different variances: spatial variance of ASM (a, d, g, j); spatial variance of temporal anomalies

(TA, b, e, h, k); and covariance (c, f, i, ).

May) and fall (late August and September). Furthermore, the spa-
tial variance of temporal mean generally makes a greater contribu-
tion than temporal anomalies. Often, the covariance (time-variant)
takes negative values in summer and near-zero values otherwise. A
negative contribution means negative values of covariance.
Therefore, a negative contribution may means the negative inter-
action of the primary factors controlling temporal mean and those
controlling temporal anomalies is strengthened. Similarly, Brocca
et al. (2014) observed higher contributions of both time-variant
and -invariant components during summer, and near-zero covari-
ance values during winter in their studies on various soil moisture
datasets collected in Australia, Spain and Illinois. However,
Mittelbach and Seneviratne (2012) found that the contribution of
the time-invariant component was lowest (and that of the time-
variant component highest) during the summer based on studies
of a soil moisture network in Switzerland. Quantitatively, the con-
tribution to the total variance ranges from 21.4% to 282.2% with an
average of 66.8% from the spatial variance of temporal mean, from
29.6% to 128.9% with an average of 57.4% from the spatial variance
of temporal anomalies, and from —298.7% to 29.6% with an average
of —24.2% from the covariance (Table 1). The average combined
contribution of the time-variant components (i.e. the summed
average contributions of the covariance and the spatial variance
of temporal anomalies), is 33.2% (Table 1). This indicates that the
time-invariant component is the primary contributor to the total

variance. This may imply that time-invariant factors (e.g., soil
properties) are the main factors affecting spatial variability of soil
moisture. Mittelbach and Seneviratne (2012) also reported that the
time-invariant component made a greater contribution than the
spatial variance of temporal anomalies. However, the magnitude
of the contribution from the time-variant component in this work
was much greater. They found that the time-invariant component
was the absolutely dominant contributor to the total variance, with
average contributions of up to 94% while the average contribution
of temporal anomalies was only 9%. The difference in magnitude in
the two studies may be partly due to the different spatial scales
considered; Mittelbach and Seneviratne (2012) examined an area
of 31,500 km? whereas the study area in this work was only 0.6
km?. In theory, spatial heterogeneity of time-invariant factors in
terms of soil texture, vegetation and climate variables should be
low at small scales. Therefore, the contribution of time-invariant
component at small scales is expected to be lower compared with
that observed at large scales (Brocca et al., 2014). Nonetheless, Hu
and Si (2014) showed that time-invariant factors such as soil tex-
ture dominated soil moisture distribution at a small catchment
on the Loess Plateau. Furthermore, the complex topography in
our site is expected to produce greater spatial heterogeneity of soil
properties; for instance, fine soil particles can be concentrated at
positions with lower elevation and slope gradient (Famiglietti
etal., 1999; Gao et al., 2011). As a result, time-invariant component
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Fig. 4. Temporal patterns of contribution of different variance components to total
variance at different depths.

is still the primary contributor to the total variance but time-
variant component contributes greatly here. Moreover, analyses
of ASCAT soil moisture data conducted by Rotzer et al. (2015) indi-
cated that the contribution of the time-invariant component was
always lower than that of the time-variant part in most regions
of the world, showing that studies of remote sensing measure-
ments can yield very different results to those based with in situ
measurements. This may be partly attributed to the very low pen-
etration depth (<2-3 cm) and the noise of satellite soil moisture
data (Brocca et al., 2011).

The temporal changes in the relative contributions of the time-
variant and -invariant components in the subsurface layers were
very different to (and sometimes the exact opposite of) those
observed for the surface layer. Based on Fig. 4 and Table 1, the
results for the subsurface layer differ from those for the surface
layer in four key respects: (1) the contribution for each component
is larger during the fall and lower during summer and spring; (2)
the covariance takes negative values during fall and near-zero val-
ues during summer and spring; (3) the extreme values for the

Table 1
Contribution of variance components to total variance at different depths.

Depth (cm)  Contribution of variance components (%)
02(Mu)  0%(Am)  2€OV(Mm,Am)  62(Am) + 2c0V(Mm,Am)
20 66.8 57.4 —24.2 33.2
40 61.7 432 —-49 383
60 67.3 41.7 -9.0 32.7
80 76.2 322 -84 23.8

02(My): spatial variance of temporal mean; ¢2(Ar,): variance of temporal anoma-
lies; 2cov(Mm,Awm): covariance term.

relative contributions of different components are much smaller;
and (4) the contribution of the spatial variance of temporal anoma-
lies appears to be smaller and that of the covariance is less nega-
tive. This means that the temporal patterns in the contributions
of the time-invariant and -variant components in the surface layer
cannot be assumed to reflect those in the subsurface layers.
However, it should be noted that the time-invariant component
remained the dominant contributor to the total variance with aver-
age contribution exceeding 60% at any subsurface soil layers.

It is generally hard to identify any consistent seasonal trends in
the contributions of different components between different study
sites. This is because each site will have its own distinctive climate,
precipitation regime and underlying surface conditions including
topography, soils and vegetation. In this work, we conducted
detailed analyses to qualitatively characterize the effects of soil
wetness on the contribution of different variance components. As
shown in Fig. 5, the contributions of the spatial variances of tempo-
ral mean and temporal anomalies generally decline exponentially
as soil wetness increases in the surface layer (0-20 cm), whereas
the contribution of the covariance initially becomes less negative
as the wetness increases and then fluctuates around zero once
the spatial mean of absolute soil moisture exceeds approximately
15%. However, for the subsurface layers, plots of the contributions
of the spatial variance in temporal mean and temporal anomalies
as functions of the soil wetness take the form of open-up parabolic
curves; the contributions of the spatial variances of temporal mean
and temporal anomalies are minimized at spatial mean ASM values
of approximately 16% and 20%, respectively. The results for the
subsurface contribution of the covariance exhibit the opposite
trend; when plotted as a function of the soil wetness, a clear
open-down parabola is obtained; the contribution of the covari-
ance is maximized at a spatial mean of around 17%. Clearly, soil
wetness levels significantly affect the contributions of the time-
invariant and -variant components to the total variance. A compar-
ison of Figs. 4 and 5 reveals that although different (and in some
cases, opposing) seasonal trends are seen at different depths, the
relationships between the contributions of different variance com-
ponents and the soil wetness are broadly similar throughout. This
means that the seasonality of a particular contribution is primarily
controlled by processes that are related to the soil wetness
conditions.

3.4. Time stability analysis

The primary objective of this section was to characterize the
relations of time stability of absolute soil moisture and its compo-
nents considering both the “accuracy” metric MRD and the “preci-
sion” metric VRD rather than to estimate spatial means from point
measurements. Spearman rank correlation coefficient (r5) was used
to characterize the relations of time stability of absolute soil mois-
ture with its time-invariant and -variant patterns. A higher r; indi-
cates the ranks of time stability metric (MRD or VRD) of absolute
soil moisture is more similar with that of its component. The r;
for the “accuracy” metric MRD between absolute soil moisture
and its components are shown in Table 2. The ry values for MRD
between absolute soil moisture and temporal mean are generally
above 0.99. However, much lower r; values were observed between
absolute soil moisture and temporal anomalies. This means that for
the “accuracy” metric MRD, the time stability of absolute soil mois-
ture primarily reflect time-invariant patterns in the small catch-
ment. This is in accordance with the finding of Mittelbach and
Seneviratne (2012) based on the large-scale observations by com-
paring ranks of MRD between absolute soil moisture and its time-
invariant and -variant parts. At a regional scale, Jia et al. (2015)
found that time-invariant factors including soils texture, organic
carbon and field capacity were the main factors affecting MRD.
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Fig. 5. Relationship between contribution of different variance components and soil wetness conditions (spatial means of absolute soil moisture (ASM)).
Table 2 Table 3

Spearman rank correlation coefficient (r;) of mean relative difference (MRD) for
absolute soil moisture (ASM) and its different components.

Spearman rank correlation coefficient (rs) of variance of relative difference (VRD) for
absolute soil moisture (ASM) and its different components.

Depth (cm) ASM 1s. TM ASM 5. TA Depth (cm) ASM 1s. TM ASM 5. TA ASM 5. COV

Ts P Ts P Ts P Ts P Ts P
20 0.990 <0.001 -0.477 <0.001 20 0.076 0.507 —-0.007 0.952 0.081 0.483
40 0.993 <0.001 0.170 0.136 40 0.152 0.184 0.019 0.871 0.139 0.225
60 0.995 <0.001 0.427 <0.001 60 0.090 0.432 0.140 0.221 0.127 0.267
80 0.998 <0.001 0.487 <0.001 80 -0.075 0.514 0.163 0.154 0.226 0.047

ASM: absolute soil moisture; TM: temporal mean; TA: temporal anomalies.

At small catchment scale, Hu et al. (2010) found that time stability
of soil moisture was also mainly affected by time-invariant factors
including soil particle size distribution and topography. This means
that time-invariant factors primarily control soil moisture time
stability for the “accuracy” metric MRD at both small and large
scales.

The values of r; for the “precision” metric VRD between abso-
lute soil moisture and its components are indicated in Table 3.
Generally, all of the three components exhibit relatively low

ASM: absolute soil moisture; TM: temporal mean; TA: temporal anomalies; COV:
covariance.

correlations with absolute soil moisture. It means that time stabil-
ity of absolute soil moisture characterizes neither time-invariant
nor -variant patterns for the “precision” metric. Generally, the
magnitude of VRD here is determined by the difference between
a variable and the spatial means of absolute soil moisture (Eq.
(8)). One may do not understand why the correlations of VRD
between temporal anomalies and absolute soil moisture are so
weak (r; from —0.007 to 0.163) since they show very similar tem-
poral patterns in moisture content (Fig. 2). This can be attributed
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into that absolute soil moisture includes only positive values but
TA includes both positive and negative ones. Therefore, when tem-
poral anomalies is rescaled by using Eq. (10), parts of relative dif-
ference should be enlarged and thus the corresponding VRD
would increase. These results suggest that the relationship of time
stability between absolute soil moisture and its components is
dependent on the metric under consideration, and time-invariant
component not always play the leading role.

4. Conclusions

In this study, we characterized spatiotemporal variability and
time stability of soil moisture in a small catchment of the Loess
Plateau by decomposing absolute soil moisture into time-
invariant temporal mean, and time-varying temporal anomalies.
It is found that temporal anomalies showed clearly lower spatial
variability than absolute soil moisture and the spatial standard
deviation of the former was reduced by 27.4-44.3% for different
depths compared with the latter. The upward convex relationship
between spatial variance and spatial means for absolute soil mois-
ture is primarily due to the covariance between temporal mean
and temporal anomalies. Overall, spatial variance of temporal
mean is the major contribution (61.7-76.2%) to the total variance
and spatial variance of temporal anomalies is also an important
contributor (32.2-57.4%). This is slightly different from results
based on in situ measurements at large scales, where the time-
invariant component is found to be the dominant contributor.
The contribution of variance components shows clear seasonality
and this seasonality is highly dependent on soil depth. The varia-
tion of contribution at different seasons can be explained by soil
wetness conditions. In general, the variances of temporal mean
and temporal anomalies make relatively modest contributions
while the contributions of the covariance become less negative
(and may even become positive) at intermediate soil wetness
levels, although this relationship is not very strong in the surface
layer. Finally, we analyzed the relations of time stability between
absolute soil moisture and its time-invariant and -variant compo-
nents. For the “accuracy” metric mean relative difference, the time
stability of absolute soil moisture primarily characterizes time-
invariant patterns (rs > 0.99). However, as the “precision” metric
variance of relative difference is considered, time stability of abso-
lute soil moisture characterizes little of time-invariant and -variant
patterns.

At the small catchment scale, it is also found that absolute soil
moisture and temporal anomalies have significantly different char-
acteristics in spatiotemporal variability and time stability. By con-
sidering the significance of temporal anomalies in hydrological,
meteorological and agricultural applications, it is suggested to con-
sider both absolute and temporal dynamic soil moisture in spa-
tiotemporal analysis across spatial scales. Furthermore, for other
widely used relative soil moisture such as available soil moisture
(the difference between absolute soil moisture and permanent soil
moisture) which is of great importance in agricultural application,
there is a need to investigate its spatiotemporal variability and
whether there is difference with absolute soil moisture.
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