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Information on the profile characteristics of soil–water content (SWC) and its temporal stability is essential for
an accurate understanding of hydrological processes. This study investigated changes of spatial variation and
temporal stability of SWC in soil profiles and estimated mean SWC based on direct and indirect methods.
SWCs were measured at 20-cm intervals in the soil profiles to a depth of 3 m using neutron probes at 135 loca-
tions along a 1340-m long transect on 18 sampling dates from 2012 to 2013 on the Loess Plateau in China. The
coefficient of variation over space (CVS) of SWC first decreased and then increased vertically. The coefficient of
variation over time (CVT) of SWC decreased along the soil profiles. The spatial patterns of SWC strongly persisted
vertically and temporally. Mean Spearman's rank correlation coefficients decreased from a depth of 10 to a depth
of 20 cm, fluctuated from 20 to 180 cm, and then increased below 200 cm. Temporal stability increased along the
soil profiles based on the standard deviation ofmean relative difference (SDRD) and themean absolute bias error
(MABE). The number of locations with an SDRD and/or MABE b5% increased along the soil profile, and the
number of locations with a mean relative difference within ±5% and/or representative locations were variably
dependent on depth. Both direct and indirect methods could accurately estimate the mean SWC for each
depth based on the mean absolute relative errors and root mean square errors. The driest and wettest
locations tended to remain representative for more depths than did locations with mean-moistures. The driest
locations were more likely to be the most temporally stable. These findings should improve our understanding
of soil–water dynamics in soil profiles.

© 2015 Published by Elsevier B.V.
1. Introduction

Soil–water content (SWC) is broadly acknowledged as an important
control of many geomorphic and hydrological processes (Penna et al.,
2013). It is also the principal limiting factor for vegetational restoration
(Hu et al., 2009) and agricultural production (Tallon and Si, 2004) in
semi-arid and arid regions. SWC can regulate the subsurface flow and
migration of pollutants and chemicals to environmentally sensitive
areas (Biswas and Si, 2011a). Less is known about deep layers than
about surface SWC due to the difficulty of acquiring data. The relation-
ships of SWC at different depths are also unclear. Obtaining information
on soil–water dynamics at various depths is thus necessary.

SWC is variable in both space and time across different scales
(Manfreda and Rodriguez-Iturbe, 2006; Famiglietti et al., 2008). The
characteristics of the spatial variability of SWChave beenwidely studied
in various ecosystems and at various scales (Wang et al., 2013). Despite
the variability of SWC, repeated surveys can often identify certain sites,
which are relatively stable over time and can be served as representa-
tive locations for an area of interest. The concept of temporal stability
of spatial patterns of SWC was first introduced by Vachaud et al.
(1985), who defined it as “the time-invariant association between spa-
tial location and classical statistical parameters of a given soil property”.
The temporal stability of SWC has been investigated for different soil
depths (Zhang and Shao, 2013; Heathman, 2009), land uses (Hu et al.,
2010a; Williams et al., 2009; Lin, 2006), scales (Martínez-Fernández
and Ceballos, 2003; Jia and Shao, 2013; Hu et al., 2010b; Gao et al.,
2011), regions (Biswas and Si, 2011b; Jia et al., 2013a; Zhang and
Shao, 2013), measurement periods (Guber et al., 2008; de Rosnay,
et al., 2009; Zhao, et al., 2010; Biswas and Si, 2011b; Liu and Shao,
2014), and measuring instruments (Jacobs et al., 2004; Gao and Shao,
2012b; Wang et al., 2013; Penna et al., 2013). The characteristics of
the temporal stability of SWC vary with depth, but little is known
about the precise changes of SWC and its temporal stability in soil pro-
files due to coarse division of previous soil profiling. Furthermore, the
findings of some studies conflict. For example, Gao and Shao (2012a)
reported that the temporal stability of soil–water storage increased
with depths at 0–1, 1–2, and 2–3 m. In contrast, Hu et al. (2009)
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observed that the temporal stability of SWCwas greater at 0.2m than at
0.4, 0.6, and 0.8 m. Differences in depth of sampling may thus have an
impact on the determination of temporal stability andmay lead to con-
flicting information. Precise changes of SWC and its temporal stability
may be observed by carefully sectioning the soil profile. In the present
study, soil profiles were sampled at 20-cm intervals for capturing the
characteristics of temporal stability.

Some studies have proposed that mean SWC can be estimated
directly by identifying representative locations based on certain princi-
ples (Hu et al., 2010a; Gao and Shao, 2012a; Jia et al., 2013a), whichmay
not always apply. As a consequence, many studies have investigated
alternative approaches by attempting to find representative locations
using other properties that can affect SWC, but the identification of rep-
resentative locations remains inconsistent. For example, da Silva et al.
(2001) observed that organic-carbon and clay contents could serve as
better explanatory variables than topographic variables. In contrast,
Gómez-Plaza et al. (2000) found that vegetation and topography rather
than soil properties were more likely to be the primary factors affecting
the temporal stability of SWC. Jacobs et al. (2004) concluded that
sampling locations with intermediate to moderately high clay contents
tended to generate the most temporal stability, and Mohanty and
Skaggs (2001) reported that sandy loam had better temporal stability
than silty loam. Liu and Shao (2014) found that many of the most tem-
porally stable locationswere near the centres of the plots established on
a hillslope, and Tallon and Si (2004) observed that temporally stable lo-
cations had weak relationships with topographic properties. Grayson
and Western (1998) thus proposed an indirect method by introducing
a constant offset. This method has been used in other studies (Gao
et al., 2011; Wang et al., 2013), but the accuracy of prediction of both
the direct and indirect methods along soil profiles is unknown and
requires evaluation.

The temporal stability of SWC relies on many factors such as soil
properties, vegetation, and topography (Vachaud et al., 1985; Hu et al.,
2010b; Zhao et al., 2010; Jia et al., 2013a; Jia and Shao, 2013). Temporal
stability is also associated with the status of the SWC (Martínez-
Fernández and Ceballos, 2003; Gao and Shao, 2012a; Jia et al., 2013b).
Considerable debate, however, remains about the effect of SWC status
on temporal stability. Martínez-Fernández and Ceballos (2003) found
that the temporal stability of SWC was more pronounced under dry
than under wet conditions. In contrast, Gómez-Plaza et al. (2000) ob-
served that SWC was less stable during dry periods than during humid
periods when the vegetation consumed more water. Gao et al. (2011)
indicated that SWCwas not very temporally stable during the transition
period from dry to wet. Furthermore, little attention has been focused
on the changes at locations representing different soil-moisture condi-
tions along soil profiles. The ability of single locations to represent
several soil depths with different moisture status is unknown. Confir-
mation of the dependence of the characteristics of temporal stability
on soil-moisture conditions is thus necessary.

We analysed the characteristics of SWC and its temporal stability at
15 depths along a transect on the Loess Plateau, China, to: (1) assess the
depth persistence of spatial patterns of SWC within the soil profiles,
(2) describe the precise changes of temporal stability of SWC along
the profiles, (3) evaluate both the direct and indirect methods for esti-
mating mean SWC at different depths, and (4) investigate the relation-
ships between temporal stability and sampling location under different
soil-moisture conditions.

2. Materials and methods

2.1. Study area and experimental design

The experiment was conducted in the Liudaogou catchment
(110°21′–110°23′E and 38°46′–38°51′N) of Shenmu County in Shaanxi
Province, China (Fig. 1). The study area is in a transitional belt with
severe soil and wind erosion. The Liudaogou catchment has an area of
6.89 km2 and is characterised by deep gullies and undulating loessial
slopes. The elevation ranges from 1056 to 1130 m a.s.l. The area has
a semi-arid continental climate with a mean annual temperature of
8.4 °C and a mean annual precipitation of 437 mm, more than 70% of
which falls from June to September. The predominant plants are purple
alfalfa (Medicago sativa L.), Korshinsk Peashrub (Caragana korshinskii K.),
and bunge needlegrass (Stipa bungeana T.). The soils are classified as
aeolian sandy soils and Ust-Sandiic Entisol soils (Hu et al., 2010b).

A transect containing 135 sampling locations was selected in July
2012 based on soil type, landform, and vegetation. Among the 135
sampling locations, 126 and 9 were located on hillslopes and in gullies,
respectively. The vegetation along the transect included purple alfalfa,
Korshinsk Peashrubs, and bunge needlegrass with 10, 52, and 53 loca-
tions, respectively, and 20 locations contained bare land. The sampling
transect was approximately 1340m longwith a regular sampling inter-
val of 10 m (Fig. 1). An aluminium neutron-probe access tube 3.3 m in
length was installed using an auger at each location for SWC measure-
ment at 15 soil depths.

2.2. Measurement of SWC

The mean volumetric soil–water contents (SWCs) at intervals of
20 cm from depths of 0.2 to 3.0 m as well as at 10 cm depth were mea-
sured on 18 sampling occasions from 23 August 2012 to 28 October
2013. Volumetric SWCs were measured with a neutron moisture
metre, the CNC 503DR Hydro probe (Beijing Super Power Company,
Beijing, China) with standard count of 685. Gravimetric SWCs were
also determined at 12 selected sampling locations for calibrating the
neutron probes. These calibrations were conducted three times during
the sampling period (April, June, and October 2013) under different
soil–water conditions. These 12 locations were selected because the
mean and range of the neutron counting data approximated those of
all tubes along the transect (Hu et al., 2010b; Liu and Shao, 2014).
They also represented the principal soils, landforms, and vegetation. A
pit 1 m deep was excavated at each location for the collection of undis-
turbed core samples (100 cm3) at 10 depths for determining bulk
density. A total of 360 paired data points for bulk density and gravimet-
ric SWCs were obtained for calculating the corresponding volumetric
water contents for the three calibrations. A linear calibration curve
was thereby established:

θ ¼ 0:6565CR−0:0068 R2 ¼ 0:9031; Pb0:001
� �

ð1Þ

where θ is the volumetric SWC (cm3 cm−3) and CR is the slow-neutron
counting rate.

2.3. Assessment of the temporal stability of SWC

Three methods were used to evaluate the temporal stability of SWC.
The firstmethodwas based on relative difference initially introduced by
Vachaud et al. (1985). The relative difference at location i at depth k for
sampling time j is calculated as:

δi jk ¼ θi jk−θ jk

θ jk
: ð2Þ

The temporal mean relative difference (MRD) and its standard devi-
ation (SDRD) for each sampling location are expressed as:

δik ¼
1
M

XM
j¼1

δi jk ð3Þ

and

σ δikð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

M−1

XM
j¼1

δi jk−δik
� �2

vuut ð4Þ



Fig. 1. Location of study site and transect position in the Liudaogou catchment in northwestern China.
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where θijk is the SWC at location i and depth k for sampling time j, θ jk is
the arealmean SWCat depth k at time j for all sampling locations, andM
is the number of measurement campaigns at each sampling location.
The value of the MRD determined whether a location was wetter or
drier than the areal mean SWC at a particular depth, and a lower
SDRD at a sampling location indicated a higher temporal stability.

In the second method, Hu et al. (2010a) proposed a new index of
mean absolute bias error (MABE). Rearranging Eq. (2), the mean SWC
at depth k of measurement campaign j can be calculated as:

θ jk ¼
θi jk

1þ δi jk
: ð5Þ

Assuming a constant offset δik for a temporally stable location, the

estimated mean θ, θ jk
0
, can be expressed as (Grayson and Western,

1998):

θ jk
0 ¼ θi jk

1þ δik
: ð6Þ

The bias error of mean θ, φijk, can thus be written as:

φi jk ¼
θ jk

0
−θ jk

θ jk
ð7Þ

substituting Eqs. (5) and (6) in Eq. (7):

φi jk ¼
δi jk−δik
1þ δik

: ð8Þ

The absolute bias error (ABE) and the mean absolute bias error
(MABE) can be defined as:

ABEik ¼
δi jk−δik
1þ δik

�����

����� ð9Þ

and

MABEik ¼
1
N

XN
j¼1

δi jk−δik
1þ δik

�����

�����: ð10Þ

Similar to the SDRD index, a lowerMABE at a location corresponds to
a higher temporal stability of SWC.
The non-parametric Spearman's test was also used to examine the
persistence of the spatial patterns over the study period (Vachaud et al.,
1985). The Spearman's rank correlation coefficient (rs) is expressed as:

rs ¼ 1−
6
XN
i¼1

Ri j−Ri j0
� �2

N N2−1
� � ð11Þ

where Rij is the rank of the variable θij at location i and time j, Rij′ is the
rank of the same variable at the same location but at time j′, and N is
the number of observation sites. An rs equal to 1 between measurement
campaigns indicates a strong tendency of temporal stability.

2.4. Estimation of the spatial mean SWC

A useful application of temporal stability is to evaluate the soil–
water status of an area of interest using representative locations. Loca-
tions with both an MRD closest to zero and the smallest SDRD can be
used directly to estimate the mean SWC (Martínez-Fernández and
Ceballos, 2005). For example, Gao and Shao (2012a) defined represen-
tative locations with an allowable bias of 5% for both MRD and SDRD
for greater accuracy of prediction. No single location, however, is likely
to meet the above two conditions simultaneously for a specific depth.
Alternatively, the most temporally stable locations with non-zero
MRDs can be used to calculate the mean SWC (Grayson and Western,
1998). The relative difference on any sampling campaign (δijk) is ap-
proximately equal to the mean relative difference (δik), so the spatial
mean SWC at depth k for time j can be indirectly calculated using Eq. (6).

We used two criteria to measure the strength of the statistical rela-
tionship between the predicted and measured values: the mean abso-
lute relative error (MARE) and the root mean square error (RMSE).
MARE is calculated as:

MARE ¼ 1
q

Xq

j¼1

SWC0
jk−SWC jk

���
���

SWC jk
ð12Þ

where q is the number of sampling dates, SWC jk is the measured SWC
at the most temporally stable location i and the same depth k, and

SWC0
jk is the predicted SWC at depth k for time j. The accuracy of predic-

tion is acceptable at aMARE b0.1% (Peterson andWicks, 2006; Hu et al.,
2009). RMSE is calculated as:

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N

XN
i¼1

Pi−pið Þ2
vuut ð13Þ



Fig. 2. Time series of spatial mean soil–water content for various soil depths of the transect.
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where Pi and pi are the predicted andmeasured values, respectively. The
accuracy of prediction is reliable at an RMSE b2% (Cosh et al., 2008).

2.5. Statistical analysis

Exploratory data analysis was performed using Microsoft Excel.
Pearson correlation analysis was used to characterise the relationship
of SWC among the various depths. One-way analyses of variance were
used to test the significance of the differences in SWC and the criteria
of temporal stability among the various depths. Linear-fitting analysis
was conducted between the observed and estimated mean SWCs
using theMARE andRMSE asmeasures of goodness-of-fit. The statistical
analyses of the SWC data were performed with SPSS 16.0.

3. Results and discussion

3.1. Temporal-spatial dynamics of SWC within the soil profile

The temporal evolution of spatial mean SWC for six selected soil
depths is presented in Fig. 2. The spatial mean SWCs over time were
Table 1
Temporal-spatial statistics of mean soil–water content (SWC) for various soil depths.

Variables Parameter 10 cm 60 cm 120 cm 180 cm 240 cm 300 cm

Mean, % 8.72a§ 15.40c 13.96b 13.63b 14.09b 14.68bc
Max, % 14.23 20.38 18.51 16.30 15.85 15.95

Spatial SWC Min, % 4.10 10.79 12.25 12.74 13.28 14.02
SDT, % 3.06 2.27 1.93 1.18 0.74 0.55
CVT, % 35.10 14.74 13.85 8.62 5.28 3.74
Max, % 21.96 30.18 32.96 35.12 37.95 41.56

Temporal SWC Min, % 2.01 4.98 4.82 3.46 2.91 2.89
SDS, % 3.74 5.82 5.61 5.93 6.40 6.94
CVS, % 42.95 37.79 40.16 43.53 45.43 47.29

SDT, standarddeviation of time series of themean spatial SWC; CVT, coefficient of variation
of time series of the mean spatial SWC; SDS, standard deviation of the mean spatial SWC;
CVS, coefficient of variation of the mean spatial SWC.

§ Different lowercase letterswithin a row indicate significant differences determinedby
Duncan's Multiple Range Test (P b 0.05).
8.7, 15.4, 14.0, 13.6, 14.1, and 14.7% at depths of 10, 60, 120, 180, 240,
and 300 cm, respectively. Spatial mean SWC was significantly lower
(P b 0.05) at 10 cm and was significantly higher (P b 0.05) at 60 cm
than at the other depths (Table 1). Spatial mean SWC did not differ sig-
nificantly (P b 0.05) among the 120, 180, 240, and 300 cm depths. Gao
and Shao (2012a), however, found no significant differences in soil–
water storage among depths of 0–100, 100–200, and 200–300 cm. The
reason for the inconsistent results is probably that SWC is a function
of variable properties such as soil texture, vegetation cover, topography
and climate (Grayson et al., 1997; Tromp-vanMeerveld andMcDonnell,
2006; Lawrence and Hornberger, 2007; Garcia-Estringana et al., 2012),
and SWC of the shallow soil (0–60 cm) is more affected by external
conditions and vegetation.

The standard deviation and coefficient of variation over time (SDT

andCVT) of SWCdecreasedwith increasing depth (Fig. 4a). For example,
SDT and CVT decreased from 3.06 and 35.10% at 10 cm to 0.55 and 3.74%
at 300 cm, respectively (Table 1). These results indicated that the
temporal changes of SWC decreased with increasing depth, consistent
with the findings by Choi and Jacobs (2007), Gao and Shao (2012a),
Fig. 3. Temporal mean soil–water content along the transect at various soil depths.



Fig. 4. Profile distribution of standard deviations (SD) and coefficients of variation (CV) of soil–water content (a) over time (SDT and CVT) and (b) over space (SDS and CVS).
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and Jia et al. (2013a). The standard deviation over space (SDS) increased
from 3.74% at 10 cm to 6.94% at 300 cm, and the coefficient of variation
over space (CVS) decreased from42.95% at 10 cm to 37.79% at 60 cm and
then gradually increased to 47.29% at 300 cm (Table 1, Fig. 4b). The CVS

were near 40%, representing moderate variability (Nielsen and Bouma,
1985). The larger CVS at 10 cmwas possibly related to the heterogeneity
of solar radiation, landform and so on. The larger CVS in deeper depth,
however, was probably due to the relatively high spatial variability of
soil properties and root system (Li et al., 2015). In contrast with the
upper depths, a higher SDS and CVS was generally found for the deeper
depths, in agreement with the findings by other studies (De Lannoy
et al., 2006; Gao and Shao, 2012a).

3.2. Relationships of SWC among various soil depths within the soil profile

The spatial patterns of SWCwere similar among different soil depths
(Fig. 3). Table 2 shows a matrix of Pearson correlation coefficients
of SWC for various depths. The correlation coefficients between any
two depths were statistically significant (P b 0.01), consistent with
other findings in different study areas (Fernandez and Ceballos, 2005;
Biswas and Si, 2011a; Choi and Jacobs, 2007, 2011; Heathman et al.,
Table 2
Matrix of Pearson correlation coefficients among mean SWCs at each soil depth (cm).

20 40 60 80 100 120 140 1

10 0.91⁎⁎ 0.79⁎⁎ 0.72⁎⁎ 0.66⁎⁎ 0.63⁎⁎ 0.60⁎⁎ 0.50⁎⁎ 0
20 0.93⁎⁎ 0.83⁎⁎ 0.78⁎⁎ 0.76⁎⁎ 0.73⁎⁎ 0.61⁎⁎ 0
40 0.92⁎⁎ 0.88⁎⁎ 0.85⁎⁎ 0.81⁎⁎ 0.68⁎⁎ 0
60 0.97⁎⁎ 0.91⁎⁎ 0.85⁎⁎ 0.74⁎⁎ 0
80 0.96⁎⁎ 0.91⁎⁎ 0.79⁎⁎ 0
100 0.97⁎⁎ 0.84⁎⁎ 0
120 0.90⁎⁎ 0
140 0
160
180
200
220
240
260
280

⁎⁎ Correlation is significant at the 0.01 level (2-tailed).
2012). The significant similarity of SWC spatial patterns may be due to
the vertical homogeneity in soil textural properties (Gao and Shao,
2012a) or to the similar vegetation and/or topographic features at the
same location. For example, locations with trees always consumed
more soil water than with grasses (Garcia-Estringana et al., 2012), and
locations located in depressions contained more soil water than on
knolls for each depth (Biswas and Si, 2011a).

The correlation coefficients decreased with the increasing distance
between depths. For example, the correlation coefficient was 0.91
between the SWCs at 10 and 20 cm and was 0.29 between 10 and
300 cm (Table 2). Furthermore, the mean correlation coefficient gradu-
ally decreased from0.957 for an interval of 20 cmto0.346 for an interval
of 280 cm (Fig. 5). Similar results have been reported (Tallon and Si,
2004; Guber et al., 2008; Hu et al., 2009; Biswas and Si, 2011a). Biswas
and Si (2011a) reported a correlation coefficient of 0.84 between soil–
water storages of the 0–20 and 20–40 cm layers and of 0.64 between
the 0–20 and 120–140 cm layers on a sampling date during a recharge
period. They further investigated the scale-specific similarity of the
spatial pattern of soil–water storage between surface soil and sub-
surface depths using wavelet coherency. The correlation coefficient
decreased with increasing depth, perhaps because the influence of the
60 180 200 220 240 260 280 300

.51⁎⁎ 0.46⁎⁎ 0.38⁎⁎ 0.32⁎⁎ 0.32⁎⁎ 0.32⁎⁎ 0.29⁎⁎ 0.29⁎⁎

.60⁎⁎ 0.55⁎⁎ 0.45⁎⁎ 0.39⁎⁎ 0.38⁎⁎ 0.37⁎⁎ 0.35⁎⁎ 0.35⁎⁎

.65⁎⁎ 0.59⁎⁎ 0.49⁎⁎ 0.43⁎⁎ 0.42⁎⁎ 0.41⁎⁎ 0.38⁎⁎ 0.38⁎⁎

.70⁎⁎ 0.64⁎⁎ 0.52⁎⁎ 0.45⁎⁎ 0.43⁎⁎ 0.42⁎⁎ 0.39⁎⁎ 0.39⁎⁎

.74⁎⁎ 0.68⁎⁎ 0.58⁎⁎ 0.51⁎⁎ 0.48⁎⁎ 0.47⁎⁎ 0.44⁎⁎ 0.44⁎⁎

.78⁎⁎ 0.73⁎⁎ 0.62⁎⁎ 0.55⁎⁎ 0.53⁎⁎ 0.51⁎⁎ 0.48⁎⁎ 0.47⁎⁎

.85⁎⁎ 0.80⁎⁎ 0.69⁎⁎ 0.62⁎⁎ 0.60⁎⁎ 0.58⁎⁎ 0.55⁎⁎ 0.55⁎⁎

.97⁎⁎ 0.92⁎⁎ 0.82⁎⁎ 0.75⁎⁎ 0.73⁎⁎ 0.72⁎⁎ 0.71⁎⁎ 0.70⁎⁎

0.97⁎⁎ 0.87⁎⁎ 0.81⁎⁎ 0.79⁎⁎ 0.78⁎⁎ 0.76⁎⁎ 0.76⁎⁎

0.94⁎⁎ 0.88⁎⁎ 0.85⁎⁎ 0.83⁎⁎ 0.81⁎⁎ 0.81⁎⁎

0.96⁎⁎ 0.92⁎⁎ 0.89⁎⁎ 0.86⁎⁎ 0.85⁎⁎

0.97⁎⁎ 0.92⁎⁎ 0.88⁎⁎ 0.88⁎⁎

0.97⁎⁎ 0.94⁎⁎ 0.93⁎⁎

0.98⁎⁎ 0.97⁎⁎

1.00



Fig. 5.Mean Pearson correlation coefficients corresponding to different soil intervals along
the transect.

Table 3
Statistical summary of the Spearman's rank correlation coefficients for various soil depths.

Parameter 10 cm 60 cm 120 cm 180 cm 240 cm 300 cm

Mean 0.879a§ 0.937b 0.943b 0.942b 0.967c 0.979d
Max 0.986 0.990 0.990 0.992 0.994 0.997
Min 0.725 0.857 0.842 0.833 0.893 0.930
SD 0.060 0.029 0.032 0.042 0.025 0.016
CV,% 6.787 3.099 3.355 4.413 2.613 1.606

§ Different lowercase letterswithin a row indicate significant differences determined by
Duncan's Multiple Range Test (P b 0.05).
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soil–water processes controlling the spatial patterns of SWC gradually
decreased with greater distances between depths. Jia et al. (2013b),
however, found an inconsistent trend of SWC correlation coefficients
in four plots containing different types of vegetation. For example, the
correlation coefficients in a plot with Korshinsk Peashrubs between
the SWC at 10 cm and at 20, 30, 50, and 100 cm were 0.388, 0.348,
0.869, and 0.492, respectively. Vegetational covermay thus significantly
affect the similarity in the spatial pattern of soil moisture among surface
and subsurface depths.

3.3. Distribution of temporal stability of SWC within the soil profile

3.3.1. Temporal stability of SWC in the soil profile
Spearman's rank correlation analysis was used to investigate the

overall temporal persistence of spatial patterns of SWC between differ-
ent sampling dates. rs was statistically significant (P b 0.01) between
any two sampling dates for each soil depth (data not shown), indicating
a strong temporal persistence of SWC, in accordancewith thefindings of
previous reports (Brocca et al., 2009; Gao and Shao, 2012a; Zhang and
Shao, 2013; Wang et al., 2013; Hu et al., 2014). Fig. 6a shows the
mean rs for each depth within the profile. The mean rs at 10 cm was
0.879 and increased rapidly to 0.942 at 20 cm. The mean rs fluctuated
within a small range from 20 to 180 cm. For example, the mean rs
were 0.937, 0.943, and 0.942 at 60, 120, and 180 cm, respectively. The
mean rs did not differ significantly (P b 0.05) among the 60, 120, and
180 cm depths (Fig. 6a, Table 3). The lack of significant differences in
mean rs between the depths may be ascribed to the similar soil water
infiltration and evapotranspiration processes at 20–180 cm depths
within a specific soil profile of this study. Below 180 cm, the mean rs
gradually increased to 0.979 at 300 cm. The trend of rs along the profile
was in disagreement with that of other studies (Cassel et al., 2000; Lin,
2006; Guber et al., 2008; Gao and Shao, 2012a; Penna et al., 2013),
Fig. 6. Profile distribution of (a) mean Spearman's rank correlation coefficients and (b) mean
(MABEs).
where the mean rs increased with depth. The different depths of sam-
pling in these studies may not have been able to detect precise changes
in mean rs along the soil profile. Given that the thickness of the soil
layers can affect the trend of rs, the division of soil profile should be
considered.

3.3.2. Temporal stability of SWC at individual locations
Fig. 7 shows the rank-orderedMRD in SWC and the associated SDRD

for each sampling location for six selected soil depths. The range
between the minimum and maximum MRDs was 242.2% at 10 cm,
decreased to 165.4% at 60 cm, and then gradually increased to 263.7%
at 300 cm (Table 4). The distribution of the range of MRD along the
soil profile corresponded with the distribution of the CVS (Fig. 4b,
Table 1). The cause of the spatial variability in shallow soil, however,
may differ from that in deeper soil. The relatively greater range of
MRD at 10 cmmay be attributed to the stronger influence on the spatial
variability of SWC of processes such as rainfall, evapotranspiration, and
runoff. The increasing ranges of MRD across the 60–300 cm depths,
however, may be mostly due to the wider range of soil texture with in-
creasing depth in this area (Hu et al., 2010b). In addition, the absolute
values of the minimum MRDs were lower than those of the maximum
MRDs at each selected depth (Fig. 7, Table 4), in agreement with previ-
ous observations (Cosh et al., 2008; Jia et al., 2013a).

The mean SDRD and MABE both decreased with increasing depth
from 10 to 300 cm (Fig. 6b, Table 4). The mean SDRDs were 16.2, 9.9,
9.1, 8.8, 6.9, and 6.1% and the mean MABEs were 15.0, 8.9, 8.4, 7.9, 6.0,
and 5.4% at 10, 60, 120, 180, 240, and 300 cm, respectively (Table 4).
Similar results have also been reported for a desert area (Wang et al.,
2013), a forest ecosystem (Lin, 2006), and a semi-arid hillslope (Gao
and Shao, 2012a, b). SDRD and MABE decreased rapidly between 10
and 40 cm (Fig. 6b) and decreased gradually below 40 cm. The analysis
of Spearman's rank correlations is a different method from the analysis
of SDRD or MABE, but these methods have identified similar trends of
temporal stability. Increasing temporal stability with depth is mainly
due to a decrease in the dependence of SWC on climatic, biological, and
hydrological factors with increasing depth (Hupet and Vanclooster,
2002; Starks et al., 2006; Gao and Shao, 2012a) such as rainfall, root
standard deviations of mean relative differences (SDRDs) and mean absolute bias errors



Fig. 7. Rank-ordered mean relative difference of soil–water content at each location for selected soil depths. Vertical bars correspond to ±1 standard deviation of the relative difference
over time.

83X. Li et al. / Catena 137 (2016) 77–86
activity, and runoff. Moreover, soil structure and the ability of soil to
retain moisture are more variable in shallow soil (Korsunskaya et al.,
1995).

The number of locations with anMRD between−5 and 5% fluctuat-
ed with increasing depths: 12, 11, 17, 12, 9, and 13 for 10, 60, 120, 180,
240, and 300 cm depths, respectively (Fig. 8a), indicating the lack of
dependence on depth. Locations with an SDRD and/or MABE under 5%
are considered to be temporally stable (Starks et al., 2006; Hu et al.,
2010a). The number of temporally stable locations increased with
depth (Fig. 8a). For example, the number of the 135 locations with an
SDRD or MABE under 5% was 0 or 3, respectively, at 10 cm but rapidly
increased to 76 or 95, respectively, at 300 cm, i.e. more than half of
the sampling locations.
Table 4
Statistical summary of the mean relative differences (MRDs), standard deviations of MRD
(SDRDs), and mean absolute bias errors (MABEs) in soil–water content for various soil
depths.

Parameter 10 cm 60 cm 120 cm 180 cm 240 cm 300 cm

MRD (%) Max 166.2 98.1 138.0 158.7 169.8 183.5
Min −76.0 −67.3 −65.3 −74.6 −79.4 −80.3
Range 242.2 165.4 203.4 233.2 249.2 263.7

SDRD (%) Mean 16.2a§ 9.9b 9.1b 8.8b 6.9c 6.1c
Max 56.1 22.4 24.1 45.1 35.5 31.4
Min 5.8 4.2 3.7 2.4 2.0 2.2
Range 50.3 18.1 20.4 42.7 33.5 29.2

MABE (%) Mean 15.0a 8.9b 8.4b 7.9b 6.0c 5.4c
Max 40.2 21.8 25.8 33.1 35.7 30.8
Min 3.3 2.4 3.0 2.1 1.7 1.6
Range 36.9 19.4 22.8 31.0 34.0 29.2

§ Different lowercase letterswithin a row indicate significant differences determinedby
Duncan's Multiple Range Test (P b 0.05).
A location with an allowable bias of 5% for both MRD and SDRD
simultaneously is defined as a representative location (Gao and Shao,
2012a). Neither the number of locations with an MRD between −5
and 5% nor the number of representative locations was depth-
dependent (Fig. 8b). The number of representative locations were 0, 0,
2, 0, 0, and 5 at 10, 60, 120, 180, 240, and 300 cm, respectively, inconsis-
tent with the findings by Gao and Shao (2012a) and Jia et al. (2013a).
Gao and Shao (2012a), for example, identified 3, 5, and 8 representative
locations for the depths of 0–100, 100–200, and 200–300 cm, respec-
tively. The inconsistent resultsmay be attributed to the different depths
of sampling. The SWC of thinner depthwasmore susceptible to climate,
landform, soil properties, and/or plants, resulting in reduction of repre-
sentative locations for various soil layers. In addition, our representative
locations were mainly for deeper soil (200–300 cm) (Fig. 8b).

The most important application of temporal stability is to estimate
the mean SWC of an area of interest using the SWC of a representative
location directly. Representative locations, however, could not be
directly identified for most depths in the present study (Fig. 8b). Mean
SWC can be evaluated indirectly by Eq. (6) if a constant offset is intro-
duced (Grayson andWestern, 1998). The results of a linear-fitting anal-
ysis between the estimated and the measured soil mean SWCs for each
depth are presented in Table 5. The direct method was commonly used
for 200–300 cm depths, and the indirect method was used for 10–
180 cm depths. Both methods estimated the mean SWCs well based
on the low MAREs and RMSEs. For example, the MAREs and RMSEs
ranged from 0.02 to 0.08% and from 0.41 to 1.39%, respectively
(Table 5). Gao et al. (2011) found that the direct and indirect methods
had similar and good predictive accuracies for estimating field-mean
moistures of jujube orchards. Wang et al. (2013) observed a stronger
linear relationship between field-mean and estimated mean SWC
using the indirect method, with values within acceptable error limits.



Fig. 8. Profile distribution of (a) number of locationswithmean absolute bias error (MABE) b5%, standard deviation ofMRD (SDRD) b5%, andmean relative difference (MRD)within±5%
and (b) number of representative locations. N1, number of locations with MABE b5%; N2, number of locations with SDRD b5%; N3, number of locations with MRD within ±5%; and N4,
number of locations with MRD within ±5% and SDRD b5%.
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The MARE and RMSE were relatively higher at 120–180 cm than in
shallower and/or deeper soil (Table 5). There were two reasons for
this result. First of all, the SWC of shallow soil was mainly controlled
by external condition, while the SWC of deep soil was less affected.
However, the intermediate depths (120–180 cm) could capture the
soil water exchange between the shallow and deep soils, resulting
in relatively higher values of MARE and RMSE. Moreover, the uneven
distribution of roots for 120–180 cm depth, especially for species with
higher evapotranspiration (e.g. alfalfa), could also complicate the
water dynamics (Zhao et al., 2010).

Linear fitting analysis was also performed between the measured
mean SWC and the estimated mean SWC calculated with Eq. (6) along
the entire soil profile (Fig. 9) to further evaluate the indirect method.
The method estimated the mean SWCs accurately (R2 = 0.9993,
P b 0.001) within the soil profile. Temporal stability tends to vary
with depth (Vanderlinden et al., 2012), but finding a single location
representing the mean SWC for several depths can both reduce costs
and maintain a high accuracy of prediction. In the present study, loca-
tions 10 and 127 were able to represent two depths, and location 35
could represent three depths (Table 5).

3.4. Characteristics of the temporal stability of SWC under different
soil-moisture conditions

The temporal stability of SWC is associatedwith soil-moisture condi-
tions (Hu et al., 2010b; Gao and Shao, 2012a; Zhang and Shao, 2013). In
Table 5
Linearfitting betweenmeasured soil–water content (SWC) (x) and the estimated SWC (y)
using direct or indirect methods for each depth along the transect.

Depth (cm) Location Fitting equation MARE (%) RMSE (%) Method

10 89 y = 0.957x + 0.356 0.03 0.42 Indirect
20 91 y = 0.993x + 0.102 0.03 0.41 Indirect
40 10 y = 0.990x + 0.130 0.04 0.86 Indirect
60 131 y = 0.842x + 2.388 0.02 0.48 Indirect
80 12 y = 1.053x − 0.768 0.04 0.80 Indirect
100 10 y = 1.001x − 0.024 0.03 0.61 Indirect
120 114 y = 0.766x + 3.190 0.07 1.14 Direct
140 69 y = 0.242x + 10.341 0.07 1.39 Indirect
160 35 y = 1.527x − 7.116 0.08 1.36 Indirect
180 35 y = 0.851x + 2.024 0.07 1.20 Indirect
200 84 y = 0.642x + 4.784 0.04 0.71 Direct
220 25 y = 1.039x − 0.667 0.04 0.66 Direct
240 35 y = 2.022x − 14.365 0.05 1.03 Indirect
260 5 y = 0.698x + 4.407 0.03 0.57 Direct
280 127 y = 0.701x + 4.275 0.03 0.48 Direct
300 127 y = 0.590x + 6.150 0.03 0.54 Direct

Direct method indicates that the representative location was identified by the location
withmean relative difference (MRD)within±5% and standard deviation ofmean relative
difference (SDRD) b5%; indirect method indicates that the representative location was
identified by the most temporally stable location; MARE was mean absolute relative
error; RMSE was root mean square error.
the present study, four types of representative locations, the driest, wet-
test, mean moisture and most temporally stable, were thus identified
for each soil depth along the transect. The location numbers, MRDs,
and SDRDs for the four soil-moisture conditions at each depth are pre-
sented in Table 6.

No single locationwas representative across the soil profile under all
four moisture conditions, but the locations for the extreme conditions
(the driest andwettest conditions) ofmoisturewere consistently repre-
sentative for several depths. For example, location 31 represented
depths of 220, 240, 260, 280, and 300 cm under the driest conditions,
and location 29 represented depths of 160, 180, 200, 220, 240, and
260 cmunder thewettest conditions. The locations representing several
depths for themost temporally stable moisture conditions were mainly
for deeper soil. No location under mean moisture conditions, however,
could represent two adjacent depths (Table 6), indicating that extreme
conditionsmaybepersistent along soil profiles. This resultwas in agree-
ment with the findings by Jia et al. (2013b).

The wettest locations had relatively higher SDRDs, mean-moisture
locations had moderate SDRDs, and the driest locations had relatively
lower SDRDs for each depth. The driest locations were thus more likely
to be themost temporally stable. For example, locations 35 and 31were
identified as both the driest and the most temporally stable locations
for the 160–200 cm and 260–300 cm depths, respectively (Table 6).
These results were consistent with those of other studies (Martínez-
Fernández and Ceballos, 2003; Jacobs et al., 2004; Cosh et al., 2008; Hu
et al., 2010b; Gao and Shao, 2012a; Jia et al., 2013b). Hu et al. (2010b)
and Gao and Shao (2012a) found a significant positive correlation
(P b 0.01) between SWC and the associated SDRD. In the present
study, the soils of locations 35 and 31 were characterised as sandy
soil. Drier sandy soils may have lower SDRDs due to their inability to re-
tain water (Martínez-Fernández and Ceballos, 2003). Schneider et al.
Fig. 9. Linear fitting betweenmeasuredmean soil–water content (SWC) (x) and estimated
mean SWC (y) calculated with Eq. (6) for each soil depth of the soil profile.



Table 6
Mean relative differences (MRDs) and associated standard deviations (SDRDs) for locations identified as representing the driest, wettest, mean moisture, and most stable for each depth
along the transect.

Depth
(cm)

Driest locations Mean moisture locations Wettest locations Most stable locations

No. MRD (%) SDRD (%) No. MRD (%) SDRD (%) No. MRD (%) SDRD (%) No. SDRD (%) MRD (%)

10 58 −75.97 6.97 115 0.01 16.85 29 166.20 56.07 89 5.80 35.32
20 58 −69.65 7.07 1 −0.32 7.02 29 106.56 34.28 91 4.59 25.75
40 58 −62.66 8.03 115 0.80 15.54 118 90.00 13.48 10 4.49 −12.98
60 59 −67.27 7.29 123 0.27 14.16 89 98.11 17.15 131 4.25 36.63
80 87 −75.01 2.98 104 −0.06 8.78 89 121.02 19.52 12 2.78 −48.39
100 37 −67.17 6.38 121 0.02 7.65 89 126.48 19.09 10 3.61 −16.06
120 37 −65.33 6.74 85 0.09 5.41 89 138.04 16.16 31 3.69 −61.11
140 35 −67.79 4.47 107 −0.81 11.09 89 128.52 15.96 69 3.65 −59.84
160 35 −72.72 2.68 105 0.06 7.29 29 157.29 14.21 35 2.68 −72.72
180 35 −74.56 2.37 53 −0.20 12.82 29 158.69 14.26 35 2.37 −74.56
200 35 −77.87 2.34 102 0.56 7.70 29 181.66 17.67 35 2.34 −77.87
220 31 −77.30 7.77 103 −0.35 6.36 29 174.16 13.85 35 2.56 −75.85
240 31 −79.41 2.65 88 0.15 5.09 29 169.75 10.84 35 1.99 −72.92
260 31 −78.66 2.42 120 0.24 4.45 29 163.36 9.41 31 2.42 −78.66
280 31 −79.42 1.81 5 −0.02 4.32 74 162.19 10.63 31 1.81 −79.42
300 31 −80.26 2.17 0 −0.41 5.90 74 183.45 13.07 31 2.17 −80.26
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(2008), however, did not find a significant dependence of temporal
stability on soil–water status. Additionally, the SDRDs of our locations
with the above four moisture conditions tended to decrease with
increasing depth, indicating that the temporal stability at those repre-
sentative locations increased as external disturbances decreased along
the soil profile.
4. Conclusions

This study analysed the changing characteristics of SWC and its tem-
poral stability in soil profile. Based on the SWC datasets of 135 locations
on 18 observing dates, the following conclusions can be summarized:

The SDT and CVT of SWC decreased with soil depth. The SDS of SWC
decreased with depth, but the CVS first decreased and then increased
below 60 cm. Significant depth persistence of the spatial pattern of
SWC was observed among the various depths, and the persistence
decreased with increasing soil intervals.

The temporal stability of SWCwas relatively higher in deeper than in
shallower soil based on Spearman's rank correlation coefficients, SDRDs,
and MABEs. The changes in these indices, however, differed to some
extent along the soil profile. The number of locations with an SDRD
and/or MABE b5% was significantly dependent on depth, but the num-
ber of locations with an MRD within ±5% and/or representative loca-
tions was not depth-dependent.

The mean SWC for each soil depth can be accurately estimated by
MARE and RMSE directly using the SWCs of representative locations
or indirectly using themost temporally stable locations, and the accura-
cy of prediction was not depth-dependent. A single location can remain
representative for more depths under extreme moisture conditions
than under meanmoisture conditions. Drier locations were more likely
to be the most temporally stable, especially for deep soils.

The distribution of Spearman's rank correlation coefficients and the
number of representative locations along the soil profile differed from
those of previous studies. These differences may indicate that informa-
tion can be neglected if soil profiles are sectioned coarsely. This study
contributes to our further understanding of the SWC patterns in semi-
arid regions and has important implications for hydrological modelling
and the management of soil water.
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