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Abstract Information on soil water storage (SWS) within
soil profiles is essential in order to characterize hydrological
and biological processes. One of the challenges is to develop
low cost and efficient sampling strategies for area estimation
of profile SWS. To test the existence of certain sample
locations which consistently represent mean behavior irre-
spective of soil profile wetness, temporal stability of SWS in
ten soil layers from 0 to 400 cm was analyzed in two land
uses (grassland and shrub land), on the Chinese Loess
Plateau. Temporal stability analyses were conducted using
two methods viz. Spearman rank correlation coefficient (rs)
and mean relative differences. The results showed that both
spatial variability and time stability of SWS increased with
increasing soil depth, and this trend was mainly observed at
above 200 cm depth. High rs (p<0.01) indicated a strong
temporal stability of spatial patterns for all soil layers.
Temporal stability increased with increasing soil depth,
based on either rs or standard deviation of relative difference
index. The boundary between the temporal unstable and
stable layer of SWS for shrub land and grassland uses was
280 and 160 cm depth, respectively. No single location
could represent the mean SWS for all ten soil layers. For
temporal stable layers, however, some sampling locations

could represent the mean SWS at different layers. With
increasing soil depth, more locations were able to estimate
the mean SWS of the area, and the accuracy of prediction
for the representative locations also increased.
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Introduction

Soil water storage (SWS) is an important soil quality indi-
cator as it plays a key role in a series of hydrological and
biological processes. In shallow soil layers, SWS has crucial
effects on surface and subsurface runoff generation, erosion,
plant growth, and material exchange of land-atmosphere
system. On the other hand, SWS of deep layers along the
soil profile has long been recognized as a water buffering
pool for alleviating the effect of drought on plant growth and
on the flux of moisture returning to the atmosphere, espe-
cially in semi-arid environments. Therefore, the evaluation
of characteristics and dynamics of deep profile SWS is
helpful for hydrological modeling, improving water re-
source management practices and vegetation restoration
strategy.

Profile SWS is a result of equilibrium between infiltration
and evapotranspiration. For the loessal soil profile in China,
soil water recharge can reach 120 cm deep on monthly and
seasonal scales (She et al. 2010). Indigenous flora extract
the water stored in the diverse soil layers, resultantly SWS is
highly variable due to soil variability and root distribution.
Spatio-temporal variability of SWS has been studied exten-
sively in the past half century (Qiu et al. 2001; Ibrahim and
Huggins 2011). The variability of SWS necessitates the
collection of numerous samples to acquire a complete pic-
ture of its spatio-temporal pattern, which is costly in time
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and money. Actually, for most practical applications, the
information about mean SWS values and variances are
generally sufficient (Tallon and Si 2004). Traditional sam-
pling methods assume that spatial patterns of variability in soil
water are random. However, factors controlling soil water
exhibit non-random patterns that may persist over time.
Therefore, development of new methodologies for the opti-
mized and efficient SWS measurements without losing infor-
mation is of the utmost importance (Hu et al. 2010a).

The temporal stability concept introduced by Vachaud et
al. (1985) has been widely applied as a tool to optimize the
sampling scheme. Temporal stability can be described as the
capacity of certain locations conserving the property to
represent mean and extreme values of the field water content
over time (Vachaud et al. 1985; Martínez-Fernández and
Ceballos 2003). Based on this concept, it is possible to find
locations that represent an area’s mean moisture content, to
up- and down- scale soil moisture measurements, to com-
plete dataset with missing data and to assimilate data in
hydrological modeling (Vanderlinden et al. 2012; Penna et
al. 2013). Thus, the concept of temporal stability has been
gradually enriched and developed over different areas
worldwide, especially during the soil moisture sampling
campaigns aimed at the validation of remotely sensed mean
soil moisture estimation as summarized in Table 1 (Starks et
al. 2006; Cosh et al. 2008; Hu et al. 2010b). With the aim of
identifying locations of temporal stability of soil moisture,
numerous scientists have mainly investigated the statistical
properties of soil moisture in the time domain, and then,
described the effects of soil properties and topography,
vegetation and land use change, soil depth and monitoring
frequency on the stability of water moisture patterns
(Martínez-Fernández and Ceballos 2003; Thierfelder et al.
2003; Grant et al. 2004; Brocca et al. 2009; Williams et al.
2009; Hu et al. 2010a; She et al. 2012). A general feature of
these previous studies was that (1) few efforts refer to the
whole soil profile; (2) even fewer studies examine the tem-
poral stability of soil moisture as a function of depth; (3)
some only observe the soil profile within 0–1 m layer. If a
subset of the sampling locations could be used to represent
the averages of SWS for an area of interest at various levels
in the soil profile, as well as the total profile, the temporal
stability analysis could reduce the number of filed sampling
sites required for accurately characterizing the behavior of
profile SWS of the study area over time. Very few reports
referred to the profile characteristics of SWS temporal sta-
bility deeper than 1 m (Hu et al. 2010b; Gao and Shao
2012a). Through the analysis of temporal stability of SWS
in 0–1, 1–2, and 2–3 m soil layers using Spearman rank
correlation coefficients and relative differences, Gao and
Shao (2012a) concluded that the temporal stability of SWS
is soil depth dependent which requires more research to be
confirmed. Heathman et al. (2009) analyzed the temporal

stability of surface and profile moisture at the field and
watershed scales in the Little Washita River Watershed.
They suggested that the actual scale of observation and
number of measurements affects the relationship between
surface and average profile soil moisture temporal stability
analysis. Considering the dependence of temporal stability
on depth, caution should be taken in devising a sampling
plan to determine SWS values for the different soil depths.

Besides the uncertain effects of soil depth on SWS tem-
poral stability, no consistent conclusions have been drawn
on the importance of contributing factors to temporal stabil-
ity. da Sivaro et al. (2001) and Hu et al. (2009) found that
soil particle size and organic matter content were the main
factors influencing temporal stability. In contrast, Schneider
et al.(2008) found that soil characteristics could not fully
explain the quality of temporally stable locations. Other
studies found that topography and land use rather than soil
properties appeared to be the primary factors (Gómez-Plaza
et al. 2000; She et al. 2012). Grayson and Western (1998)
and Vivoni et al. (2008) believed that the best locations to
represent the mean soil water content of a catchment should
be the locations which capture the average characteristics of
that catchment, e.g., near- to mid-slopes or mid aspects
(Grayson and Western 1998). Tallon and Si (2004) found
little correlation between temporally stable locations and
any of the standard local (soil texture) or non-local (eleva-
tion, catchment area, wetness index, and slope curvature)
factors that typically affect soil moisture. Nevertheless, the
interactive effects of multi-factors, such as land use and soil
depth, on identifying representative locations warrants fur-
ther research.

The Loess Plateau is famous in the world for its deep
loess, intense soil erosion, and “Grain-for-Green” re-
vegetation programs. Studies on the temporal stability of
soil properties on the Loess Plateau of China have gained
interest since the recent work by Hu et al. (2009). With more
slope farmlands converted to grassland/forestland by plant-
ing perennial plants, the profile characteristics and dynamics
of SWS become more complex, mainly due to modifications
in infiltration rate, runoff intensity, and evapotranspiration.
Thus, land use can serve as a good criterion for locating soil
moisture measurement locations for catchment mean esti-
mation (She et al. 2012). Since land use and soil depth are
two of the main factors controlling soil moisture variability
in the Loess Plateau (Hu et al. 2010b), the study of profile
characteristics of temporal stability of SWS under various
land use systems can be very important, especially for soil
water management during the process of vegetation
restoration.

The purpose of this present study was to investigate the
temporal stability of SWS for ten soil layers down to 400 cm
depth in two land uses within a watershed on the Loess
Plateau of China. Specific objectives were (1) to determine
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the relationship between SWS temporal stability and soil
depth; (2) to assess the effects of land use on profile char-
acteristics of SWS temporal stability; (3) to estimate the
mean SWS of the two land uses based on the identifying
representative locations of each soil layer.

Material and methods

Study site description

The study was carried out in Liudaogou watershed located
in the north of Loess Plateau of China, latitude 35°20′–40°
10′ N and longitude 110°21′-110°23′ E. Detailed informa-
tion about the area can be found in She et al. (2010). The
watershed lies at an altitude between 1,081 and 1,274 m and
has an area of 6.89 km2. The climate is semi-arid with a
mean annual rainfall of 437 mm (minimum of 109 mm,
maximum of 891 mm) and a mean temperature of 8.4 °C
(the minimum temperature is −9.7 °C in January, and the
maximum is 23.7 °C in July). The annual potential evapo-
transpiration is 785.4 mm, with a desiccation degree of 1.8
and 135 frost-free days. The groundwater table is lower than
20 m beneath soil surface.

Loessal mein soil (Los–Orthic Entisol, Chinese
Taxonomic System; Gong 1999) is the predominant soil in
the watershed. Sand, loamy sand, and sandy loam are the
dominant soil texture classes, the proportions of which to
the entire region are 13, 17, and 70 %, respectively. Most of
the natural vegetation has been destroyed in the watershed
due to long-term human activity and serious wind–water
erosion. The watershed is covered by the dominant artificial
vegetation, such as Medicago sativa L. (grass), and
Caragana korshinskii (shrub), which accounts for 25 and
9 % of the watershed area, respectively.

Experimental design

Two land uses, each containing eight sampling loca-
tions, were selected to pass through C. korshinskii
(shrub land use, marked from S1 to S8), and M. sativa
L. (grassland use, marked from G1 to G8) of the wa-
tershed (Fig. 1). Each location covers about 500-cm×
2,000-cm area, and was fenced with iron sheet to pre-
vent human activity. Three aluminum neutron probe
access tubes were installed at each location to reach
the 400 cm depth. From May 26, 2007 to October 11,
2008, slow neutron accountings were obtained at 19
dates. For each access tube, the neutron counting rate
(CR) was measured in 10 cm interval for 0–100 cm,
and in interval of 20 cm for 100–400 cm. Volumetric
soil water contents, θ (%), at each depth, were calculat-
ed for CR using the following calibration curves:

θ ¼ 0:5993� CR� 0:0063 R2 ¼ 0:75; p < 0:001ð Þ
For 0� 10 cmlayer

ð1Þ
θ ¼ 0:4857� CR� 0:008 R2 ¼ 0:75; p < 0:001ð Þ

For 10�20 cm layer

ð2Þ

θ ¼ 0:5723� CR� 0:0117 R2 ¼ 0:91; p < 0:001ð Þ For 20

� 400 cm layer

ð3Þ

The average θ of the three access tubes was used to
calculate the SWS for each location. To evaluate the vertical
distribution along the profile, soil water storage (in millime-
ter) of location i at time j in every 40 cm depth were
calculated from θ (i,j,k) (%, v/v) data (k refers to different
soil depths, in centimeter) by the following equation.

SWSjð0�40 cmÞðiÞ ¼ θ i; j; 10ð Þ � 100þ θ i; j; 20ð Þ
� 100þ θ i; j; 30ð Þ � 100

þ θ i; j; 40ð Þ � 100 ð4Þ

Fig. 1 Distribution of sampling locations (sampling locations are
shown by marks that are consecutively numbered; S, G refer to shrub
land and grassland use, respectively)
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SWSjð40�80 cmÞðiÞ ¼ θ i; j; 50ð Þ � 100þ θ i; j; 60ð Þ
� 100þ θ i; j; 70ð Þ � 100

þ θ i; j; 80ð Þ � 100 ð5Þ

SWSjð80�120 cmÞðiÞ ¼ θ i; j; 90ð Þ � 100þ θ i; j; 100ð Þ
� 100þ θ i; j; 120ð Þ � 200 ð6Þ

SWSjð120�160 cmÞðiÞ ¼ θ i; j; 140ð Þ � 200þ θ i; j; 160ð Þ � 200 . . . . . .

ð7Þ

SWSjð360�400 cmÞðiÞ ¼ θ i; j; 380ð Þ � 200þ θ i; j; 400ð Þ
� 200 ð8Þ

At each location, a 100 cm deep pit was excavated to take
undisturbed soil samples. Soil bulk density and saturated
soil water content were determined by the gravimetrical
method. The field capacity and permanent wilting point
were determined with a pressure plate apparatus (Cassel
and Nielsen 1986) at −33 and −1,500 kPa, respectively.

Methods of statistical analysis

According to Vachaud et al. (1985), two statistical techni-
ques were used for temporal stability analysis:

(1) Spearman non-parametric test (rs). This index was used
to characterize the persistence of SWS spatial pattern
with time (Vachaud et al. 1985; Brocca et al. 2009),
defined by:

rs ¼ 1�
6
Pn

i¼1
Rij � Rij 0

� �

n n2 � 1ð Þ

2

ð9Þ

where Rij is the rank of SWS at location i at time j and
Rij0 is the rank of SWS observation at the same loca-

tion, but at time j′. n is the number of sampling
locations.

(2) Parametric test of relative difference. The relative dif-
ference, δij, is defined as (Vachaud et al. 1985):

dij ¼ Δij

SWSj
ð10Þ

where

Δij ¼ SWSij � SWSj ð11Þ

and

SWSj ¼ 1

n

Xn

i¼1

SWSij ð12Þ

SWSij being the soil water storage at location i at
time j. Thus, for each location i, the mean relative

difference (MRD) di and its standard deviation
(SDRD) σ(δi) are given by:

di ¼ 1

m

Xm

j¼1

dij ð13Þ

σðdiÞ ¼
Xm

j¼1

dij � di
m� 1

� �1 2=

ð14Þ

where m is the number of sampling dates. Obviously, a
“stable” location in time is characterized by a low value of
SDRD.

Results and Discussion

Temporal-spatial analysis of profile SWS

Four soil layers (0–40, 80–120, 160–200, and 360–400 cm)
were selected for graphing analysis of the time series of
mean SWS over space and their corresponding standard
deviation (SDS) (Figs. 2 and 3). For the two land uses, time
changes of SWS were mainly observed for the shallow soil
layers. In the grass and shrub land uses, spatial mean SWS
of 0–40 cm soil layer ranged from 31.9 to 75.2 mm and from
20.8 to 67.2 mm during the study period, with time-
averaged mean SWS being 47.8 and 37.8 mm, respectively.
Compared to the saturated SWS (204 mm), field capacity
(120 mm) and permanent wilting point SWS (22.4 mm) for
the 0–40 cm soil layer, the measured low SWS was a critical
factor for vegetation restoration in this area. The temporal
changes of SWS gradually decreased for deeper soil layers.
Ranges of spatial averaged SWS were 11.1, 4.5, and 4.7 mm
for the three deeper soil depths (80–120, 160–200, 360–
400 cm), respectively, in the grassland use (Fig.2a) and 16.4,
4.6, and 3.6 mm respectively, in the shrub land use (Fig.3a).

Spatial variability of SWS, as indicated by SDS, followed
a trend that was positively correlated with mean SWS, with
Pearson correlation coefficient of 0.693 (p<0.01) for the
grassland use and 0.461 (p<0.05) for the shrub land use.
This indicates stronger spatial variability of SWS under
wetter conditions, which could partly be explained by the
actively vertical and lateral redistribution of soil moisture
following significant storm events (Famiglietti et al. 1998).

Arab J Geosci (2014) 7:21–34 25



Compared to dry conditions, soil moisture variability under
wet condition is likely controlled more by variations in
hydraulic conductivity, leading to more SWS variations.
The positive correlation of soil water condition and associ-
ated variability were also observed by other researchers
(Famiglietti et al. 1998; Hu et al. 2009). Similar to the mean
SWS, the SDS changed more over time for the shallow soil
layers than for the deep layers (Figs. 2b and 3b).

Typical dry (30-Jul-07) and wet conditions (16-Jun-
08), and time-averaged SWS were selected to draw
detailed profile characteristics of SWS and corresponding
statistical parameters (Figs. 4 and 5). Time averaged
SWS showed an increasing trend with soil depth, with
SWS values increasing from 47.8 mm to 61.2 mm for
the grassland and from 37.8 to 48.5 mm for the shrub
land. The increasing trend of soil moisture with depth
was also observed in other places on the Chinese Loess
Plateau (Qiu et al. 2001). Results of ANOVA test
revealed significant differences for SWS between shal-
low soil layers and deeper soil depths, and between the
two land uses (p<0.05). Combinations of factors

including rainfall, infiltration, upward water movement,
and water uptake by plant roots affect SWS. In the
study region, shrub land (C. korshinskii) could produce
a denser root system, larger leaf canopy, and thus more
ET and lower SWS than that in the grassland (M. sativa
L.) use. A comparison of the SWS pattern between the
dry and wet conditions revealed that the profile changes
of SWS during the study period occurred down to
280 cm depth in the shrub land, but only down to
160 cm in the grassland (Fig. 4). The SWS at 0–
40 cm was 31.7 mm on 30-Jul-07 (dry), and increased
to 67.2 mm on 16-Jun-08 (wet) for the shrub land; and
36.6 mm on the dry day, then increased to 75.2 mm on
the wet day for the grassland. These increasing ranges
were gradually reduced with the increase of soil depth.
The profile SWS curves deeper than 280 cm for the
shrub land on the two typical days were almost super-
posed compared to 160 cm for the grassland. Profile
characteristics of SDS further proved that SWS of
deeper soil layers had greater spatial variability, which
was significant (p<0.05) by a one-way ANOVA test.

Fig. 2 Time series of a the
mean soil water storage (SWS)
over space, b its associated
standard deviation (SDS) for
various soil layers of grassland
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The time-averaged SDS values for the soil layers with
increasing depth ranged from 10.9 to 18.7 mm for the
grassland, and from 8.1 to 26.0 mm for the shrub land,
respectively (Fig. 4).

Profile distribution of the standard deviation and coeffi-
cient of variation over time (SDT and CVT) showed an
inverse trend compared to SWS and SDS, which indicated
that temporal changes for the SWS decreased with increas-
ing soil depth (Fig. 5). Additionally, this decrease was
mainly observed in the upper soil layers, especially at the
depth of 0–200 cm. The values of SDT and CVT for 0–40 cm
depth were 12.8 mm and 26.8 % in the grassland use, and
12.5 mm and 33.1 % in the shrub land use. They decreased
sharply to 1.2 mm and 2.3 % in the grassland, and 1.1 mm
and 2.9 % in the shrub land use at the layer of 160–200 cm,
respectively. SDT and CVT below the 200 cm soil depth
remained consistently low, at about 1.0 mm and 1.8 %, with
minor changes for both land uses. Higher temporal variabil-
ity of SWS of shallow soil layers may be related to the some
environmental factors, including rainfall, surface evapora-
tion, and water uptake by plant roots. These results are
consistent with previous observations (Choi and Jacobs

2007; Gao and Shao 2012a), but varied with change in depth
at different study areas.

Profile characteristics of temporal patterns of SWS

The matrix of the rs made from pairs of SWS measured at
the 8 sites for all 19 dates showed that all coefficients were
significant at the 0.01 probability level (data not shown
owing to the large amount of space that it would occupy)
and statistical test indicated a strong temporal stability of
spatial patterns for all soil layers (Fig. 6). The results were
consistent with the findings of Vachaud et al.(1985) and
Tallon and Si (2004). Mean values of rs were 0.93 and
0.94 for the shrub land and grassland uses, respectively,
which were comparable to those of Hu et al. (2009), and
larger than those of Brocca et al. (2009). The profile curves
of the mean rs presented increasing trends with soil depth,
and the increasing trend of mean rs mainly occurred at the
depth of 0–200 cm. For soil layers below 200 cm, mean rs
maintained the high level for both land uses. The increased
time stability with soil depth was consistent with most
findings for various land use conditions in a variety of

Fig. 3 Time series of a the
mean soil water storage (SWS)
over space, b its associated
standard deviation (SDS) for
various soil layers of shrub land
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places and over a large range of time–space scales (Cassel et
al. 2000; Lin 2006; Guber et al. 2008). The higher root
water uptake (Hupet and Vanclooster 2002) and more me-
teorological effect (Hu et al. 2010a) may be the main reason
for weaker time stability at shallow depth. Deeper depths are
immune to those effects, and thus have an increased time
stability (Kamgar et al. 1993).

Temporal stability analysis of profile SWS

Figure 7 presents the rank ordered MRD and associated
SDRD of SWS in diverse soil layers for the two land uses.
The two variables behaved differently at various soil depths
(Fig. 8).

The mean ranges of MRD at soil depth of 0–40 cm were
62.5 % for the shrub land use, and 55.7 % for the grassland
use, and then increased to 130.5 and 88.0 %, respectively, at
soil layer of 360–400 cm. The increasing trend of ranges of

MRD corresponded with the increasing spatial variability of
SWS with soil depth, as indicated by the SDS values
(Fig. 4), although there were some fluctuations in the middle
of the profile. The ranges of MRD for the both land uses
were lower than other published results. For example, Hu et
al. (2010a) reported that the ranges of MRD were greater
than 180 % for all soil depths within the 0.8 m soil depth.
This could be attributed to the more diverse and complex
nature in relation to soil, topographic and vegetation prop-
erties in their study area (Hu et al. 2010b). The effect of land
use on MRD is evident, and which was also dependent on
soil depth. For 0–200 cm, the ascending order curves of
MRD for the two land uses were almost superposed.
However, below 200 cm soil depth, the representative dry
locations in the shrub land use had lower MRD values and
the wet locations had larger values than that in the grassland
use. These differences became more obvious with increas-
ing soil depth, which resulted in significantly larger MRD at

Fig. 4 Profile characteristics of
the soil water storage (SWS)
over space and its associated
standard deviation (SDS) on
typical dry condition (30-Jul-
07), wet condition (18-Jun-08)
and time average over all
measurement for the grassland
and shrub land uses
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200–400 cm soil depth for the shrub land use than that for
the grassland use (p<0.05). These results also confirmed the
higher spatial variability of SWS for deeper soil layers in the
shrub land use.

The low SDRD was used as an indicator to describe the
temporal stability of SWS. Figure 7 shows that locations
having higher MRD values at shallower soil layers had
much weaker temporal stability than those at deeper soil
depths. The mean SDRD on the shrub land use was 9.3 % at
0–40 cm depth and decreased to 3.5 % with increasing soil

depth to 240–280 cm layer. For the grassland use, the mean
SDRD also decreased with soil depth: 9.6, 9.6, 8.1, and
5.2 % for the 0–40, 40–80, 80–120, and 120–160 cm soil
depth, respectively. The mean SDRD remained almost the
same (about 3 to 4 %) for the soil layers deeper than 280 cm
on the shrub land use and deeper than 160 cm on the
grassland use.

The relationship between temporal stability and soil
depth was illustrated consistently by the profile distribution
of mean SDT and CVT, which was also reported in an
agricultural field (Guber et al. 2008) and a forest ecosystem
(Lin 2006). At the same time, the results of temporal stabil-
ity as indicated by SDRD were consistent with those based
on the rs, although these two indices present different con-
cepts of temporal stability (Hu et al. 2010a; 2012). The rs
described the similarity of the spatial pattern over time,
while the SDRD results mainly presented the degree of
temporal invariability for a specific location. Therefore, for
the study land uses, the profile characteristics of the time-
similarity of spatial patterns of SWS showed a concordant
trend with the temporal stability of the locations, which was
also reported by Gao and Shao (2012a). Hu et al. (2010b),
however, got the opposite results of the inconsistency be-
tween rs and SDRD, which were largely due to the different
sampling depths.

The increasing temporal stability with depth could main-
ly explained by the fact that the dependency of soil moisture
on climatic, biological and hydrological factors decreases
with increasing soil depth (Hupet and Vanclooster 2002;
Starks et al. 2006; Gao and Shao 2012a, b). Another expla-
nation was that soil structure and its ability to retain water
more variable in shallow soil layers (Korsunskaya et al.
1995). In our study area, the depth of about 280 cm for

Fig. 6 Profile characteristics of the mean Spearman rank correlation
coefficient

Fig. 5 Profile characteristics of
standard deviation of the time
series of the mean spatial SWS
(SDT) and the coefficient of
variation of the time series of
the mean spatial SWS (CVT) for
the grassland and shrub land
uses
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the shrub land use, and 160 cm for the grassland use could
be as the boundary between the temporal unstable and stable
layer of profile SWS. For deeper than the boundary, the
effects of infiltration and evapotranspiration became small
and, the input and output terms of water balance almost
reached equilibrium at seasonal scales. Considering the high
dependence of temporal stability on depth, caution should
be taken in making the sampling plan to determine SWS
values. Therefore, increasing sampling frequency at shallow
soil layers is a reasonable measure for improving the preci-
sion of prediction. Furthermore, a significant reduction in
number of required samples, while maintain a high level of
prediction can be achieved by optimizing representative
sites at deep soil layers.

Identification of representative locations based on relative
difference analysis

Based on the relative difference method, we could find that
some given locations systematically represent the mean
SWS of the study land use or give under- or over-estimate
of the mean SWS regardless of the observation time.
Mathematically, the temporally stable locations to estimate
the mean SWS of a study area should have a MRD value
that is the closest to zero and, additionally, a low SDRD
value (Grayson and Western 1998). The allowable bias from
the mean for MRD is 5 % in this study. Then, the number of
locations meets the required was just only 2 to 3 for all the
soil layers (Fig. 7), which may be due to the strong spatial

Fig 7 Ranked averages of the
relative differences of the SWS
data at various soil depths for
two land use. Bars represent±
one standard deviation, σ (δ),
number refers to the
measurement location
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variability in SWS of the two land use, especially for deeper
soil layers.

The lower the value of SDRD, the more temporally stable
a location would be. Starks et al. (2006) identified locations
as time stable those with SDRD values lower than 5 %. In
light of this principle, an increase in depth resulted in a
higher number of time-stable locations in the present study.
Only one to three locations in a total of eight spatial obser-
vations were time stable for the shallow soil layers, espe-
cially 0–40, 40–80, and 80–120 cm soil depth. For the
deeper soil layers, the SDRD values for majority of the
locations were lower than 5 %, which meant that almost
overall spatial pattern of deep SWS in the study land uses
were temporal stable.

Locations meeting both of the MRD and SDRD
requirements could directly represent the mean SWS of
the study land uses (Tables 2 and 3). The number of
representative locations in both land uses increased with

increasing soil depth. Only one location for the diverse
soil layers above the boundary (depths of about 280 cm
for the shrub land use, and about 160 cm for the
grassland use), could be used to directly predict the
mean SWS of the area. The number of representative
location increased to two for deeper soil layers. These
results agreed with the findings of Gao and Shao
(2012a), who indicated that although the large spatial
variability of soil moisture resulted in fewer locations
with MRD values close to zero, the decreasing temporal
variability of soil moisture induced more locations with
smaller SDRD values in deeper soil layers. Compared to
spatial variability, temporal variability of soil moisture
had a more pronounced effect on identifying represen-
tative locations, thus an increase in soil depth resulted
in more representative locations.

No single location could represent the mean SWS for
all ten soil layers (Tables 2 and 3). Especially above the

Fig. 8 Profile characteristics of
the range of mean relative
difference and its standard
deviation

Table 2 Summary statistics for
representative locations for
shrub land use, and evaluation of
its predictive accuracy according
to four criteria

MRD mean relative difference,
SDRD standard deviation of rel-
ative difference, R2 coefficient of
determination, E Nash–Sutcliffe
coefficient, RMSE root mean
square error, MAE mean abso-
lute error

Depth (cm) Location Rank MRD(%) SDRD(%) R2 E RMSE(%) MAE(%)

0–40 S2 5 3.51 4.54 0.86 0.83 1.76 0.25

40–80 S2 5 2.33 4.18 0.85 0.59 2.10 0.46

80–120 S7 5 0.67 4.66 0.94 0.71 1.89 0.34

120–160 S5 5 4.85 4.70 0.96 0.78 1.95 0.29

160–200 S5 5 0.03 3.68 0.73 0.42 2.25 0.15

200–240 S4 6 4.52 2.67 0.92 0.89 1.36 0.28

240–280 S4 5 3.35 2.79 0.89 0.86 1.21 0.16

280–320 S1 4 −3.71 1.52 0.91 0.93 1.34 0.11

S4 5 4.59 2.57 0.95 0.89 1.05 0.08

320–360 S1 4 −4.38 2.23 0.96 0.97 1.12 0.13

S4 5 3.80 1.93 0.89 0.95 1.09 0.04

360–400 S1 4 2.99 2.73 0.93 0.92 1.01 0.08

S4 5 4.80 2.96 0.91 0.97 1.13 0.12
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boundary depth, most of the representative locations
were different at different soil depths, which Guber et
al. (2008) also reported. But, for layers deeper than the
boundary, some of our locations could represent the
mean SWS for all layers. For example, locations S1
and S4 could be used to monitor the mean value at
the 280 to 400 cm soil depths in the shrub land use,
and locations G1 and G2 could be used to monitor the
mean value at the 160 to 400 cm soil depth in the
grassland use. This similar ranking of the locations for
deep soil layers could be explained by the weak vari-
ability in soil texture properties of deep loess profile
(Wang et al. 2010). Zhao et al. (2010) also pointed out
that the temporal patterns of soil moisture are signifi-
cantly affected by vertical variability of soil properties,
especially the soil texture. For the shallow soil layers,
the soil variability along soil profile is introduced with
the activity of soil organisms, soil erosion, and the
growth of the vegetation (Gao and Shao 2012b). The
combined effects of soil, vegetation, and topographic
properties determined the differences in the representa-
tive locations at different soil layers above boundary
depth.

The accuracy of prediction for the representative loca-
tions was further examined using the independent dataset
measured in 2006 as a validation dataset. The different
performance evaluation criterion used to find the applicabil-
ity and comparison of representative locations in diverse soil
layers are correlation coefficient (R2), Nash–Sutcliffe coef-
ficient (E), root mean square error (RMSE) and mean abso-
lute error (MAE). The formula to calculate these
performance evaluation criterions are given by Jyoti et al.
(2012). The high R2 values combined with linear gradients
having values of 0.73 to 0.98, indicating that the selected

representative locations would provide good estimates of
mean SWS. Nash–Sutcliffe coefficient (E) represents the
initial uncertainty explained by the representative locations.
The closer the value to 1, the better is the representative
location performance. For both land uses, the E values
presented increasing trends with increasing soil depth,
which ranged from 0.42 to 0.97 in the shrub land use, and
from 0.62 to 0.97 in the grassland use. RMSE and MAE
values also showed decreasing trends with increasing soil
depth in both land uses, which further proved that stronger
temporal stability of SWS in deeper soil layers. The predic-
tive accuracies were comparable to those reported by Brocca
et al. (2009). The predictions were reliable based on Cosh et
al. (2008), who stated that an estimate was accurate when
RMSE was less than 2 %.

Conclusions

In the present work, temporal behavior of profile SWS
has been investigated in two land uses (grassland and
shrub land) in the Chinese semi-arid region. With in-
creasing soil depth, temporal variability of SWS de-
creased, while its spatial variability increased. Greater
temporal stability was observed at deeper soil layers,
based on either the Spearman rank correlation coeffi-
cient (rs) or the SDRD index. The boundary between
the temporally unstable and stable layer of profile SWS
happened at 280 cm depth in the shrub land use and
160 cm depths for the grassland use. No single location
could represent the mean SWS for all ten soil layers.
Especially above the boundary depth, only one different
location for each soil layers could be used to directly
predict the mean SWS of the area. But for temporal

Table 3 Summary statistics for
representative locations for
grassland use, and evaluation of
its predictive accuracy according
to four criteria

MRD mean relative difference,
SDRD standard deviation of rel-
ative difference, R2 coefficient of
determination, E Nash–Sutcliffe
coefficient, RMSE root mean
square error, MAE mean abso-
lute error

Depth (cm) Location Rank MRD(%) SDRD(%) R2 E RMSE(%) MAE(%)

0–40 G7 5 −0.22 4.98 0.90 0.78 1.86 0.25

40–80 G7 4 −1.12 4.01 0.83 0.62 2.12 0.34

80–120 G6 4 4.84 4.04 0.88 0.72 1.94 0.45

120–160 G6 4 3.87 4.34 0.91 0.89 1.56 0.26

160–200 G1 5 3.14 2.01 0.92 0.79 1.98 0.13

200–240 G1 5 1.80 2.71 0.98 0.92 1.36 0.09

G2 6 4.32 2.02 0.95 0.91 1.48 0.19

240–280 G1 4 −3.60 2.68 0.91 0.86 1.26 0.20

G2 5 4.43 2.38 0.87 0.93 1.10 0.16

280–320 G1 4 −4.13 2.90 0.93 0.94 1.26 0.09

G2 5 3.53 3.33 0.97 0.97 1.13 0.11

320–360 G1 4 −0.57 2.24 0.92 0.94 1.08 0.15

G2 5 2.63 2.66 0.89 0.89 1.20 0.06

360–400 G1 4 −1.54 3.76 0.96 0.95 1.05 0.14

G2 5 −1.06 2.22 0.91 0.96 1.11 0.10
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stable layers, more and same locations estimated the
mean SWS of the study land uses accurately.
Locations S1 and S4 could be used to monitor the mean
value at the 280 to 400 cm soil depths in the shrub land
use, and locations G1 and G2 could be used to monitor
the mean value at the 160 to 400 cm soil depth in the
grassland use. The accuracy of prediction for the repre-
sentative locations also increased with increasing soil
depth. These findings provide useful guidance for future
research work related to planning of soil sampling and
soil water management in semi-arid region.
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