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Estimating spatial mean soil water contents from point-scale measurements is important to improve soil
water management in sloping land of semiarid areas. Temporal stability analysis, as a statistical technique
to estimate soil water content, is an effective tool in terms of facilitating the upscaling estimation of mean
values. The objective of this study was to examine temporal stability of soil water profiles (0-20, 20-40,
40-60 and 0-60 cm) in sloping jujube (Zizyphus jujuba) orchards and to estimate field mean root-zone

IS?II V:r‘l’;‘ij:t"ure soil water based on temporal stability analysis in the Yuanzegou catchment of the Chinese Loess Plateau,
Variability qsing soil water gbservatiops un.der both .dry and wet soil conditions. The resu??s showgd that different
Temporal persistence time-stable locations were identified for different depths and the temporal stability of soil water content
Upscaling in 20-40 cm was significantly (P<0.05) weaker than that in other depths. Moreover, these time-stable

locations had relatively high clay contents, relatively mild slopes and relatively planar surfaces compared
to the corresponding field means. Statistical analysis revealed that the temporal stability of root zone soil
water (0-60 cm) was higher in either dry or wet season than that including both, and soil water exhibited
very low temporal stability during the transition period from dry to wet. Based on the temporal stability
analysis, field mean soil water contents were estimated reasonably (R? from 0.9560 to 0.9873) from the
point measurements of these time-stable locations. Since the terrains in this study are typical in the hilly
regions of the Loess Plateau, the results presented here should improve soil water management in sloping
orchards in the Loess Plateau.

Water management

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Root zone soil water plays an important role in agricultural
practices in semiarid and arid areas. Accurate estimation of mean
root-zone soil water from point-scale measurements can improve
soil water management effectively. However, it is difficult to
acquire the field mean because of the spatial variability of soil
water content (Timm et al., 2011). Although a variety of scaling
methods, including geostatistical analysis (Western et al., 2004),
fractal analysis (Rodriguez-Iturbe et al., 1995) and probability

Abbreviations: IPH, Intelligent Profile probe for Hydrological applications; MABE,
mean absolute bias error (%); MRD, mean relative difference (%); NDVI, normalized
difference vegetation index; PICO, means that probes can measure with TDR accu-
racies in Picosecond ranges; RMSM, representatives of mean value of soil moisture;
SDRD, standard deviation of relative difference (%); SGP97, Southern Great Plains
1997 hydrology experiment, USA; TDR, Time Domain Reflectometry.
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density function analysis (Avissar and Pielke, 1989), have been used
to estimate the mean areal soil water content from point observa-
tions, each of them requires in situ soil water measurements with
very fine resolutions both in space and time (Kachanoski and de
Jong, 1988; Yoo, 2002) which were time-consuming and laborious.
Alternatively, temporal stability analysis, which was introduced by
Vachaud et al. (1985) to characterize the time-invariant associa-
tion between spatial location and traditional statistical parametric
values, has been demonstrated as an effective tool to estimate
spatial mean soil water content from point-scale observations
(Grayson and Western, 1998; Martinez-Fernandez and Ceballos,
2005; Pachepsky et al., 2005; Teuling et al., 2006; Guber et al.,
2008).

The efforts of identifying soil water time-stable locations have
been made widely in different land uses, including rangeland (e.g.
Mohanty and Skaggs, 2001), grass (e.g. Vachaud et al., 1985; Jacobs
et al., 2010), pasture (e.g. Starks et al.,, 2006; Heathman et al.,
2009), agricultural land (e.g. Martinez-Ferndndez and Ceballos,
2003; Starr, 2005), shrub (Grant et al., 2004; Williams et al., 2009)
and forest (Lin, 2006); in diverse climate zones, including semi-arid
(e.g. Gémez-Plaza et al., 2000; Williams et al., 2009; Zhao et al.,


dx.doi.org/10.1016/j.agwat.2011.10.007
http://www.sciencedirect.com/science/journal/03783774
http://www.elsevier.com/locate/agwat
mailto:gjzwpt@vip.sina.com
dx.doi.org/10.1016/j.agwat.2011.10.007

X. Gao et al. / Agricultural Water Management 102 (2011) 66-73 67

2010), semi-humid (e.g. Heathman et al., 2009) and humid (e.g.
Jacobs et al., 2004; Brocca et al., 2010, 2008) zones; in places with
various topographical attributes, including rolling (e.g. Starks et al.,
2006; Zhao et al., 2010), gentle sloping (e.g. Cosh et al., 2008), and
complex terrains (Hu et al., 2009, 2010b). However, little work has
been done on orchards and steep hillslopes in semiarid areas. Fur-
thermore, in addition to the recent studies of Hu et al.(2009,2010b),
the temporal stability analysis of spatial soil moisture dynamics
has not yet been used in the research on the Chinese Loess Plateau
where a large amount of spatial variability of soil water exists due to
complex topography (Hu et al., 2009) and land use (Fu et al., 2003).
Since topography and land use are two of main factors controlling
soil water variability in the Loess Plateau (Hu et al., 2010b), there is
a need to examine temporal stability of soil water in orchards with
complex topography in this area.

Topographic attributes, soil properties and vegetation features
have been suggested to discern time-stable locations. Grayson
and Western (1998) identified the moderate topographic positions
were best to represent mean moisture content at the catchment
scale based on soil moisture datasets in three catchments (Tar-
rawarra, R5-Chickasha and Lockyersleigh). Jacobs et al. (2004)
found that the best soil water time-stable locations lay in mild
slopes having moderate to moderately high clay content compared
to the field means using soil water observations of the Walnut
Creek watershed, lowa. Furthermore, Joshi et al. (2011) observed
that both soil properties (silt content and sand content) and topog-
raphy (elevation and slope) controlled the time-stable behavior
of soil moisture at both point and footprint scales in the Walnut
Creek watershed in lIowa and Little Washita watershed in Okla-
homa. Whereas, Jacobs et al.(2010) found that the most time-stable
locations were associated with sandy loam soils and moderately
high normalized difference vegetation index (NDVI) values while
either topographic attributes or land cover were poor indicators to
identify time-stable locations during the SGP97 (Southern Great
Plains 1997 hydrology experiment) period. In addition to these
local factors, soil wetness conditions and soil depth are also con-
tributing factors to affect soil water temporal stability. Vachaud
et al. (1985) detected that locations underwent few variations
between the driest and wettest soil conditions, which was also
found by Martinez-Fernandez and Ceballos (2003) who further
showed that the dry locations were more temporally stable than
the wet ones. Starks et al. (2006) indicated that similar location
rankings existed for the SGP97 period. However, Lin (2006) found
that temporal stability of soil water varied between seasons in com-
plex terrains. Temporal stability is also dependent on soil depth
(Martinez-Fernandez and Ceballos, 2003; Pachepsky et al., 2005;
Starks et al., 2006; Guber et al., 2008; Hu et al., 2010b). Guber et al.
(2008) found that soil water contents in deeper horizons tended to
be more stable.

Because of rapid expansion of jujube planting and the severe
water shortage in the key seasons of water requirement for jujube, a
micro-irrigation system has been built in some of these orchards to
meet the water requirement of jujube in the dry seasons (Wu et al.,
2008; Zhao et al., 2009). In order to make efficient use of the finite
water resources in this area, information of spatial mean soil water
contents in the root zone is necessary to guide irrigation applica-
tion. The main purpose of this study was to identify time-stable
locations of root zone soil water profiles in sloping jujube orchards
in the Chinese Loess Plateau and to estimate mean moisture con-
tent of jujube orchards using the temporal stability analysis based
on the soil water observations under both dry and wet seasons
(from April to September). In addition, the relationship between
soil water temporal stability and environmental factors (soil tex-
ture fractions and topography) and the effects of soil depth and soil
wetness conditions on temporal stability of soil moisture content
were also examined.

Jujube points
Weather station
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Jujube orchards
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Fig. 1. Study site and sampling locations in the Yuanzegou catchment.
2. Materials and methods
2.1. Study site

The experiment was conducted in jujube (Zizyphus jujuba)
orchards (37°15'N, 118°18’E) located in the central part of the Loess
Plateau (Fig. 1) where steep slopes prevail. This area has a semi-
arid continental climate with (based on data for 1956-2006): mean
annual precipitation of 505 mm, 70% of which falls during late sum-
mer and early autumn (August, September and October); 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; 157 frost-free
days and 2720 h of sunshine on average each year (Weather Bureau
of Qingjian county, Shaanxi province).

The orchards cover an area of 5.2 ha with elevation ranging from
970 to 1105 m and slope from 27% to 64%. The whole area is covered
by loess (Inceptisols, USDA) with silt loam texture, which developed
from wind-deposited loess parent material (Zhu et al., 1983). The
field capacity and permanent wilting point of the loess in this study
site is 24.3% and 8.8% (volumetric water content, hereafter), respec-
tively. The detailed soil and topographic information of sampling
points is shown in Table 1.

Jujube trees were planted in spring of 2007. Unlike traditional
jujube orchards, the density of the jujube trees was 1650 trees/ha,
which was twice thatin traditional jujube orchards. In order to meet
the water requirement of jujube in dry seasons (June and July), a
micro-irrigation system was built in jujube orchards in 2009. Accu-
mulated surface runoff, which was collected in a reservoir near the
outlet of the catchment, was pumped to another reservoir located
on the top of the highest hill of the catchment (Fig. 1).

2.2. Soil water measurements

A portable Time Domain Reflectometry (TDR) system, TRIME-
PICO IPH/T3 (IMKO, Ettlingen, Germany), was used to monitor soil
water in this jujube orchard. This TDR system consists of a TRIME-
IPH probe, a TRIME-DataPilot datalogger and fiberglass access tubes
(¢=40mm). A total of 17 2m-long tubes were installed (Fig. 1)
with a spacing of ca. 20-35 mm between sampling locations. A
hand auger (¢ =45mm) was used to install fiberglass access tubes
instead of the original accessories for installing tubes, which are



68

Table 1

Topographic features and clay content (<0.002 mm) for all sampling locations in the study site.

ID of locations

Al

C4

Cc3

c2

C1

B5

B4

B3

B2

B1

A8

A7

A6

A5

A4

A3

A2

35.8
308.1

50.4
311.7
1038.8

52.1
307.1

48.9
314.1
1011.9

313
352.2

27

27.7
3524
1055

38.8

41.1
358.9
1083

66.7
310.7
1013.8

31.9
327

273
262.9
1009.4

58.9
336.1

59.2
336.3
1000.1

38.5
331.1

50.3
318.7
998.8

3.2

3

Slope (%)
Aspect ()

3284
1045

10.2
1070

3109
998

1028.3 1023.7

1036.5

Elevation (m) 996.3 996.6 1010.8

Curvature
Clay (%)

9.2 -5.2 -1.2 -0.8 4.1 -7.6 -0.7 -0.8

13.6

0.1 —4.7 8.3 5.7 2.2 39

2.2

20.1 223 29.1 26.4 19.1 16.7 16 14.4 13.8 20.4 13.7 20.7 17.2 16.6 16.2
20
20

22.5

26.6

0-20cm
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27.5 215 20.6 19.6 15.3 14.6 13.7 20.8 16.5 14.7 114 13.6 24.2
14 15

215
20

21.6
20

23.8

20-40cm

12.3 15.2 14.2 139 26.1

19.7

14.9 16.1

21.1

171

243

21.1

40-60 cm

difficult to operate on hillslopes. Soil slurry was poured around
the access tube to ensure good soil contact. Installation of tubes
was done in July 2009. The TRIME-TDR system has been shown
to provide accurate soil water measurements in the Loess Plateau
region after local calibration (Li et al., 2005). Therefore, the system
was gravimetrically calibrated for the specific local soils (Incepti-
sols, USDA) examined in this study, as follows. Soil water contents
were measured using the TDR tool at 0-20, 20-40, 40-60, 60-80
and 80-100 cm depths. Meanwhile, a 1 m-deep pit was excavated
0.5 m away from the access tubes to collect undisturbed soil cores
from the corresponding depths in order to obtain measurements of
the dry soil bulk density and gravimetrical soil water content (6).
Values of 6§ were then transformed to volumetric moisture con-
tents (Hu et al., 2009), and a calibration curve was obtained by
plotting the measured TDR-derived moisture values (x, cm3 cm—3)
against the volumetric moisture contents (y, cm3 cm—3), and fitting
a regression equation:

y=0.9471x — 4.3796, R?>=0.904, RMSE = 2.68% (1)

Soil water contents were measured using TDR at these loca-
tions at depths of 0-160 cm at 20 cm intervals from 5 April to 27
September 2010. A total of 28 measurement events were recorded
during the entire sampling periods. It has been shown that measur-
ing frequency has little influence on soil water temporal stability
and the estimation of mean soil water content (Guber et al., 2008).
Moreover, Brocca et al. (2010) found that the soil water time-
stable locations derived from 12 sampling events (total 35 sampling
events for two years) could correctly represent the field means for
more than 90% of cases in their study. Therefore, 16 of 28 sampling
events (the other 12 sampling events contained missing values)
were selected to analyze the temporal stability of soil water pro-
file in this study. On each sampling event, soil water contents were
measured within 4 min at each sampling location. In order to min-
imize the temporal variation of soil water as much as possible, all
the soil water measurements were taken within 2 h during each
sampling event.

A field survey indicated that 92% of the root mass of jujube was
distributed within the 0-60 cm depth. Hence we define 0-60cm
as the root zone soil layer and only soil water measurements over
0-60 cm were used for temporal stability analysis in this paper.

2.3. Assessing temporal stability of soil water profiles

Two methods were employed to assess the temporal stability
of soil water content. The main tool for temporal stability analysis
is the mean relative difference plot (Cosh et al., 2008). Following
Vachaud et al. (1985), relative difference at sampling location i at
depth k for sampling event j is defined as:

O — O,
Sikj = 7l (2)
ij

A temporal mean relative difference (MRD) and its standard

deviation (SDRD) over time are calculated as:

T

< 1

Ok = fzaikj (3)

=1

and

T - 2
_ (Sii — 83

o) =\ | > ——— (4)

=1

where 60y, is the soil water content at location i and depth k for

jth sampling event. 9kj is the computed mean moisture content at
depth k among all sampling locations for a given time j. T is the total
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number of sampling events. In this sense, the time-stable locations
tend to be those having low values of SDRD.

In the second method, the mean absolute bias error (MABE),
developed by Hu et al. (2010a,b), was used to determine time-
invariant sites as well as estimate error. Rearranging Eq. (2) leads

to:
Oy
1+ (Sikj

ij

(5)

Assuming a constant offset Sik for a time-stable site (Grayson
and Western, 1998), the estimated 6;, 8;, can be expressed as:

Oikj
1+ 8ik

ékj =

(6)

Hence, the estimate error of mean moisture content can be cal-

culated as:
ij — Ok]

Eiki =
Qk-
J

(7)

substituting @kj from Eq. (5) and 9kj from Eq. (6) into Eq. (7), one

has:
S — 8
Eikj = S A (8)
1+ ‘Sik
and its absolute value as:
Siki — Sit
’8ikj| = ']7_” (9)
1+ 6i

Then the mean absolute value of bias error (MABE), is defined
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Fig. 2. Temporal evolutions of soil water for various depth intervals and the root
zone profile.

The use of MABE in this way not only allows the identifica-
tion of time-stable locations, but also produces the temporal mean
estimate error of using location i. Locations with lower values of
MABE tend to be more temporal stable and to produce less estimate
error.

2.4. Estimating spatial mean soil water content

For a given depth, those locations having both the nearest-zero
MRD and low value of SDRD could be used directly to estimate
mean moisture content (Martinez-Fernandez and Ceballos, 2005).
Martinez-Fernandez and Ceballos (2005) defined these locations
as representatives of the mean value of soil water content for that
specific depth (RMSM).

as:

I _ However, locations having the nearest-zero MRD may be not
— 1 ikj — Sik 10 time-stable. These locations may produce poor estimates of mean
’8”" T 1+ S‘k (10) moisture content on some occasions. Alternatively, the most time-

: 1 . o
j=1 stable locations with non-zero MRD could be used to calculate
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70 X. Gao et al. / Agricultural Water Management 102 (2011) 66-73
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y = 0.7002x + 0.7854
R’ =0.907
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Fig. 4. Relationship between MABE and SDRD for the whole data set.

the mean moisture content (Grayson and Western, 1998). This
is because the most time-stable locations have the lowest SDRD
values. Hence the relative difference at any sampling event (§;)

approximates the mean relative difference (Sik). In this sense, spa-
tial mean moisture content at depth k for jth sampling event could
be estimated using Eq. (6).

3. Results and discussion
3.1. Statistical analysis

Temporal evolutions of soil water for various depth intervals
and total profile are shown in Fig. 2. The uppermost depth inter-
val exhibited the largest temporal variation in volumetric moisture
content (9.6-27.4%) from 3 May to 27 September 2010. It was dri-
est during the drying-down period and became wettest following
a distinctive rainfall event (e.g., 28.1 mm precipitation in 11 August
2010). In the 20-40 cm interval, a change of 11.6% in volumetric
moisture content occurred during the same period, while a sim-
ilar change of 12.1% existed in the 40-60cm interval. Note that
soil water in 40-60cm indicated a noticeable lag in response to
precipitation.

3.2. Selection of time-stable locations

Fig. 3 shows the ranked SDRD and MABE over the study period
for various depth intervals (a-c) and the root zone profile (d). Over-
all, SDRD exhibited higher values for all depths than MABE, which
was in accordance with the findings of Hu et al. (2010b). Those
locations with low SDRD values also tended to have low values
of MABE. Correlation analysis indicated a strong positive relation-
ship (R? =0.907) existed between them (Fig. 4). However, Hu et al.
(2010b) found a much weaker relationship between them with
R? ranging from 0.044 to 0.515. This can be ascribed to the sin-
gle ground cover in our study while there were eight land uses
in their study site complicating space-time soil moisture patterns.
Because of the strong correlations between SDRD and MABE in this
study, only SDRD was used to analyze soil water temporal stability
hereinafter.

As found in other studies (Hu et al., 2010b; Guber et al., 2008;
Starks et al., 2006; Martinez-Fernandez and Ceballos, 2003), we
also detected different time-stable locations at different depths;
but increasing temporal stability with depth was not found in this
study. In the 0-20cm depth interval, location A1 was the most
temporally stable with the lowest SDRD (4.67%) values, while A4

Table 2
Means =+ standard deviation of SDRD over various depths for the total dataset and
different wetness conditions.

Soil depth (cm) ST (%) SD (%) SW (%)
0-20 7.95 +2.59 6.94 + 3.05 532 +225

20-40 10.45 + 3.99 7.58 + 6.28 827 + 4.64

40-60 826 + 2.84 472 £ 291 6.29 + 3.62
0-60 7.49 + 2.56 543 +335 473 +2.14

Abbreviations: ST: SDRD for total data set; SD: SDRD for data of dry seasons; SW:
SDRD for data of wet seasons.

was the most unstable location with the highest values of SDRD
(11.60%). Note that eight locations (B5,A7,C4,C2,A3,B1,A8 and B2)
had very similar SDRD values (from 6.77% to 7.36%); this suggested
similar, time-stable features existed among them. The values of
SDRD at the 20-40 cm depth were significantly larger (P < 0.05; sta-
tistical results are not shown here) than other ones and they also
showed a broad range. For the 20-40 cm depth, the most stable
location was A6 (SDRD =4.92%) while A1 exhibited very unstable
rank over the study period. For the 40-60 cm depth interval and the
root zone profile (0-60 cm), C4 yielded the most stable estimate of
mean moisture content (SDRD =2.93% and 3.98%, respectively) over
the study period. The location A5 was the least time-stable at the
40-60 depth while the location A2 was the most unstable location
for the soil water within the entire root zone.

The relationships of SDRD to clay content and to topographic
indices for each depth (0-20, 20-40 and 40-60 cm, respectively)
are shown in Fig. 5, with labeling the three locations of the low-
est SDRD values. Overall, these time-stable locations had relatively
high clay contents (except for 40-60 cm) (Fig. 5a and b), relatively
mild slopes (Fig. 5d-f) and relatively planar surfaces (Fig. 5j-1) as
compared to the field means. This was in line with the previous
findings (Grayson and Western, 1998; Jacobs et al., 2004). Note that
the clay content of the most time-stable location A1 (0-20 cm), C4
(20-40 cm) and C4 (40-60 cm) was 26.6%, 24.2% and 26.1%, respec-
tively. Similarly, Jacobs et al. (2004) found that 27% clay soils had the
best soil water time-stable feature in the watershed, lowa, and Joshi
et al. (2011) also found that locations having 24-26% clay content
exhibited the best soil water time-stable behavior in the Walnut
Creek watershed. However, the elevation of the three time-stable
locations fell in a broad range (Fig. 5¢, g and k); a few of them
located in the relatively higher elevation (B4 in the 0-20cm and
B3 in the 40-60 cm) while others located in the relatively lower
elevation; suggesting the effect of elevation on SDRD was weak.
However, Joshi et al. (2011) found that elevation was one of the
main topographicindices affecting soil water temporal stability and
the time-stable locations were located in the higher elevation. In
fact, it is difficult to determine the relationships between SDRD
and clay content and topographic indices because of the very scat-
tered points. This implies that both soil properties (clay content)
and topographicindices (slope and curvature) should be considered
when identifying the time-stable locations in this area.

Cumulative probability functions of soil water content for the
total profile in dry and wet soil situations are given in Fig. 6. The
rank of the time-stable location C4 acquired from the whole data
set underwent few variations in either dry or wet soil conditions.
However, its rank changed a lot when soil wetness transferred
from dry to wet, and this phenomenon was also observed for most
of other locations. This implies that soil water temporal stability
becomes very low during this transition period. Similar findings
were reported by Martinez-Fernandez and Ceballos (2003). The cal-
culated means of SDRD and MABE based on soil water contents in
either dry (June and July) or wet seasons (August and September)
were noticeably lower than those based on the whole datasets
for various depths (Table 2). This means that soil water profiles
tend to be more time-stable in a dry or a wet season than those
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Fig. 5. Relationships between SDRD and clay content (a-c) and topographic indices including slope (d-f), elevation (g-i) and curvature (j-1) in different depth intervals (0-20,
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denotes the zero value of curvature.

including both. Moreover, the degree of soil water temporal stabil-
ity in the two wetness conditions varied with depth. In the 0-20 cm,
soil water temporal stability in the wet seasons was higher than
in the dry seasons according to the SDRD values while in the other
two depth intervals contrary phenomena were observed. However,
Martinez-Fernandez and Ceballos (2003) found that the soil water
temporal stability in dry soil conditions was always higher than
in the wet soil conditions. Moreover, Starks et al. (2006) reported
time-stable locations tended to maintain their ranks independent

of soil wetness conditions. This disagreement could be attributed
to the relatively gentle landform at their sites. Temporal stability
in soil water spatial patterns is expected to vary between seasons
in complex terrains (Lin, 2006), as exhibited in this study.

3.3. Mean soil water content estimation using temporal stability

Fig. 7 shows the mean relative differences and its stan-
dard deviation for the study period by depth. Locations with
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Fig.6. Comparison of cumulative probability functionsin selected dates for different
wetness conditions.

above-zero MRDs would systematically overestimate the mean
moisture content and those with below-zero ones would
underestimate it. In the light of this criterion suggested by
Martinez-Fernandez and Ceballos (2005) in Section 2.3, location A1l
for 0-20 cm, A6 for 20-40 cm, C4 for 40-60 cm and A7 for 0-60 cm
depth were selected as RMSM for the corresponding depth. Linear
fitting analysis indicated that the selected RMSMs can directly esti-
mate well the mean moisture content for jujube orchards (Table 3).
However, it is difficult to set a threshold for “the low value of
SDRD” (Martinez-Fernandez and Ceballos, 2005) because SDRD
varies across scales. For instance, the SDRD in this study, represent-
ing a small area (5.2 ha), was much lower than that in the reports

Table 3
Linear fitting results between mean moisture content in jujube orchards (y) and soil
water content of RMSM (x) for various depths.

Depth (cm) RMSM Fitting equation R? RMSE
0-20 Al y=1.0248x —0.0936 0.9844 0.0076
20-40 A6 y=1.0916x — 1.4912 0.9560 0.0103
40-60 C4 y=1.0479x — 0.7498 0.9835 0.0060
0-60 A7 y=0.8304x+3.0412 0.9873 0.0100
Table 4

Linear fitting results between mean moisture content in jujube orchards (y) and soil
water content of time-stable location (x) for various depths using Eq. (6).

Depth (cm) Time-stable Fitting equation R? RMSE
location
0-20 Al y=0.9781x+0.3486 0.9844 0.0068
20-40 A6 y=0.8830x+2.1640 0.9560 0.0100
40-60 C4 y=0.9450x+1.0283 0.9835 0.0056
0-60 C4 y=1.1347x - 3.1944 0.9873 0.0107

of Starks et al. (2006) and Cosh et al. (2008), which were repre-
senting larger areas. Furthermore, a mismatch existed for 0-60 cm
depth (Fig. 6d); location A7 had a MRD closest to zero while C4
was the most time-stable location. The most time-stable location
with non-zero MRD obtained in Section 3.2 for various depths
was used indirectly to estimate mean moisture content in jujube
orchards via Eq. (6). Linear fitting analysis between the estimates
from Eq. (6) and the measured mean moisture content indicated
that these time-stable locations also produced good estimates of
the mean moisture content in jujube orchards (Table 4). Results in
Tables 3 and 4 suggested that the two methods had similar and good
performances in the estimation of field-mean moisture content in
this study.

40
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Fig. 7. Ranked mean relative differences over the study period for the 0-20 cm (a), 20-40 cm (b), 40-60 cm (c) and 0-60 cm depth (d). Error bars denote standard deviation

of the relative differences.
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4. Conclusions

Spatial mean soil water estimation of sloping jujube orchards
using temporal stability was investigated in the Yuanzegou catch-
ment of the Loess Plateau, based on soil water observations under
both dry and wet soil conditions. Time-stable locations can be
identified for different depths in the jujube orchards using two
time-stability approaches. Different time-stable locations were
detected for different depths wherein temporal stability of soil
water content in 20-40 cm was significantly (P < 0.05) weaker than
thatin other depths. Furthermore, these time-stable locations have
relatively high clay contents, relatively mild slopes and relatively
planar surfaces compared to the corresponding field means, and
these analyses suggested both soil properties and topographic
indices are necessary to identify time-stable locations. Soil wetness
conditions were found to be linked with soil water temporal stabil-
ity. Statistical analysis revealed that soil water profiles tend to be
more temporally stable in either a dry or a wet season than those
including both. In addition, soil water temporal stability became
very low during the transition period from dry to wet. Based on
the time-stability analysis, these time-stable locations can be used
to estimate well the mean soil water content both directly and
indirectly.

The results presented here provide evidence for the existence
of time-stable locations in jujube orchards with steep slopes and
a reliable method to estimate field mean moisture content from
point-based observations in this area. The method should provide
useful information for soil water management in semiarid, sloping
jujube orchards in this area.
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