
ORIGINAL ARTICLE

Statistical analysis of the temporal stability of soil moisture
in three desert regions of northwestern China

Bing Liu • Wenzhi Zhao • Fanjiang Zeng

Received: 12 August 2011 / Accepted: 8 April 2013

� Springer-Verlag Berlin Heidelberg 2013

Abstract Soil moisture and its variations are key factors

for understanding hydrological processes, which are char-

acterized by a high temporal variability at different scales.

The study was conducted at three field stations in the desert

regions of northwestern China, where soil moisture mea-

surements with gravimetric method were used to charac-

terize the temporal stability of soil moisture using various

statistical parameters and an index of temporal stability

(ITS). The soils are a gray–brown desert soil at the Linze

station, an aeolian sandy soil at the Fukang station, and a

brown desert soil at the Cele station. Soil textures are

accordingly sandy loam at Linze and Cele, and loamy sand

at Fukang. The dynamic variation in soil moisture depends

strongly on the rainfall pattern (amount and frequency) in

these desert ecosystems. Soil moisture content is low and

significantly different among the three desert ecosystems,

with the maximum at the Linze station (6.61 ± 2.08 %),

followed by the Cele (4.83 ± 0.81 %) and Fukang

(3.46 ± 0.47 %) stations. The temporal pattern exhibits

high variability because soil moisture is characterized by

low temporal stability and a high coefficient of variation

(CV). The standard deviation, CV, and ITS increase sig-

nificantly with increasing soil moisture. Soil moisture

displays a skewed frequency distribution that follows a

logarithmic function at lower soil moisture but a log-nor-

mal distribution at higher values.

Keywords Desert ecosystems � Soil moisture � Temporal

variability � Spatial patterns

Introduction

Soil moisture and its variation are key factors for under-

standing hydrological processes at different spatial and

temporal scales (Entin et al. 2000). The variability of near-

surface hydrologic and energy balances is controlled by

soil moisture, which is characterized by a high temporal

variability at different scales (Brocca et al. 2007; Pan and

Wang 2009). Soil moisture also controls the dynamics of

terrestrial ecosystems, especially in desert regions. In arid

environments, the rates of transpiration, carbon assimila-

tion, and biomass production are often limited by soil

moisture during the growing season, and the nutrient cycle

and organic matter budgets in the soil are also strongly

affected by the dynamics of soil moisture (Porporato et al.

2002). Therefore, the temporal variations of soil moisture

have received increasing attention in recent years (e.g.,

Starks et al. 2006; Brocca et al. 2009). It is particularly

important to study the temporal variations of soil moisture

in desert regions because of the importance of the pro-

cesses that govern changes in soil moisture and their role in

the expansion of desert ecosystem (Martinez et al. 2008).

Soil moisture is particularly complex and highly tem-

porally and spatially variable in desert ecosystems (Wes-

tern et al. 2004; Hebrard et al. 2006) as a result of the high
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uncertainty and variability of rainfall. The variability of

soil moisture is influenced by a number of interacting

factors, including soil properties, topography, depth of the

water table, vegetation types, and seasonal and annual

climate variations (e.g., Mahmood and Vivoni 2008; Noto

et al. 2008). In general, the number of sampling sites used

in previous studies was limited because the measurement

of soil moisture over large areas and long time periods was

expensive and time-consuming; thus, the selection of

monitoring locations might be done randomly or based on

the convenience of the researchers rather than in a statis-

tically representative way (Martı́nez-Fernández and Ce-

ballos 2005; Zhou et al. 2007). However, to estimate the

average soil moisture for an inland region, Brocca et al.

(2007) determined the required number of point measure-

ments using a statistical model of wetness conditions. In

other studies that did not use this kind of approach, the

monitoring sites that were selected might not represent the

range of mean soil moisture contents in the field. There-

fore, the development of new methodologies that could

optimize the number of observations without losing

important information on regional variability has become

increasingly important for studies of the spatial variation of

soil moisture at a regional scale. To solve this problem,

temporally stable locations were generally selected based

on previously collected data. The application of the tem-

poral stability concept for developing an efficient and

effective sampling strategy aimed to find a reliable location

that reliably represented an area’s mean moisture content

within a given time period and sampling frequency. The

concept of temporal stability was introduced by Vachaud

et al. (1985) to define the time-invariant spatial association

of soil moisture with site factors. Their approach improved

the understanding of soil water dynamics, because tem-

poral stability occurred when covariances exist between

various variables of interest and the deterministic factors

that underlie these variables. In particular, the relative

differences between individual and spatially averaged

values could be used to characterize the temporal stability.

Cosh et al.’s (2006) results supported the validity of using

temporal stability measurements in soil moisture surveys.

Brocca et al. (2009) provided a more descriptive under-

standing of the patterns of soil moisture using different

techniques of temporal stability analysis in central Italy.

The temporal stability approach was successfully applied,

and the temporally stable points could accurately represent

the mean soil moisture value even beyond the measurement

period. In addition, this approach demonstrated that soil

moisture measurements on a limited number of dates or

under a limited range of soil moisture conditions could be

transformed into a more complete time series using tech-

niques such as predictive models applied to temporally

stable locations.

The dynamics of soil moisture controls the soil water

balance at a regional scale, and understanding the statistical

aspects of the temporal variation in soil moisture is, there-

fore, critical for evaluating soil moisture variability at

regional and inter-annual scales. Unfortunately, few inves-

tigations around the world have attempted to compare soil

moisture distributions over a range of regional scales (e.g.,

Motovilov et al. 1999; Western et al. 1999; Anderson et al.

2001; Mahmood and Vivoni 2008), especially in desert

ecosystems. Hassan and Gregory (2002) investigated the

changes in soil water content over weekly and half-hourly

time scales, Fuentes et al. (2003) reported that the annual

temporal dynamics of soil water were similar between con-

ventional and no-till cropping systems, and Wendroth et al.

(1999) studied the patterns and covariance structures of soil

water status. Soil moisture is characterized by small tem-

poral variability for most of the year in these desert regions,

followed by sudden and rapid changed in soil moisture after

the rare rainfall events. Performing a statistically valid

analysis of the spatiotemporal pattern of soil moisture is

critical for evaluating soil moisture variability.

In China, several previous studies have been carried out

to assess the annual dynamics of soil moisture under arid

conditions (e.g., Liu and Zhang 2007). For example, Zhao

et al. (2010) not only described the stable soil moisture

patterns in a semi-arid steppe, but also identified the factors

that controlled their stability. Liu and Zhang (2007) mea-

sured the temporal dynamics of soil moisture after rainfall

events in southwestern China. Pan and Wang (2009)

studied the main factors that controlled surface soil mois-

ture patterns and quantified the variation in these factors for

desert ecosystems in northern China. However, the tem-

poral dynamics and variability of soil moisture in these

studies focused mainly on an intra-seasonal scale and a plot

scale (i.e., a short duration and small spatial scale). The

significant differences in soil properties affect the temporal

variation in soil moisture on regional and inter-annual

scales in the desert regions of northwestern China; these

factors include soil textures, nutrient and soil bulk density.

Simultaneously, soil moisture is also affected by seasonal

variations in vegetation and climate.

Soil moisture is particularly important in desert regions,

and its seasonal changes have a significant impact on

vegetation dynamics, as water availability controls plant

growth and phenology (Shinoda et al. 2007; Nandintsetseg

and Shinoda 2011). At a regional scale, the area from the

Heihe River Basin to the Cele River Basin in northern

China has an arid climate (Fig. 1, ESM only), although the

environment ranges from arid to extremely arid at a local

scale. Soil moisture has an equally variable pattern, with a

high soil water content in some regions and a low soil

moisture in others, where the establishment and survival of

vegetation are difficult due to inadequate availability of
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moisture. Soil moisture data were available for a few iso-

lated regions, such as Mongolia (Nandintsetseg and Shi-

noda 2011), but generally for only short periods. In China,

little work has been done on the temporal stability of soil

moisture in desert regions, and there has been little use of

advanced techniques such as temporal stability analysis. To

provide some of the missing data, the study obtained long-

term, frequently updated measurements from three field

stations in the desert region of northwestern China from

2005 to 2009. Our primary objectives are (1) to investigate

the spatial and temporal patterns of soil moisture, and use

the results to identify locations with temporally stable soil

moisture; (2) to examine the interannual variability in soil

moisture; and (3) to determine how variations in soil

moisture determine the magnitude of differences at regio-

nal and inter-annual scales in the desert regions of China.

To support this analysis, a water balance model is devel-

oped to examine regional soil moisture dynamics and open

avenues for future process-based studies and regional scale

predictions of desert ecohydrology.

Materials and methods

Study area

The study area include sites in the desert regions of

northwestern China, at three field stations of the Chinese

Academy of Sciences (Fig. 1, ESM only): Linze Station

(39�180N, 100�070E), Fukang Station (44�180N, 87�550E),

and Cele Station (37�000N, 80�430E). These regions are

characterized by arid to extremely arid climates. The study

areas at the three stations were described in detail by Liu

et al. (2010, 2011), Xu and Li (2006), and Gui et al. (2010).

The soils at the study sites are a gray–brown desert soil at

the Linze station, an aeolian sandy soil at the Fukang sta-

tion, and a brown desert soil at the Cele station. The geo-

morphologic pattern is characterized by sand dunes,

including fixed, semi-fixed, semi-mobile, and mobile

dunes, as well as inter-dune lowlands. The vegetation is

dominated by desert plants growing in groups or with a

patchy distribution pattern. Desert shrubs are found on

fixed and semi-fixed dunes, and include Haloxylon am-

modendron, Elaeagnus angustifolia, Tamarix ramosissima,

Nitraria sphaerocarpa, and Reaumuria soongorica (Deng

et al. 2003; Su et al. 2003; Xu and Li 2006; Gui et al. 2010;

Liu et al. 2010, 2011). In contrast, annual herbaceous rain-

fed species appear in the inter-dune lowlands and between

dunes, and include Bassia dasyphylla, Halogeton arach-

noideus, Suaeda glauca, and Agriophyllum squarrosum

(Liu et al. 2010, 2011). The vegetation physiognomy is

generally homogeneous, with vegetation cover ranging

from 5 to 7 % (Liu et al. 2011).

Measurements

Field measurements of soil moisture were conducted at

the three field stations, which represent three river basins

in arid northwestern China. At the Linze and Fukang

stations, soil moisture measurements were carried out

during the warm season (April to October), but were not

measured in winter (November to March) because the

soil was frozen; data were obtained at the Cele Station

throughout the year. Soil moisture was measured every

10 days from 2005 to 2009, at 10-cm intervals from the

soil surface to a depth of 150 cm. Values were deter-

mined gravimetrically for the samples, with five repli-

cates. The samples were obtained from five sites (each

representing a different region) at each field station, with

five 20 9 20 m sample plots at each site. Soil samples

were sealed in plastic containers immediately after they

were collected in the field (to prevent moisture loss), the

fresh weight was measured in the laboratory, and then

the samples were oven-dried (DGG-9036A oven,

Shanghai Linping Instrument Company Limited, Shang-

hai, China) at 105 �C for 24 h to determine the dry

weight. The study also measured the soil’s bulk density,

water content at the wilting point (Wwp), and field

capacity (Wfc) at each site, as well as parameters of the

characteristic soil moisture retention curve every year

from 2005 to 2009.

Rainfall was measured using tipping-bucket rain gauges

(model TE525, metric; Texas Electronics, Dallas, TX)

installed on meteorological towers at the study sites. The

rainfall data were measured at a frequency of 10 Hz and

recorded as 10-min averages using a CR1000 datalogger

(Campbell Scientific Inc., Logan, UT). All measurement

methods and instruments were the same at the three field

stations.

Statistical analysis

Temporal stability analysis

Temporal stability was determined according to the

method of Vachaud et al. (1985). This method, in which

the degree of temporal stability in soil moisture patterns

was used to predict time series for soil moisture at loca-

tions where little data were available and is often per-

formed using continuous records from nearby locations

(Pachepsky et al. 2005; Fernández-Gálvez et al. 2006).

The soil water content (hi,j,t) at location i in field j at time

t is used to calculate the mean value (l, hj;t), the mean

relative difference (MRD, di;j), and standard deviation

(SD, r).
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ð3Þ

where n represents the number of sample sites.

Following the method of Jacobs et al. (2004) and

Mapfumo et al. (2004), the study computed an index of

temporal stability (ITS) using a combination of MRD (d)

and its SD (r), as follows:

ITSi;j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d

2

i;j þ rðdÞ2i;j
q

ð4Þ

The study evaluated the stability of the soil moisture’s

temporal pattern over time using Spearman’s rank-

correlation coefficient (rs), which is defined as follows

(Brocca et al. 2009):

rs ¼ 1� 6
XN

i¼1

Rij � Ril

� �

N N2 � 1ð Þ ð5Þ

where N is the total sample size, Rij is the rank of the soil

moisture observation hij for sample point i in field j, and Rjl

is the rank of the soil moisture observation at the same

location (l).

Soil moisture modeling

The water balance model was applied that was developed

for arid regions to represent the characteristics of changes

in soil water in the dry and rainy seasons (Nandintsetseg

and Shinoda 2011), including the effects of winter soil

freezing and spring snowmelt. This model was used for

soil moisture observations from the soil surface to a

depth of 150 cm at the three field stations using data

from 2005 to 2009. The model calculated the absolute

plant-available soil water content using the daily pre-

cipitation and energy balance method, with a limited

number of measured soil parameters, as expressed by the

following equations:

dWðtÞ
dt
¼ Pr ðtÞ � ETðtÞ þMðtÞ � RðtÞ

R ¼ W �Wfc for W [ Wfc

R ¼ 0 for W �Wfc

ð6Þ

where W, the plant-available soil moisture, is expressed as

the actual soil moisture minus the soil water content at the

wilting point (mm); t is time (days); Pr is daily rainfall

(mm); and M is the water content of the snow (expressed

as the snow water equivalent, mm) that accumulates when

the air temperature is equal to or below 0 �C. If air

temperature is above 0 �C, the accumulated snow melts.

ET is the evapotranspiration (mm) and R is the sum of

surface runoff and deep drainage (mm). In arid regions,

the annual precipitation is less than or equal to 200 mm,

and is always less than the annual evapotranspiration

(Robock et al. 2000). Most of the precipitation quickly

returns to the atmosphere from the upper layers of the soil

via evapotranspiration, and precipitation rarely infiltrates

to depths below 20 cm (Yamanaka et al. 2007). Thus, the

study considered that even though the treatment of surface

runoff and deep drainage in our model is simplistic, this

would not lead to serious errors in the soil moisture

estimation.

The evapotranspiration (ET) is obtained by the energy

balance method without accounting for advection effects.

The latent heat flux was obtained by

kET ¼ � Rn � G

ð1þ cDT=DeaÞ

� �
; ð7Þ

where k (2.501 MJ kg-1) is the latent heat of vaporization,

Rn is the net radiation (Wm-2), G is the soil heat flux

(W m-2), c is the psychrometric constant (kPa �C-1), and

DT and Dea are the temperature (�C-1) and vapor pressure

differences at two levels above a crop canopy (1 and 2 m).

The latent heat flux (kET) is divided by k to obtain

evapotranspiration (mm day-1).

Data analysis

The study tested for the significant differences in temporal

patterns of soil moisture using repeated-measures ANOVA

to compare the main effects (region, inter-annual variation,

and inter-monthly variation) and their interaction effects

using version 13.0 of the SPSS software (SPSS Inc., Chi-

cago, IL, USA). The study analyzed the differences in soil

hydraulic properties and soil moisture characteristics

between regions using ANOVA followed by Tukey’s HSD

test, and differences were considered to be significant at

P \ 0.05. The study used Spearman’s rank-correlation

coefficient (rs) to estimate the magnitude of the correlation

in the temporal pattern of soil moisture between sampling

dates. Prior to the correlation analysis, the study tested the

data for a normal distribution using the Kolmogorov–

Smirnov test. By removing one or two outliers and trans-

forming the data, the study obtained a normal distribution

for each variable.
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Results and analyses

Rainfall and soil property characteristics

Rainfall data for the three study regions were collected

during the 5 years from 2005 to 2009. The results indicate

that the annual rainfall averages 111.9 mm at Linze,

179.7 mm at Fukang, and 41.7 mm at Cele (Fig. 1). The

annual rainfall varies relatively little at the Linze station,

with an average coefficient of variation (CV) of 8.9 %.

However, the interannual variability of annual rainfall is

32.8 % at the Fukang station and 37.1 % at the Cele sta-

tion. The rainfall exhibits a strong seasonal distribution at

all three sites, and is concentrated mainly from July to

September (Fig. 2, ESM only), the primary growing season

for the region’s plant species. This period accounts for

81.2, 64.2, and 71.3 % of the annual rainfall at the Linze,

Fukang, and Cele stations, respectively. Although the

monthly variability in rainfall has the same seasonal ten-

dency as the number of rainfall days at each station, the

variability in rainfall appears to vary widely with rainfall

day between three stations (Fig. 3, ESM only). The maxi-

mum number of days with rainfall is greatest at the Linze

station (62.8 days/year), followed by the Fukang station

(51 days/year) and the Cele station (13.2 days/year). Thus,

Linze has more frequent rain, but a smaller rainfall during

each event.

The saturated soil moisture content, field capacity, and

moisture content at the wilting point differ significantly

among the three stations, with the lowest values of each

parameter at Linze and the highest values at Cele

(Table 1). In contrast, bulk density is highest at Linze and

lowest at Cele, but Cele and Fukang do not differ signifi-

cantly. The total porosity is greatest for the aeolian sandy

soil at Fukang, followed by the brown desert soil at Cele

and the gray–brown desert soil at Linze. Moreover, the

coefficient of the characteristic soil moisture curve is sig-

nificantly greater at Cele (8.45) than at the other stations,

which does not differ significantly (5.61 at Fukang and

4.76 at Linze). The exponent of this curve is significantly

higher at Cele than at the other stations, which does not

differ significantly. Soil organic matter is significantly

higher at Linze (2.30 ± 0.35) than at Cele (1.83 ± 0.24)

and Fukang (1.65 ± 0.27). Whereas the total and available

nitrogen at Linze is significantly lower than at Fukang and

Cele. There are significant differences for the available

potassium and conductance among three stations

(P \ 0.05). Moreover, the available phosphorus and pH are

not significantly different among three stations. Sand, silt

and clay account for 63.84, 33.05 and 3.11 % of soil par-

ticle content at Linze (Fig. 4A, ESM only), whereas

account for 71.22, 26.75 and 2.03 % at Cele (Fig. 4C, ESM

only). Based on the USDA soil taxonomy, soil texture is

basically the same type with the sandy loam at Linze and

Cele. But, at Fukang, soil particle occupies 84.33, 14.00

and 1.56 % of soil particle content, respectively, and soil

type is the loamy sand (Fig. 4C, ESM only; Table 1).

Temporal stability of soil moisture

Temporal patterns of soil moisture

Although rainfall led to a sharp increase of soil water

content, the temporal pattern of soil moisture differ sig-

nificantly among the three field stations (Fig. 2). The var-

iation in soil moisture is consistent with the rainfall pattern

at the Linze station, with a steep rise to a maximum during

the rainy season (July–September), followed by a slow

decrease during the dry season until May or June of the

following year (Fig. 2a). In contrast, soil moisture exhibits

hardly any response to rainfall at the Fukang and Cele

stations. The maximum soil moisture appeared after

thawing of the soil in the spring, but thereafter, under the

influence of evaporation from the soil and vegetation water

demand, soil moisture decreased gradually until late in the

growing season, reaching a minimum in September or

October (Fig. 2b, c). Consequently, although annual rain-

fall is greatest at Fukang, soil moisture is lower than at the

other stations.

Soil moisture is substantially higher at the Linze station

(a) mean of l ± r = 6.61 ± 2.08 % throughout the study

period; Fig. 2a), followed by the Cele station

(4.83 ± 0.81 %; Fig. 2c) and the Fukang station

(3.46 ± 0.47 %; Fig. 2b), and exhibits clear temporal sta-

bility (Fig. 2), but these differences among the stations are

significant for most parameters (Table 2). However, the

temporal patterns reflect a stable pattern of soil moisture

variation at Cele except when the rainfall is unusually high

(Fig. 2c). The standard deviation of soil moisture shows the

same trend (Table 2), but with significantly higher vari-

ability at higher soil moisture levels (Fig. 2). Soil moisture
Fig. 1 The interannual variability of rainfall in three desert regions

of northwestern China
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is characterized by high spatial and temporal variability.

The coefficient of variation (CV) increases from

21.21 ± 7.61 % at Fukang to 36.33 ± 11.76 % at Linze,

which provides an idea of the tremendous spatial hetero-

geneity in soil moisture in the desert regions of China.

Variations in the temporal stability of soil moisture

MRD and ITS both generally show temporal stability at the

three field stations during the monitoring period (Fig. 3).

The patterns of MRD and ITS are similar to the patterns for

soil moisture content; i.e., variability is greatest at Linze

and lowest at Fukang. However, there is considerable

uncertainty in the MRD and ITS values for desert eco-

systems. MRD does not differ significantly between the

Linze (-1.47 ± 1.93; Fig. 3a) and Fukang (-1.49 ± 0.91;

Fig. 3b) stations, and is greatest (least negative) at the Cele

station (-0.42 ± 0.99; Fig. 3c). Table 2 shows that soil

moisture is significantly more stable at Linze (ITS =

3.41 ± 1.15) than at Cele (ITS = 1.82 ± 0.37) or Fukang

(ITS = 1.76 ± 0.73), which does not differ significantly.

In general, SD, CV, and ITS increase significantly with

increasing soil moisture (Table 2).

Statistical analysis of soil moisture

Table 3 presents the ANOVA results for soil moisture and

ITS throughout the study period. At the regional scale, there

are significant differences in the spatial and temporal patterns

of soil moisture (F2 = 7.50, P \ 0.05) and in ITS

(F2 = 14.25, P \ 0.01), and significant region 9 inter-

annual interactions for both parameters (P \ 0.001). The

region 9 inter-monthly interaction is only significant for soil

moisture (F23 = 1.91, P \ 0.05). However, there is a sig-

nificant region 9 inter-annual 9 inter-monthly interaction

for both soil moisture and ITS (P \ 0.05). Both parameters

are not significantly affected by inter-annual or inter-monthly

variation, or by the interaction between these periods.

Interannual variability of soil moisture

To assess the interannual variability of soil moisture in the

desert regions of northwestern China, the study performed

the comparison based on the soil moisture content and ITS.

The interannual variability of soil moisture is higher at the

Linze station than at the Fukang and Cele stations (Fig. 4a).

Soil moisture at the Linze station increased from 4.6 % in

2005 to 9.9 % in 2009, with an average SD of 1.99. However,

soil moisture varied little among the years at the Fukang and

Cele stations, with maximum values of 4.0 % in 2005 at

Fukang and 5.2 % in 2007 at Cele and SD values of 0.32 and

0.27, respectively (Fig. 4a). ITS showed a similar trend at the

Linze station, ranging from 3.3 to 4.2, with an SD of 0.65;

however, ITS decreased greatly in 2009. The small changes

in ITS at Fukang and Cele reveal considerable temporal

stability of soil moisture at these stations (Fig. 4b).

Table 1 Soil properties in the desert regions of northwestern China

Parameter Linze Fukang Cele

Soil type Gray–brown desert soil Aeolian sandy soil Brown desert soil

Soil texture Sandy loam Loamy sand Sandy loam

Saturated soil moisture content (%) 25.60 (3.11)c 29.40 (1.31)b 38.67 (4.55)a

Field capacity (Wfc, %) 8.08 (2.58)c 12.05 (1.72)b 19.86 (1.88)a

Wilting point (Wwp, %) 2.56 (0.78)c 3.04 (0.46)b 3.88 (1.66)a

Total porosity (%) 38.72 (2.30)c 52.94 (2.82)a 43.41 (2.29)b

Bulk density (g cm-3) 1.59 (0.11)a 1.52 (0.06)a 1.25 (0.07)b

Characteristic curve

Coefficient 4.76 (1.49)b 5.61 (0.78)b 8.45 (2.75)a

Exponent 0.2294 (0.016)b 0.2278 (0.034)b 0.2957 (0.033)a

Soil nutrient

Soil organic matter (g kg-1) 2.30 (0.35)a 1.65 (0.27)b 1.83 (0.24)b

Total nitrogen (g kg-1) 0.16 (0.02)b 0.22 (0.03) a 0.20 (0.02)a

Available nitrogen (mg kg-1) 10.70 (1.71)b 29.22 (12.10)a 28.76 (7.30)a

Available phosphorus (mg kg-1) 3.99 (0.83)a 3.32 (1.19)a 3.47 (0.65)a

Available potassium (mg kg-1) 118.33 (22.30)c 290.93 (69.28)a 208.11 (13.70)b

Soil pH 7.86 (0.19)a 7.96 (0.32)a 7.80 (0.09)a

Conductance (ms/cm) 1.21 (0.23)a 0.86 (0.12)b 0.69 (0.10)c

Values represent means (n = 5) followed by the standard deviation in parentheses

Means within a row followed by different letters differ significantly (Tukey’s HSD, P \ 0.05)
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Frequency distribution for soil moisture

Soil moisture frequency distributions reveal clear differ-

ences among the stations, particularly clear differences

between the Linze and Fukang stations (Fig. 5). Soil

moisture displays a skewed frequency distribution that is

close to a logarithmic function at Fukang (Fig. 5b). How-

ever, the histogram resembles a normal distribution at the

Linze and Cele stations (Fig. 5a, c), and the probability

density functions resemble logistic and Gaussian functions,

respectively. The frequency distribution at Linze exhibits a

much lower degree of skewness (d = 1.28; Fig. 5a) than

that at Cele (d = 6.95; Fig. 5c). The Linze station has a

higher mean (l) and SD (r = 2.33; Fig. 5a) for soil

moisture than at Fukang (r = 0.49; Fig. 5b) and Cele

(r = 1.17; Fig. 5c), as well as a lower skewness. This

indicates that vegetation at the Linze station experiences a

broader range of soil moisture conditions, which tend to be

wetter on average than at the other stations. The results

reveal that the greatest frequency at Linze was a soil

moisture of 5–7 %, with a frequency of 39.6 %. However,

the maximum value of the frequency distribution is 62.9 %

at the Fukang station, which occurs in the 3.0–3.5 %

moisture class (Fig. 5c). At the Cele station (Fig. 5c), the

maximum frequency is 42 %, which occurs in the 4–5 %

moisture class.

To better understand the change processes responsible

for the temporal patterns of soil moisture, the study

examined the relationship between soil moisture variability

and the soil moisture content using the CV. The CV could

be expressed as an exponential function of the moisture

content (h): CV = A exp[Bh] (Table 4). The regression

equation is statistically significant and has a high coeffi-

cient of determination (R2 [ 0.7) at all three stations. The

R2 value is higher at the Linze station than at the Fukang

and Cele stations. The parameters A and B indicate the

relative variability (the proportionality effect) and the

dependence of the variability on mean moisture conditions

(the degree of nonlinearity), respectively. The value of

A ranges from 37.6 at the Cele station to 74.29 at the Linze

station. The parameters of B are all negative, with values of

-0.11, -0.21, and 0.03 at the Linze, Fukang, and Cele

stations. These results suggest that the CV decreases with

increasing soil moisture. Therefore, soil moisture has the

greatest variability in a dry environment and a relatively

rapid decrease in variability with increasing moisture

Fig. 2 Temporal variation of soil moisture in three desert regions of northwestern China: a Linze, b Fukang, and c Cele. Values represent means

and standard deviations

Table 2 Soil moisture characteristics in the desert regions of north-

western China

Linze Fukang Cele

Soil moisture (%) 6.61 (2.08)a 3.46 (0.47)c 4.83 (0.81)b

MRD (%) -1.47 (1.93)b -1.49 (0.91)b -0.42 (0.99)a

SD (%) 2.26 (0.73)a 0.73 (0.25)c 1.59 (0.35)b

CV (%) 36.33 (11.76)a 21.21 (7.61)b 33.13 (5.23)a

ITS (%) 3.41 (1.15)a 1.76 (0.73)b 1.82 (0.37)b

Values represent means, with the standard deviation in parentheses

Means within a row followed by different letters differ significantly

(Tukey’s HSD, P \ 0.05)

MRD Mean relative difference, SD standard deviation, CV coefficient

of variation, ITS index of temporal stability
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content at Linze. In contrast, the Fukang station has lower

variability because of the drier conditions and shows a

limited decrease with increasing soil moisture. The Cele

station is intermediate between the two.

Correlation analysis for soil moisture

The study analyzed the stability of the temporal pattern and

the inherent relationship between interannual variations

using Spearman’s rank-correlation coefficient (rs). At

Linze, there was at least one significant positive correlation

for soil moisture for all years except 2006, which suggests

that variations of soil moisture interacted between years. At

Fukang, most years except 2007 showed significant

Fig. 3 Temporal variability of the mean relative difference (MRD) and the index of temporal stability (ITS) in three desert regions of

northwestern China: a Linze, b Fukang, and c Cele. Values represent means and standard deviations

Table 3 ANOVA results for soil moisture and the index of temporal

stability (ITS) in the desert regions of northwestern China

Factor df F statistic

Soil moisture ITS

Region 2 7.50* 14.25**

Inter-annual 4 0.77 0.45

Inter-monthly 11 0.29 1.85

Region 9 inter-annual 8 17.63*** 3.61***

Region 9 inter-monthly 23 1.91* 1.37

Inter-annual 9 inter-monthly 44 1.05 0.41

Region 9 inter-annual 9

inter-monthly

48 1.66* 1.78**

* P \ 0.05 ** P \ 0.01 *** P \ 0.001

Fig. 4 The interannual

variability of a soil moisture

content and b the index of

temporal stability (ITS) in three

desert regions of northwestern

China
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correlations with other years, which suggests stable temporal

patterns because the values of rs were high and significant in

most cases. At Cele, there were significant correlations from

2006 to 2009 (Table 5). Therefore, variations of soil mois-

ture appear to be closely interrelated among the years at each

station, despite strong differences in rainfall, although the

patterns of correlation differ among the stations.

Soil moisture estimation

The study expressed the variation in soil water content by

means of multiple linear regression against the meteoro-

logical variables. The resulting model performs well,

explaining the 58.8–87.4 % of the variation in soil water

content (Table 6). The study carried out a regression

analysis for the relationship between the measured and

estimated values and found strong linear correlations, with

a y-intercept ranging from 0.32 to 0.87 % and a slope

ranging from 0.71 to 0.94 (Fig. 6). The model simulates the

measured soil moisture variations reasonably well in the

desert regions of northwestern China; the correlation

coefficients between the measured and estimated values of

soil moisture are 0.94 for the Linze station, 0.92 for the

Fukang station, and 0.88 for the Cele station.

Discussion and conclusions

Soil moisture and its variability appear to vary widely in

different region and climate zone, so the results of existing

studies are not always in agreement (Reichle et al. 2004;

Hebrard et al. 2006). In the semi-arid region, soil moisture

increases significantly with increasing soil depth; the hea-

vier rains and higher moisture contents are often associated

with lower spatial variability in the Loess Plateau of China

(Qiu et al. 2001). However, soil moisture content is low, but

exhibited high variability depending strongly on the rainfall

pattern in desert ecosystems. For example, the variability of

soil moisture using the ERS Scatterometer data is particu-

larly high at the temporally and spatially scale in the

Ukraine (Wagner et al. 1999). In contrast to arid region, soil

moisture was highly variable on daily, monthly, and yearly

time scales from the extreme arid region of the Atacama

where the dew is not a significant source of moisture in the

soil or under stones (McKay et al. 2003).

The distribution of soil moisture is an important issue in

studies of hydrological cycles at a regional scale, and

strongly influences the interactions among vegetation, the

underlying soil, and the atmosphere (e.g., Bhuttle et al.

2000; Rodri9guez-Iturbe 2000). Soil moisture depends on

Fig. 5 Frequency distributions for soil moisture content in three desert regions of northwestern China: a Linze, b Fukang, and c Cele. For each

distribution, the mean (l), standard deviation (r), skewness (d), and number of sampling points (N) are shown

Table 4 Regression parameters for the relationship between the

coefficient of variation (CV) and soil moisture (h), where

CV = A exp[Bh]

Parameters

A B R2

Linze 74.29 -0.11 0.903

Fukang 41.43 -0.21 0.702

Cele 37.60 -0.03 0.798
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the soil texture, total rainfall, and the rates of water

removal through evapotranspiration and deep drainage

(Mahmood and Vivoni 2008). Generally, soil heterogeneity

affects soil moisture through variations in soil texture, soil

water-holding capacity, and pore-scale hydraulic properties

(Jacobs et al. 2004). Soil pore radius has a significant effect

on soil water movement at low water content, and the

smaller porosity with the lower sand and the higher silt and

clay for the gray–brown desert soil at the Linze station

would restrain evapotranspiration and reduce the loss of

soil moisture compared with the larger porosity soils for

the aeolian sandy soil at the Fukang station and the brown

desert soil at the Cele station. Soil texture has been shown

to be one of the most important factors that affected the

variation of soil moisture in the desert regions of north-

western China. Simultaneously, soil bulk density is greater

at the Linze station, which has smaller soil particles that

would also retain moisture better due to surface tension

effects, and this would help to maintain a good soil

moisture status. The significant differences in soil organic

matter inevitably affect the temporal variation in soil

moisture in the desert regions of northwestern China. With

the increase of organic matter, water content gradually

increases. Therefore, soil moisture is substantially higher

with the higher organic matter at the Linze station, fol-

lowed by the Cele station and the Fukang station. The

lower nitrogen and potassium content maintain the higher

soil moisture, whereas the phosphorus content is converse

in the desert regions of northwestern China. These factors

might explain why soil moisture is greatest at the Linze

station despite a higher annual precipitation at Fukang. For

example, Comegna and Basile (1994) also found that soil

homogeneity decreases the differences in soil moisture

among locations. Nevertheless, soil moisture is also

affected by seasonal variations in vegetation and climate

(e.g., Rodri9guez-Iturbe and Porporato 2004; Noto et al.

2008). The Fukang station has the highest vegetation cover,

which increases plant water requirements compared with

the other stations. The lower soil moisture at the Fukang

station may have resulted from a larger leaf area of shrubs,

which would increase rainfall interception, and the thicker

layer of hydrophobic litter would have reduced water

infiltration (Zhao et al. 2007).

The temporal stability of soil moisture is likely to be

controlled in complex ways because the controlling factors

are interdependent and, therefore, produce integrated

effects (Famiglietti et al. 1998). This makes it difficult to

isolate the influence of any single factor. Soil moisture

under wet conditions (mean volumetric moisture con-

tents [20 %) is previously reported to be more stable than

that under dry conditions (\10 %) or moist conditions

(10–20 %) in a semi-arid steppe in Inner Mongolia (Zhao

et al. 2010), which suggests that the temporal stability is

higher for wetter soils in this region (Zhou et al. 2007). Soil

moisture is lowest in the top layer and has the largest

fluctuation, and gradually increases and then decreases

with increasing depth in the soil (Fig. 7), and there is a

turning point about variations of soil moisture in each field

station. The maximum soil moisture at Linze is 7.44 % at a

depth of 120 cm versus values of 6.76 % at 130 cm at Cele

and 3.99 % at 110 cm at Fukang (Fig. 7). However, the

present results indicate that the variation in the index of

Table 5 Spearman’s rank-correlation coefficient (rs) for soil mois-

ture content between years for the desert regions of northwestern

China

2005 2006 2007 2008 2009

(a) Linze station

2005 1.000

2006 0.321 1.000

2007 0.500* 0.357 1.000

2008 0.685* 0.018 0.162 1.000

2009 0.321 0.214 0.596* 0.577* 1.000

(b) Fukang station

2005 1.000

2006 0.821* 1.000

2007 0.429 0.714 1.000

2008 0.857* 0.964** 0.786* 1.000

2009 0.750* 0.857* 0.571* 0.893** 1.000

(c) Cele station

2005 1.000

2006 -0.448 1.000

2007 -0.371 0.608* 1.000

2008 -0.462 0.601* 0.524* 1.000

2009 -0.417 0.536* 0.046 0.224 1.000

* P \ 0.05; ** P \ 0.01

Table 6 Regression equations for soil water content and the significant meteorological variables

df Regression equation R F statistic

Linze 5.34 y = -1.257 - 0.131 T - 0.064 RH ? 0.183 u ? 0.909 P ? 2.397 WTD 0.617 3.574**

Fukang 5.34 y = -1.324 - 0.01 T - 0.006 RH ? 0.182 u ? 0.208 P ? 0.602 WTD 0.588 1.813*

Cele 5.34 y = 2.973 ? 0.024 T ? 0.006 RH ? 0.204 u ? 0.561 P ? 0.05 WTD 0.874 3.87***

T air temperature, RH relative humidity, u wind speed, P precipitation, WTD water depth

* P \ 0.05; ** P \ 0.01; *** P \ 0.001
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temporal stability (ITS) as a function of soil moisture fol-

lowed a power function (Fig. 8), and the exponents in this

function increase from -2.51 at Fukang to -0.84 at Cele

and -0.56 at Linze (Fig. 8). The temporal stability,

therefore, decreases significantly with increasing soil

moisture in these arid regions, which suggests that the

patterns of soil moisture under dry conditions (h\ 10 %)

would be more stable than those under wet conditions

(h[ 20 %). This result is consistent with those of Jacobs

et al. (2004) and Martı́nez-Fernández and Ceballos (2005),

who found that soil moisture at drier locations is less

variable than at wetter locations in semiarid environments.

In contrast, the variability of soil moisture in humid cli-

mates is greater at drier sites (Meyles et al. 2003; Western

et al. 2004; Brocca et al. 2007).

Several consequences of the temporal stability in soil

moisture patterns have recently increased interest in this

parameter (Gómez-Plaza et al. 2000). The present study

analyzes differences in the temporal patterns of soil

moisture among three sites and compared the main effects

to reveal differences in these patterns. Soil moisture and

ITS both show a significant three-way interaction (regio-

n 9 inter-annual 9 inter-monthly; Table 3). This suggests

that the differences in the soil moisture patterns are

simultaneously affected by differences in all three main

effects. Several researchers have suggested a need for

longer observation periods to identify representative loca-

tions where soil water sensors should be installed. For

example, Lin (2006) found that the degree of temporal

stability in soil moisture patterns varied spatially and

between seasons in complex terrain with heterogeneous

soils and landforms. The observations in the present study

appeared to provide sufficient resolution to choose suitable

stations, but the duration for which the stability is calcu-

lated may be specific to the locations and spatial scales

used in our study, and should not be generalized to other

sites. Nonetheless, on the basis of the present results, the

Fukang and Cele stations show relatively small variations

in ITS and, therefore, appear to be suitable stations for

monitoring soil moisture trends in arid northwestern China.

Soil moisture is lower at the Fukang station than at the

Linze and Cele stations (Fig. 2), and as a result, the

probability density functions resemble skewed and log-

normal distributions, respectively (Fig. 5). This indicates

that a normal distribution is more likely to occur under wet

conditions than under dry conditions, which agrees with the

results of Buttafuoco et al. (2005) and Pan et al. (2008).

Soil moisture displays a log-normal distribution that

resembles a Gaussian function at the Cele station (Fig. 5c),

which agree with the results of Vivoni et al. (2008). In

previous research, the distribution of soil moisture evolves

from negatively skewed under very wet conditions to

normal at moderate moisture contents, and then to posi-

tively skewed under dry conditions (Famiglietti et al.

1998). The average value of soil moisture, combined with

other parameters such as its standard deviation and

Fig. 6 Regression for the

estimated value of soil moisture

as a function of the measured

value using the water balance

model for three desert regions of

northwestern China: a Linze,

b Fukang, and c Cele
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frequency distribution, provides a clear picture of the

temporal variability of soil moisture during a given time

period, but fails to fully capture the temporal variability of

soil moisture. Conversely, time series data provide both an

increased understanding of the temporal variations in soil

moisture and comparisons of drying and wetting trends

among sites (Zhou et al. 2007; Zhao et al. 2010). The

present results show that the coefficients of variation

obtained during this research are all higher than 20 %,

probably because of the low soil moisture contents in our

study area, and that the magnitude of the variation in soil

moisture increases with increasing mean soil moisture (l);

this relationship could be expressed using a simple expo-

nential function (Table 4), which is consistent with the

previous research carried out in regions with arid or semi-

arid climates (Williams et al. 2003; Western et al. 2004).

Other researchers (e.g., Jacobs et al. 2004; Famiglietti et al.

2008) have also suggested using the same form of equation.

Fig. 7 Variation of soil

moisture content with soil depth

in three desert regions of

northwestern China: a Linze,

b Fukang, and c Cele. Values
represent means and standard

deviations for 10-day intervals

from 2005 to 2009

Fig. 8 Relationship between

soil moisture content and the

index of temporal stability (ITS)

in three desert regions of

northwestern China: a Linze,

b Fukang, and c Cele
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In general, the model estimates the regional and inter-

annual variations in the measured soil moisture reasonably

well (R2 C 0.88, P \ 0.05), suggesting that this model

provides an appropriate basic method for predicting soil

moisture in the desert regions of northwestern China. The

advantage of this model is that it permits simple calcula-

tions based on daily data that can be observed operationally

over long periods. Although the present study only exam-

ined data from three sites, our results suggest that the

approach shows promise for larger-scale studies. Future

research should investigate inter-annual variations of soil

moisture using the water balance model in the arid and

semi-arid regions of northwestern China.
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