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ABSTRACT

A new soil moisture dataset from direct gravimetric measurements within the top 50-cm soil layers at 178
soil moisture stations in China covering the period 1981–1998 are used to study the long-term and seasonal
trends of soil moisture variations, as well as estimate the temporal and spatial scales of soil moisture for
different soil layers. Additional datasets of precipitation and temperature difference between land surface
and air (TDSA) are analyzed to gain further insight into the changes of soil moisture. There are increasing
trends for the top 10 cm, but decreasing trends for the top 50 cm of soil layers in most regions. Trends in
precipitation appear to dominantly influence trends in soil moisture in both cases. Seasonal variation of soil
moisture is mainly controlled by precipitation and evaporation, and in some regions can be affected by snow
cover in winter. Timescales of soil moisture variation are roughly 1–3 months and increase with soil depth.
Further influences of TDSA and precipitation on soil moisture in surface layers, rather than in deeper layers,
cause this phenomenon. Seasonal variations of temporal scales for soil moisture are region-dependent and
consistent in both layer depths. Spatial scales of soil moisture range from 200–600 km, with topography also
having an affect on these. Spatial scales of soil moisture in plains are larger than in mountainous areas. In
the former, the spatial scale of soil moisture follows the spatial patterns of precipitation and evaporation,
whereas in the latter, the spatial scale is controlled by topography.
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1. Introduction

Soil moisture is an important variable in the cli-
mate system. It governs energy and water exchanges
at the land-air boundary and controls interactions be-
tween land surface and atmosphere. It is very impor-
tant both in terms of its influence on the climate sys-
tem and for its impact on future climate change (Srini-
vasan et al., 2000). Many studies related to soil mois-
ture and climate have been carried out recently. Vari-
ous modeling studies (Shukla and Mintz, 1982; Koster
and Suarez, 1995, 1996) have shown that persistent
anomalies of soil moisture have tremendous influence
on the climate, especially in the tropics and the sum-
mer hemisphere extratropics. Using GCM simulations,
Koster et al. (2000, 2004) also found that land sur-
face moisture state contributes significantly to precip-
itation predictability in transition zones between dry

and humid climates. Timbal et al. (2002) found that
forecasting skill is crucially dependent on soil mois-
ture variability over the continent. Dirmeyer (2000)
found that Global Soil Wetness Project (GSWP) soil
moisture led to improved simulations of rainfall pat-
terns globally, and the improvements were particularly
marked over monsoonal Asia.

However, long-term records of soil moisture are not
available in many parts of the world. The Global Soil
Moisture Data Bank (Robock et al., 2000), fortunately,
contains substantial soil moisture observation data,
mainly for Asia. Robock et al. (1995, 1997, 1998),
Schlosser et al. (1997, 2000) and Entin et al. (1999)
used these soil moisture data to evaluate soil moisture
simulations in land surface models.

For the correct interpretation of such model/ob-
servation comparisons results, it is important to know
the statistical structure of the soil moisture field. The
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long-term and seasonal trends of soil moisture vari-
ations are important for providing accurate climate
background and the initial state of soil moisture in
land surface models. Studying the scales of soil mois-
ture variations is also very important for understand-
ing patterns of climate change (Shinoda and Yam-
aguchi, 2003; Dai et al., 2004), designing soil mois-
ture observation networks (Vinnikov et al., 1999a,b),
and understanding many aspects of weather (Fast and
McCorcle, 1991; van den Hurk et al., 1997).

Analyzing soil moisture scales can help explain the
proportion of soil moisture variation contributing to
small-scale, short-term influences, as well as large-
scale, long-term influences. Vinnikov et al. (1996)
developed a statistical model based on the theory of
Delworth and Manabe (1988) of temporal and spatial
variations of soil moisture. They divided the varia-
tions into red noise and white noise components. Us-
ing Russian soil moisture observations, it was found
that the red noise component of temporal and spa-
tial variability represented most of the soil moisture
variance and reflected the statistical properties of the
monthly averaged precipitation field, while there was
a certain amount of small-scale variability related to
soil texture, topography, vegetation, and root struc-
ture. Entin et al. (2000) extended this analysis using
soil moisture observations from Illinois (USA), Mon-
golia, Russia, and China. They showed that there was
a timescale of roughly 2–3 months and a spatial scale
of 500 km in all these regions for both the top 10-cm
and top 100-cm layers.

The Chinese dataset in the Global Soil Moisture
Data Bank, however, only consists of 40 soil moisture
stations. As China spans such a large geographical
area and covers many kinds of climate regions, such
as the continental monsoon zone, plane-humid zone,
mountain-humid zone, and semiarid zone, this really
is a relatively small number of stations and it makes it
difficult to conduct detailed analyses of soil moisture
variations in different geographical regions of the coun-
try. A detailed study of soil moisture in China could
provide opportunities for the fine analysis of the influ-
ences of soil moisture in different climate areas. Due
to the lack of soil moisture observations, particularly
long-term soil moisture data, few studies on the vari-
ations and scales of soil moisture in China have been
conducted recently. Entin et al. (1999, 2000) used soil
moisture data of 78 stations (mainly located in the east
of China); Li et al. (2005) used data from 43 stations
in China; and Liu et al. (2001) used 99 stations, but
with a short period series of only two years to carry out
their research. The datasets used were not sufficient
for a fine analysis of soil moisture in China.

In this paper, the statistical structure and the

scales of temporal and spatial variation of soil moisture
in China are studied using a new soil moisture dataset
covering a large area of the country. This dataset is the
most intact soil moisture data that can be obtained in
China. It also has the longest time series (from 1981 to
1998) among existing soil moisture datasets in China.
Presently, the dataset has been previously used only
by Zhang et al. (2004), for the primary analysis of ver-
tical characteristics at 57 stations. There is, therefore,
a good opportunity for a detailed study of the inherent
characteristics of soil moisture variations in China.

The data used in this study is described in section
2; long-term trends and seasonal variations are ana-
lyzed in section 3; temporal scales and spatial scales
are discussed in sections 4 and 5 respectively; and the
final section presents a discussion and conclusions.

2. Data

The soil moisture dataset used in this paper was
obtained from the National Meteorological Informa-
tion Center of the China Meteorological Administra-
tion. The data were observed during 18 years from
1981 to 1998, at 178 soil moisture stations across
China. Not all the soil moisture stations are located
under the same climate states. Around 55 agromete-
orological stations were irrigated during growing sea-
sons, while others were under the influence of the nat-
ural climate state. In order to study natural charac-
teristics of soil moisture in China, only the data of sta-
tions in non-irrigated areas are used in this paper. For
the convenience of discussion, these stations are subdi-
vided into five regions based on topography and clima-
tology. Data availability is also considered. Figure 1
shows the location of the 178 soil moisture stations
and the distribution of the five geographical regions.

Regions 1 and 2 are subhumid zones. Sixty per-
cent of region 1 is mountainous and covered by ev-
ergreen coniferous and broadleaved mixed forest; and
forty percent is plain, mostly covered by grassland and
agricultural fields. More than 85% of region 2 is plain
and the rest is hilly. The soils are mainly dark brown
and chernozem in region 1 and brunisolic in region 2.
Region 3 is a semiarid plateau of mountains and hills
covered by scrubland and steppe. The soil is mostly
cultivated loessial soil. Region 4 is a main agricultural
area of China, with a typical subhumid and temperate
climate. More than 90% of this region is plain and the
soil is mostly brown loam. Region 5 is the Yunnan-
Guizhou Plateau zone, which features the most moun-
tains and the highest altitude of all five regions. This
region has a typical mountain-humid climate. The soil
is mainly red and yellow loam and the vegetation is
mainly subtropical evergreen broadleaf forest.
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Fig. 1. Map of China soil moisture stations and distribution of the
five regions. Circles and triangles represent non-irrigated stations and
irrigated stations respectively. Regions 1 and 2 are subhumid zones.
Region 3 is a semiarid mountain plateau zone. Region 4 is an agricul-
tural zone. Region 5 is the Yunnan-Guizhou Plateau zone.

Table 1. The number of non-irrigated soil moisture stations, soil moisture stations which had native states and more
than 10 years of data (asterisk numbers), precipitation and TDSA in regions 1 to region 5.

Numbers of stations Region 1 Region 2 Region 3 Region 4 Region 5

Soil moisture 25∗ 10∗ 13∗ 17∗ 9∗

33 20 22 15 13
Precipitation 52 64 69 73 82

TDSA 52 64 67 73 82

The five regions include 103 non-irrigated soil mois-
ture stations in all. Other stations are not considered
due to sparse distributions in space. Table 1 presents
the numbers of non-irrigated soil moisture stations and
the numbers of stations which had more than 10 years
data during the 18-year dataset period for each re-
gion. At all stations, soil moisture observations were
quantified gravimetrically, which involves removing a
core of soil and dividing it into different layers, tak-
ing a sample from each layer to be weighed, heated to
evaporate all the water in the soil, and then weighed
again. The difference between the two weights pro-
vides a measure of soil water content. Soil moisture at
these stations was measured in 11 vertical layers: 5-cm
layers form 0–10 cm, and 10-cm layers form 10–100
cm. Most of the stations did not have observations for
beneath 50 cm, and so only 0–50-cm layers were used
in this study. Soil moisture was routinely measured
three times per month on the 8th, 18th, and 28th, at
all stations. However, observations would be delayed
or cancelled as a result of precipitation. In the north
of China, stations cancelled soil moisture observations
during the freezing season. Some stations performed

additional observations on the 3rd, 13th and 23rd in
certain months. For obtaining a standard time series
to evaluate the autocorrelation of soil moisture, the
dataset was binned in time. The method of setting up
bins is similar to that of Entin et al. (2000).

Precipitation is a random forcing for the land sur-
face and the storage of precipitation in soil can in-
crease soil water content. Evaporation is a persistent
process on the land surface, which can release soil wa-
ter back into the atmosphere and cause a decrease in
soil water content. These two factors have important
influences on changes in and patterns of soil moisture
(Cayan and Georgakakos, 1995). Without data of ob-
served evaporation, the influence of evaporation on soil
moisture cannot be evaluated directly. However, with
an approximate relationship to temperature difference
between land surface and air (hereafter denoted as
TDSA), the influence of evaporation on soil moisture
can be studied. Three datasets of precipitation, land
surface temperature, and air temperature are used in
this paper to analyze the mechanisms underlying
changes in soil moisture. TDSA is calculated from
land surface temperature and air temperature. Obser-



46 TRENDS AND SCALES OF OBSERVED SOIL MOISTURE VARIATIONS IN CHINA VOL. 25

 

                    
Soil Moisture Anomaly 
(kg kg-1) 

 
13 months moving average of data more than 10 years Linear trends of soil moisture anomaly  

(a)-0.04-0.0200.020.04 81 84 87 90 93 96  (b)-0.04-0.0200.020.04 81 84 87 90 93 96  (c)-0.04-0.0200.020.04 81 84 87 90 93 96  

(a')-0.04-0.0200.020.04 81 84 87 90 93 96  (b')-0.04-0.0200.020.04 81 84 87 90 93 96  (c')-0.04-0.0200.020.04 81 84 87 90 93 96  (d)-0.04-0.0200.020.0481 84 87 90 93 96  (d')-0.04-0.0200.020.0481 84 87 90 93 96  (e)-0.04-0.0200.020.04 81 84 87 90 93 96  (e')-0.04-0.0200.020.04 81 84 87 90 93 96  

Top 50 cm  Top 10 cm 

Year Year 
Fig. 2. Interannual variabilities and linear trends of soil moisture in (a) and (a’) region 1, (b) and (b’)
region 2, (c) and (c’) region 3, (d) and (d’) region 4, and (e) and (e’) region 5. Thick solid lines represent a
13-month binomial filter of regional-mean soil moisture anomaly (kg kg−1), calculated with non-irrigated
stations with more than 10 years worth of data. Dashed lines represent linear trends of soil moisture
anomaly during 1981–1998. The left column represents the top 10-cm soil layer, and the right column
represents the top 50-cm soil layer.
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Fig. 3. Interannual variabilities and linear trends of precipitation and TDSA in (a) and (a’) region
1, (b) and (b’) region 2, (c) and (c’) region 3, (d) and (d’) region 4, and (e) and (e’) region 5.
Thick solid lines represent a 13-month binomial filter of interannual variabilities of regional-mean
precipitation anomaly (mm) and TDSA anomaly (◦C) from region 1 to region 5 of China during
the period 1981–1998. Dashed lines represent linear trends of precipitation anomaly and TDSA
anomaly. The left column represents the precipitation, and the right column represents the TDSA.
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Table 2. Linear trend coefficients of soil moisture, precipitation and TDSA in the period 1981–1998 for the five regions.
Bold typeface means the trends are significant at the 99% confidence level.

Soil moisture (kg kg−1 yr−1) Precipitation (mm yr−1) TDSA (◦C yr−1)

Top 10 cm Top 50 cm

Region 1 −0.00036 −0.00048 −0.04 −0.0096
Region 2 0.00120 0.00096 0.32 −0.0156
Region 3 −0.00011 −0.00072 −0.55 −0.0096
Region 4 0.00060 0.00012 0.13 −0.0036
Region 5 0.00096 −0.00060 0.52 −0.0132

vations of these three datasets were also taken three
times per month, corresponding with the soil moisture
dataset after being binned in time. The numbers of
stations at which precipitation and TDSA in each re-
gion were recorded are also listed in Table 1.

3. Tendency analysis

In this section, the statistical characteristics of soil
moisture in different regions are first considered. The
results of interannual and seasonal variations are also
discussed. In order to discuss long-term variations of
soil moisture, only those stations that could provide
more than 10 years worth of data during the 18-year
study period are used.

3.1 Long-term trends and interannual varia-
tions

To avoiding the effects of seasonal variations, the
seasonal cycles of observations are firstly subtracted at
every station. Figure 2 shows the 1981–1998 region-
mean monthly soil moisture anomalies in the top 10-
cm and 50-cm layers for the five regions. The time
series of precipitation and TDSA anomalies for the
same period in these five regions are shown in Fig. 3.
A summary of linear trend coefficients for Figs. 2 and
3 are provided in Table 2.

Table 2 shows that the trends of soil moisture in-
creased in the top 10-cm but decreased in the top 50-
cm soil layers in most regions during this period. The
trends of soil moisture in most regions are significant.
Consistencies between the trends of soil moisture in
the top 10-cm layer and precipitation can be seen for
all five regions, particularly regions 2, 3, and 5, which
show significant trends in precipitation. It is indicated
that changes in precipitation might be one of the dom-
inant factors affecting trends in soil moisture in the top
10-cm layer in these five regions of China.

Soil moisture in regions 2 and 4 show increasing
trends for both layer depths, and the trend of soil
moisture has a positive correlation with precipitation
and a negative correlation with TDSA. In these two
regions, the increasing trends of precipitation and de-

creasing trends of TDSA could have caused a posi-
tive trend in soil water storage. As changes in TDSA
mainly affect evaporation from the land surface, this
has a more marked effect on soil moisture in the top
10-cm layer than in deep layers. Therefore, the ho-
mothetic effects of increasing trends of precipitation
and decreasing trends of TDSA are more pronounced
in the top 10-cm layer, causing significant increasing
trends of soil moisture in this area.

Decreasing trends in soil moisture can be seen for
both layer depths in region 3, and the trend in deeper
layers is much stronger. There are also downward
trends in precipitation and TDSA. Notably, a down-
ward trend in precipitation caused soil water content
in both layer depths to decrease during this period.
Decreasing trends in TDSA operate in a similar way
to that of evaporation from the land surface. There-
fore, to a certain extent, the positive effects of TDSA
on soil moisture in surface layers can offset the nega-
tive effects of precipitation. In this way, the decreasing
trend of the top 10-cm layer is weaker than that of the
top 50-cm layer in this region.

In regions 1 and 5, the trends in soil moisture for
both layer depths are not consistent with precipita-
tion and TDSA, except for the trend of the top 10-cm
layer in region 5. According to the analysis of Zhai
et al. (1999), days during which extreme precipitation
occurred over Northeast and Southwest China have
decreased notably in the last 40 years. As soil mois-
ture in deep layers are greatly influenced by the effects
of extreme precipitation, one could suppose that the
significant decreases in soil moisture in the top 50-cm
layer might be a result of strong decreasing trends of
extreme precipitation in these two regions.

3.2 Seasonal variations

Monthly and regional-mean seasonal cycles of soil
moisture are presented in Figs. 4a and 4b. In all these
regions, the monthly and regional means of soil mois-
ture in the two layer depths almost show the same
patterns of seasonal variation. However, considerable
spatial heterogeneity of the means can also be seen.

Figures 4a and 4b show that among the five re-



NO. 1 NIE ET AL. 49

 

                      

(c)
0100200300
JAN MAR MAY JUL SEP NOV JAN

RE1 RE2RE3 RE4RE5
 

(a)00.10.20.30.4
0.5

JAN MAR MAY JUL SEP NOV JAN
RE1 RE2RE3 RE4RE5

 Top 10 cm layer SM ( k
g kg-1 ) 
Precipitation ( mm ) 

(b)
00.10.20.30.4

0.5
JAN MAR MAY JUL SEP NOV JAN

RE1 RE2RE3 RE4RE5
 (d)

-20246
8
JAN MAR MAY JUL SEP NOV JAN

RE1 RE2RE3 RE4RE5
 

Top 50 cm layer SM ( k
g kg-1 ) 
TDSA ( ºC ) 

Fig. 4. Regional-mean seasonal cycles during the period 1981–1998 for the (a) top 10-cm layer soil
moisture, (b) top 50-cm layer soil moisture, (c) precipitation, and (d) TDSA observations in region
1 to region 5.

gions, region 5 had the maximum soil moisture for
both layer depths in most months of the year, while
region 3 had the opposite. The other three regions had
approximately similar soil moisture means for both
layer depths across the entire year. The authors be-
lieve that region-dependent values of soil moisture in
the two soil layer depths might be due to regional dif-
ferences in precipitation. Figure 4c shows that regional
differences in precipitation correspond to that of soil
moisture, with region 5 having had the maximum value
and region 3 the minimum. Regional differences of
TDSA are not so distinct (Fig. 4d). Forepart from
region 5, all other regions had similar seasonal cycles
of TDSA. It is therefore suggested that regional varia-
tions in precipitation may be a major factor influenc-
ing regional differences in soil moisture in China.

Seasonal cycles of soil moisture means also show
regional differences in China. Soil moisture in region
5 reaches a seasonal maximum in summer and then
decreases slowly from autumn to winter. In spring
it reaches a minimum for the year. In region 3, soil
moisture remains in an almost stable state from spring
through to fall. Following a quick increase from De-
cember, it reaches a seasonal high in winter. In the
other three regions, seasonal variations in soil mois-

ture are weaker across the entire year.
In region 5, seasonal variation is strong for pre-

cipitation but weak for TDSA. With dominant effects
of seasonal variation in precipitation, the seasonal cy-
cle of soil moisture follows the cycle of precipitation
well in this region. The case in region 3 is opposite
to that of region 5. The variation of precipitation is
gentle from spring to fall, but TDSA is in a high state
during this period. With the influence of high TDSA,
the supply of precipitation to soil water storage is less
than the release of soil water by evaporation, which
tends to cause soil moisture to be low. In winter, the
lowest state of TDSA makes evaporation from soil wa-
ter weaken. Furthermore, soil can be covered by snow
during the winter, further retarding the motion of wa-
ter out of the soil. Therefore, although precipitation
is in a minimum state in winter, the effects of TDSA
and snow cover can also cause soil moisture to be in its
highest state in region 3. In three other regions, the
influences of precipitation and TDSA on soil moisture
might have a similar magnitude and reach a balance,
making soil moisture maintain a stable state through-
out the entire year.

It can be concluded that the seasonal variation in
soil moisture in these regions is mainly controlled by
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precipitation and evaporation. Soil moisture increases
and is in a high state when precipitation is dominant,
while it decreases and is in a low state when evapo-
ration is dominant. In winter, snow cover might also
have an important effect on the state of soil moisture.

4. Temporal scale analysis

Temporal scales and seasonal temporal scales of
soil moisture and TDSA are analyzed in this section.
Precipitation is a random and intermittent process,
the temporal continuance of which is much shorter
than that of soil moisture. According to the anal-
ysis of Skøien et al. (2003), the e-folding distance
(the distance where the variable value is 1− 1/e of its
maximum value) of precipitation is in the order of one
day. Therefore, the sampling interval (three times per
month) of precipitation might not be dense enough to
capture the temporal scale of precipitation here. For
the limitation of precipitation data, only the temporal
scales of soil moisture and TDSA are discussed in this
section.

Although the dataset of soil moisture is binned to
obtain standard time series for evaluating the tempo-
ral autocorrelation, the number of missing data is also
large in every region. This causes difficulties in em-
ploying standard correlation analysis techniques. To
estimate the autocorrelation coefficient with missing
data, the method of Vinnikov and Yeserkepova (1991)
was used.

4.1 Temporal scale

Delworth and Manabe (1988) developed a theory
that soil moisture temporal variations correspond to
the combination of a first-order Markov process signal
and additive white noise by analyzing results from the
Geophysical Fluid Dynamics Laboratory GCM. They
assumed that the autocorrelation coefficient r has an
exponential form:

r(t) =





1 if t = 0 ,

r0 exp
(
− t

T

)
if t 6= 0 ,

(1)

where t is the time lag and T is the scale of temporal
autocorrelation. The value of T has the meaning of
the lag at which the autocorrelation is reduced to 1/e.
The parameter r0 characterizes the part of the vari-
ance of red signal with autocorrelation. And 1 − r0

represents the variance of white noise components due
to random processes. The theory was successfully ap-
plied for analyzing the temporal scales of soil moisture
by Vinnikov et al. (1996) and Entin et al. (2000).

The seasonal cycles of soil moisture and TDSA
were first subtracted from the observed values to cre-

ate anomalies, with which the autocorrelation func-
tions were calculated. The seasonal variabilities of
temporal scales will be discussed in the next subsec-
tion. For calculating autocorrelation coefficients, the
smallest time lag used was 10 days, and the lag was
increased to 4 months with 10-day increments. The
natural logarithms of autocorrelation coefficients were
plotted against the time lag to determine the tempo-
ral scale. The curves were truncated when the values
of autocorrelation coefficients at the n + 1 time lags
began to be greater than that at the n time lags. The
estimates of autocorrelation coefficients of soil mois-
ture and TDSA in every region are shown in Fig. 5.
To determine the temporal scale of a region, the au-
tocorrelation coefficients were averaged together, at
each time lag value, and plotted along with a 95%
confidence interval bracket. The linear lines that fit-
ted through these values were the least squares fitting
lines, the slopes of which are related to the temporal
scales. The estimates of the temporal scale (T ) and
the ratio of the variance of red noise signal (r0) of soil
moisture and TDSA are summarized in Table 3.

Figure 5 shows that soil moisture fits each linear
line well in every region, which indicates that the mem-
ory of soil moisture in both layers declined in expo-
nential form. These results provide validation of the
theory of Delworth and Manabe (1988) in the range of
China. Table 3 indicates that timescales of soil mois-
ture for both layers are roughly 1–3 months in all re-
gions. Furthermore, there is a consistent increase in
temporal scale with the increase of soil depth in every
region. The timescale of TDSA has the same order of
months as soil moisture. In most of these regions, it is
smaller than the timescale of soil moisture.

Except for region 4, the temporal scale estimates
of the other four regions increase slightly with depth,
but the increments of red noise signal (r0) are large
enough. It is possible that the sampling interval (three
times per month) used is not dense enough to cap-
ture enough white noise component in the top 10-cm
layer and shifts the timescale into much longer values.
Therefore, it reddens the spectrum of the temporal
scale in the top 10-cm layer in these four regions and
makes the spectrum closer to that of the deep layer.

There is a consistent increase in the variance of red
signal in soil moisture with an increase in soil depth in
every region, and the variance of the red noise signal
of TDSA is smaller than that of soil moisture in both
layers. The “red noise” signal in the Markov process
embodies a correlation in time, while the “white noise”
component represents a random variation that is inde-
pendent of time. As soil in the top 10 cm is thin and
interacts directly with the atmosphere, soil moisture
in this layer can respond more sensitively to atmos-
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Table 3. Estimates of the scales of temporal correlation T and the red noise component r0 for soil moisture and TDSA
in the five regions.

0–10 cm soil moisture 0–50 cm soil moisture TDSA

T (month) r0 T (month) r0 T (month) r0

Region 1 2.0 0.49 2.8 0.57 1.1 0.43
Region 2 2.4 0.44 2.6 0.57 1.7 0.38
Region 3 2.0 0.45 2.4 0.72 2.4 0.30
Region 4 1.8 0.43 3.4 0.56 1.1 0.42
Region 5 1.8 0.54 2.1 0.67 1.6 0.32

 

         0             

(c)-3-2-10 0 1 2 3 4  
(d)-3-2-10 0 1 2 3 4  (e)-3-2-10 0 1 2 3 4  

(b)-3-2-10 0 1 2 3 4  
(a)-3-2-10 0 1 2 3 4  

Natural log of autocorre
lation function 

 Lag, Months 
Lag, Months Top 10 cm soil moisture Top 50 cm soil moisture  TDSA 

Fig. 5. Regional-mean temporal autocorrelation values and the least squares fitting lines of soil
moisture in the two layers (circle points and short dashed lines for the top 10-cm layer; triangle
points and solid lines for the top 50-cm layer) and TDSA (rectangle points and long dashed lines)
for (a) region 1, (b) region 2, (c) region 3, (d) region 4, and (e) region 5. The error bars denote the
95% confidence interval for each mean point.
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pheric forcing. Therefore, with the effect of a small red
noise component in TDSA and a strong white noise
component in precipitation, soil moisture in the sur-
face layers has a corresponding smaller correlation in
time than that in deeper layers. It is considered that
as the water moves from the land surface to deep soil
layers, the red noise component of soil water increases.
Soil moisture imposes a longer memory on time varia-
tions with an increase in soil depth.

Entin et al. (2000) found that the temporal scale of
soil moisture decreased in the direction of the equator.
However, with more observations and a wider distri-
bution of regions in this study, this rule cannot be
found here. Region 5 is located in the lower latitudes,
but the temporal scales of the top 50-cm soil layer in
this region are larger than that in boreal regions. Re-
gion 2 does not have the highest latitude, but has the
longest timescale in the top 10-cm soil layer. Com-
bining soil texture, topography, vegetation and atmo-
spheric forcing, a separation of timescales can be seen
between those processes which affect temporal scales
of soil moisture. All those factors change distinctly
among different regions and affect soil moisture with
different weights. With the influences of these factors,
the spatial complexities of soil moisture timescales are
much greater than previously thought.

4.2 Seasonal temporal scale

In addition to analyzing variation in the temporal
scales of soil moisture, it is important to know how
these scales vary during the year. The seasonal varia-
tions might explain other factors that might be missed
in the annual analysis but can affect the overall scales.

For this analysis, the autocorrelation value of a
given month is the correlation between the available
observations of that month and the corresponding ob-
servations of the following month (i.e., r for May, lag
one month, correlates with the values on 8, 18, 28
May, and 8, 18, 28 June respectively; then average
these three values of r to obtain the correlation coeffi-
cient of May with one month lag; r for December with
two months lag correlates the values in December and
the values in February of the next year). To obtain
the monthly temporal scale, the natural logarithm of
the autocorrelation values for 1- and 2-month lags are
calculated first. The monthly temporal scale would be
equal to the inverse of the slope of the line that in-
tersects both points. Since there are only two points,
the scale for each month Tm can be determined by the
following equation (Entin et al., 2000):

Tm =
ln(rm,2)
ln(rm,1)

, (2)

where m is the month for which the timescale is being

calculated, rm,1 is the autocorrelation value between
month m and month m + 1, and rm,2 is the autocor-
relation value between month m and month m + 2.

Figure 6 shows the seasonal timescale of soil mois-
ture and TDSA. Because of the freezing season, there
are no values in the winter for regions 1 and 2, which
are located in the north of China. The missing values
in other months are attributed to negative correlation
coefficient values which cannot calculate natural log-
arithm values. The temporal scales of soil moisture
are mainly 1–3 months in all regions during the entire
year. Each region shows consistent seasonal variations
in both two layer depths for timescales of soil mois-
ture. However, the seasonal cycles of timescales are
region-dependent. For example, in two boreal regions,
regions 1 and 2, seasonal variations of timescale are
gentle during the year, but regions 4 and 5 show clear
seasonal cycles with two peaks in winter and summer
respectively. The seasonal timescale of TDSA has the
same order as that of soil moisture, but is not very con-
sistent. As many other atmospheric forcings (e.g. pre-
cipitation and radiation) have strong influences on the
state of soil moisture, seasonal variations of them and
the weights of their influences on soil moisture can also
affect variations in the “time memory” of soil moisture
during the year. All these factors cause the complex-
ities in seasonal variations of soil moisture timescales
in all these regions.

5. Spatial scale analysis

The spatial scale is determined using a similar for-
mula as the temporal scale. Using the data of all 103
non-irrigated soil moisture stations, the spatial vari-
ability scale of soil moisture in China are smaller than
the maximum distance between any of the two observ-
ing stations in all regions. Therefore, the spatial scales
of soil moisture are also analyzed in regions, as in pre-
vious sections. The correlation is preformed for each
pair of stations in the same region and the correlation
coefficient is plotted against the distance between the
stations. The data are binned into different distance
groups ranging from 50 km to about 800 km.

According to Vinnikov et al. (1996) and Entin et al.
(2000), estimates of the spatial autocorrelation of the
soil moisture field may be similar to the temporal au-
tocorrelation. A logarithmic scale is also used here for
spatial autocorrelation functions, as carried out earlier
for temporal autocorrelation. The spatial autocorrela-
tion coefficient r is also in exponential form:

r(l) =





1 if l = 0 ,

r0 exp
(
− l

L

)
if l 6= 0 ,

(3)
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Fig. 6. Seasonal temporal scale of TDSA and soil moisture in the top 10-cm layer and 50-cm layer for (a)
region 1, (b) region 2, (c) region 3, (d) region 4, and (e) region 5. The meaning of the points and lines are
the same as for Fig. 5.

where l is the distance between stations, L represents
the scale of spatial autocorrelation, and the parame-
ter r0 is the ratio of the variance of the red noise sig-
nal to the estimated variance. The mean correlation
coefficient value is computed and then converted into
natural logarithm values and plotted against the mean
distance for each bin. Similarly, the spatial scales of
precipitation and TDSA in these five regions are cal-
culated with the same method as soil moisture.

5.1 Spatial scale

Figure 7 shows the spatial scales of soil moisture,
precipitation, and TDSA in regions 1–5. The mean
seasonal variation at each station is first subtracted.

The linear lines that fitted through these values were
the least squares fitting lines of these points. The neg-
ative inverse of the slope of the fitting lines determine
the spatial scales. Similar to the analysis of tempo-
ral scale in section 4, a summary of the estimates of
spatial scales and the parameters r0 is given in Ta-
ble 4. The spatial scales of soil moisture range from
200–600 km within these regions. Furthermore, in all
regions, the spatial scales of surface layers are larger
than that of deeper layers. This result agrees with that
of Liu et al. (2001), who used 99 stations in eastern
China from 1987–1989. Similar to the changes in spa-
tial scales with soil depth, the red noise component r0

of spatial variability decrease corresponding to an in-
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Fig. 7. Estimates of the spatial autocorrelation functions for soil moisture (circle points and short dashed
lines for the top 10-cm layer; triangle points and solid lines for top-50 cm layer), TDSA (rectangle points
and long dashed lines) and precipitation (diamond points and dash-dot lines) in (a) region 1, (b) region
2, (c) region 3, (d) region 4, and (e) region 5. The linear lines are the least squares fitting lines of
corresponding points.

crease in depth. Vinnikov et al. (1996) assumed that
the red noise component of spatial variability repre-
sented the statistical properties of monthly averaged
precipitation fields, which embodied homogenous sig-
nals of spatial change, while the white noise compo-
nent reflected an integration of random measurement
errors and spatial heterogeneity in natural conditions
around the measurement sites. Table 4 shows that
precipitation has the biggest r0 among other variables
in all regions, which could verify the points made by
Vinnikov et al. (1996). With a stronger influence of
precipitation, much spatial homogeneity in signals of

precipitation can be easily transferred to soil moisture
in the surface layer, causing a larger red noise compo-
nent and spatial scales in this layer.

Table 4 also displays the effects of topography on
the spatial scale of soil moisture. Spatial scales of two
plain regions, regions 2 and 4, are larger than that of
the other three mountainous regions. In plains, the
mean slope is small. The movement of water in soil
is weak in horizontal directions. Therefore, the spa-
tial variation in soil moisture may follow the spatial
patterns of precipitation and evaporation. Accord-
ing to the analysis in ection 4, the “time memory”
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Table 4. Estimates of the spatial scale L and the red noise component r0 for soil moisture in the top 10-cm layer and
the top 50-cm layer, precipitation, and TDSA in regions 1 to 5. (Units of L: km)

Soil moisture Precipitation TDSA

Top 10 cm Top 50 cm

L r0 L r0 L r0 L r0

Region 1 345 0.54 333 0.46 500 0.72 400 0.54
Region 2 556 0.45 417 0.38 370 0.78 370 0.57
Region 3 323 0.75 286 0.72 345 0.90 455 0.48
Region 4 588 0.55 479 0.44 323 0.86 400 0.76
Region 5 286 0.56 222 0.51 357 0.72 370 0.52

Table 5. Same as Table 4 except for each season in every region. (Units of L: km)

Winter Spring Summer Autumn

L r0 L r0 L r0 L r0

Top 10 cm soil moisture
RE 1 − − 400 0.51 357 0.63 145 0.76
RE 4 769 0.51 − − 357 0.66 500 0.74

Top 50 cm soil moisture
RE 1 417 0.45 500 0.34 303 0.55 189 0.57
RE 4 555 0.47 − − 400 0.44 417 0.67

Precipitation
RE 1 526 0.90 625 0.95 556 0.80 − −
RE 4 625 0.91 556 0.92 278 0.90 714 0.93

TDSA
RE 1 400 0.58 909 0.71 625 0.62 − −
RE 4 − − − − 370 0.85 − −

of soil moisture can hold for several months, while the
“time memory” of precipitation is in the order of days
(Skøien et al., 2003). With a strong memory in soil
moisture, a sampling interval of a 10-day period can
smooth out high frequency fluctuations in soil moisture
in different stations and make it change in a similar
fashion. In this way, the spatial scales of soil moisture
in these two plain regions are large and also exceed
that of precipitation and TDSA.

Unlike in plains, the patterns of precipitation and
TDSA are obviously altered by mountains in regions 1,
3 and 5. Because a mountain between two stations de-
creases their correlation, the spatial scale of soil mois-
ture is smaller than that in plains. Also, steep slopes
in mountains make the water in soil move easily in hor-
izontal directions. It reduces the “spatial memory” of
soil moisture to precipitation and TDSA patterns and
leads to the spatial scale of soil moisture being smaller
than that of precipitation and TDSA.

5.2 Seasonality of spatial scale

Seasonality of spatial scale is analyzed in this sub-
section to find some features of spatial scale variations
during the year. The conventional definitions for sea-
sons are used: December, January and February for

winter; March, April and May for spring, and so on.
Because spatial scales of soil moisture cannot be ob-
tained with data limitation in most seasons in regions
2, 3 and 5, seasonal spatial scales are only discussed in
regions 1 and 4 here. Table 5 gives a summary of spa-
tial scales and the parameter r0 of soil moisture, pre-
cipitation and TDSA for different seasons in regions 1
and 4. The missing numbers in the table indicate not
enough data in the season.

Similar to the analysis in the last subsection, the
red noise component of soil moisture in the top 10-
cm layer is larger than that of the top 50-cm layer in
all seasons in these two regions. However, the spatial
scales of the surface layer are not always larger than
that of the deep layer. In the spring of region 1 and
in the summer of region 4, soil moisture in the top
50-cm layer has larger spatial scales than that of the
top 10-cm layer. Results indicate that although homo-
geneity of the signal embodied in the spatial change of
soil moisture in the surface layer is larger than in the
deep layer during the year, the effective impacts of the
signal on the spatial scales of soil moisture varies with
the seasons.

Table 5 also shows that the seasonal cycles of spa-
tial scale of soil moisture in these two regions are dif-
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ferent, whereas the seasonal variations of spatial scale
in soil moisture are consistent with precipitation in
each region. This indicates that the seasonal varia-
tions of spatial patterns in precipitation might be an
important factor that affects the spatial scales of soil
moisture.

6. Conclusions

Using the same methods as Entin et al. (2000) and
Vinnikov et al. (1996) and a new soil moisture dataset
in China, the long-term trends, seasonal variations,
and the temporal and spatial scales of soil moisture in
five different regions during 1981–1998 have been stud-
ied in detail. Three datasets of precipitation, land sur-
face temperature, and air temperature were also used
to analyze the underlying mechanisms of the charac-
teristics of soil moisture. The major conclusions of this
paper are as follows:

(1) In most regions, the trends of soil moisture in
the top 10-cm layer were increasing while the trends
in the top 50-cm layer were decreasing during the pe-
riod 1981–1998. Changes in precipitation may be the
dominant factor affecting the trends of soil moisture in
both layer depths. The trend of TDSA has a secondary
effect mainly on the trends of surface soil moisture. In
regions 1 and 5, the trends of soil moisture in the deep
layer may respond to the trends of extreme precipita-
tion.

(2) Differences in soil moisture values between re-
gions are clear. Region 5 has the maximum soil mois-
ture and region 3 has the minimum during the entire
year. The regional differences of precipitation may be
a major factor that causes the area differentiation of
soil moisture in China. The seasonal cycles of soil
moisture means also have regional differences. The
seasonal variations of soil moisture are mainly con-
trolled by precipitation and evaporation. Soil moisture
increases when precipitation is dominant and decreases
when evaporation is dominant. In winter, snow cover
might also have an important effect on the state of soil
moisture.

(3) Timescales of soil moisture in both two layer
depths are roughly 1–3 months in all regions, and the
timescale of TDSA has the same order of months as
soil moisture.

(4) There is a consistent increase in temporal scale
and the red signal of soil moisture with an increase in
soil depth. The variance of red noise signal of TDSA
is smaller than that of soil moisture. A correspond-
ing small correlation in time of soil moisture in the
surface layer may be a result of effects of a small red
noise component in TDSA and a strong white noise
component in precipitation.

(5) The timescale of soil moisture has consistent
seasonal variations for both two layer depths in all
regions, and seasonal cycles of timescales are region-
dependent. The seasonal variations of TDSA cannot
be satisfactorily consistent with that of soil moisture.
The authors guess that other atmospheric forcings
(e.g. precipitation and radiation) may have a strong
influence on the variations of “time memory” of soil
moisture during the entire year.

(6) The spatial scales of soil moisture in all the re-
gions are in the order of hundreds of kilometers, rang-
ing from 200–600 km. Furthermore, the spatial scales
of the surface layer are larger than that of the deep
layer. With a stronger influence of precipitation, much
spatial homogeneity in the signal of this can be easily
transferred to soil moisture in the surface layer, caus-
ing a large red noise component and spatial scale in
this layer.

(7) Topography also has some effects on the spatial
scale of soil moisture. Spatial scales of soil moisture
in plains are larger than that of mountainous areas.
In plains, the spatial scale of soil moisture mainly fol-
lows the spatial patterns of precipitation and evapo-
ration. With a strong time memory in soil moisture,
the sampling interval of 10 days can smooth out the
high frequency fluctuations of this, making it change
in a similar fashion. In mountain areas, mountainous
topography reduces the spatial memory of soil mois-
ture to precipitation patterns and leads to a smaller
spatial scale than in plains.

(8) The seasonal variations in spatial scales of soil
moisture are consistent with those of precipitation.
The authors believe that the seasonal variations in
spatial patterns of precipitation might be an impor-
tant factor affecting the spatial scales of soil moisture
in different regions of China.

Land surface states are a strong nonlinear system,
and there might be strong nonlinear interactions with
mesoscale atmospheric circulations that feed back on
the soil moisture. The feedback action between soil
moisture and atmospheric processes can be studied in
the future with higher resolution soil moisture obser-
vation datasets and meteorological fields.

Although a new dataset of soil moisture has been
studied, there are still very little data in the west of
China included in this research. However, the clima-
tology of the west of China, particularly the Tibetan
Plateau, is distinctly different from that in the east of
the country. The climatology and scales of soil mois-
ture in the west of China should be studied with more
data in this area in the future.
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