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Abstract. The change pattern and trend of soil moisture decreasing(=0.05). The tendency of net radiatioR,),
(SM) in the Wuding River basin, Loess Plateau, China is ex-evapotranspirationKy), transpiration £¢), canopy inter-
plored based on the simulated long-term SM data from 195&ept (£;) is not obvious. Net primary productivity (NPP), of
to 2004 using an eco-hydrological process-based modelwhich the significance level is lower tharr0.1, and gross
Vegetation Interface Processes model, VIP. In-situ SM obserprimary productivity (GPP) a#=0.01 are in increasing ten-
vations together with a remotely sensed SM dataset retrievedency.

by the Vienna University of Technology are used to vali-
date the model. In the VIP model, climate-eco-hydrological
(CEH) variables such as precipitation, air temperature and

runoff observations and also simulated evapotranspiration |ntroduction
(ET), leaf area index (LAI), and vegetation production are
used to analyze the soil moisture evolution mechanism. Th@

results show that the model is able to capture seasonal S Zznvgld?flenrge dRIs\/:\/re?:Sslgil Igrct)rs],?orlw_c()jzsriapI:;eall_JJ,ndC:rlthnhd?rs;
variations. The seasonal pattern, multi-year variation, Stanion _term change of soil moisture (SM) ingthé basin. located 9
dard deviation and coefficient of variatio@() of SM atthe . 9 chang ’
: : in a transition zone from farmland and grassland to desert
daily, monthly and annual scale are well explained by CEH. . . . . )
. . - ._in the Plateau, is very important as it provides useful infor-
variables. The annual and inter-annual variability of SM is

the lowest compared with that of other CEH variables Themation for making scientific suggestions for early warning
trend analysis shows that SM is in decreasing ten de-ncy a?f land desertification, ecosystem recovery and also efficient
«=0.01 level of significance, confirming the Northern Dry- soil and water management. ) ]

ing phenomenon. This trend can be well explained by the U_nfortunately, all over the world, including the study
decreasing tendency of precipitatiar=0.1) and increasing basin, long-term SM data are very scarce. Hence, the models
tendency of temperature£0.01). The decreasing tendency and remote sensing technique are used to extend the SM data
of runoff has higher significance levet£0.001). Because Pothin space and time.

of SM’s decreasing tendency, soil evaporatidiy) is also Remote sensing data can be effectively used to retrieve SM
information at regional and global scale and promote the SM
study. However, the length of the available remotely sensed
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Physically process-based models are thus used to obwhere p; is the lag-1 autocorrelation coefficient (Kulkarni
tain reliable prediction of long-term SM. So far several SM and von Storch, 1995; Douglas et al., 2000; Zhang et al.,
datasets have been produced using different land surface pr@001). However, it is found that the trend computed from
cess models. However most of the models have simple SMsuch a prewhitened time series is smaller, since the trend in
schemes (e.g., Liu et al., 2003) or are forced with monthlythe prewhitened data has a slope (Wang and Swail, 2001) as
average, which made the simulated SM results not agree well
with the observations (Chen et al., 1997; Entin et al., 1999;upw = (1 — p1)p (2)
Schlosser et al., 2000). Soil moisture is an important ele-
ment in hydrological cycle which is closely related to wa- Wherei,, andp are the trend for the prewhitened and the
ter and energy transfer between soil, vegetation, and atmo@riginal data respectively.
sphere. It has been shown that much of the global warming At least two methods are proposed to avoid this prob-
so far was at night (Karl et al., 1991, 1993; Folland et al.,lem. One of them is using the iterative procedure proposed
1992; Stenchikov and Robock, 1995; Robock et al., 2000)by Zhang et al. (2000), refined by Wang and Swail (2001)
So at least models with diurnal cycle are needed to correctlyand Zhang and Zwiers (2003). In this method, called Zhang
simulate SM. The SM may also be characterized by automethod, the autocorrelation is computed after removing the
correlation in time, which means that the lagged effects insignificant trends from the series. This process is continued
inputs or losses can be important as much as those occurrinigntil the differences in the estimates of the slope andothe
at the time that the impacts are actually observed (Hamlet el two consecutive iterations become negligible. The M-K
al., 2007). A physically process-based model with detailedtest for trend is run on the resulted time series and then Sen
information about soil-vegetation-atmosphere water and enapproach (Sen, 1968) is used to compute the slope.
ergy transfer is needed to correctly simulate long term SM Another method is Trend Free Pre-whitening procedure
time series for trend analysis. proposed by Yue and Pilon (Yue et al., 2002) — called Yue

There are at least three prevailing methods to do the trendnethod. In this method, the slope of a trend in sample data
analysis. The firstis to draw the linearly regressive trend lineis estimated using the approach proposed by Sen (1968). As-
over the time series of data to see if it is in upward (increas-suming the trend is linear, the sample data are detrended by
ing) or downward (decreasing) trend (Robock et al., 2000).subtracting the trend from the sample data. The lag-1 se-
The second is performing the nonparametric Mann_Kenda"ria| correlation Coefficient,z(l) of the detrended series is then
(M-K) trend test (Mann, 1945; Kendall, 1975; Hirsch and computed. Ifp1 is not significantly different from zero, the
Slack, 1984; Gilbert, 1987) and judging the trend by the sample data are considered to be serially independent and
value of the M-K statistic (e.g., Sheffield and Wood, 2008). the M-K test is directly applied to the original sample data.
The last not the least is to compare the SM averaged amon@therWise, it is considered to be Seria”y correlated and pre-
each of the decades, which is broadly used in the relatedvhitening is used to remove the first order autoregressive
studies in China (e.g., Yan et al., 1999). Within the long- Process from the detrended series. The residual series af-
term trends, there are noticeable inter-annual and decad&er applying this procedure should be an independent series.
variations in SM for most regions7 which weaken the robust-The identified trend and the residual are combined as the
ness of the trends and have to be considered in trend studid¥ended series, which just includes a trend and a noise and
(Sheffield and Wood, 2008). is no longer influenced by serial correlation. Then the M-K

The M-K trend test has received the greatest attention irf€St is applied to the blended series to assess the significance
hydrology due to its free-distribution nature, which makes it Of the trend.
more suitable than parametric alternatives for testing hydro- Besides the research shown in the above methods, there
logical data. However, the use of M-K trend test is limited to have been a long and wide discussion and yet different
the assumption that the data must be independent and idegounds on the prewhitening (Bayazit and Onoz, 2004, 2007;
tically distributed (1ID). One of the solutions to overcome Hamed, 2007, 2008, 2009). Many of such discussions
the problem is transforming the real data into a time seriesare based on the synthetic data generated by Monte-Carlo
in which its autocorrelation coefficient is zero. Zero auto- Mmethod. The prewhitening procedure relies basically on the-
correlation coefficient indicates that the data are independerry. In reality the observations are much more complex than
and identically distributed. So the solution turns to be howthe pure synthetic data. It might not possible to describe the
to make data series with non-zero autocorrelation coefficienfeal data with a first order autoregressive model. In this way,
into data series with autocorrelation coefficient being zero.discussion of the accuracy of the trend estimation based on
One of such solutions is called “prewhitening” (von Storch, the pure synthetic data as described above may be not fully
1995) — von Storch method. It is assumed that data series applied.
with a non-zero autocorrelation coefficient can be modelled In this paper, a distributed and physically process-based
by an autoregressive first order model (Box et al., 1994):  hydrological model, Vegetation Interface Processes (VIP)

model (Mo and Liu, 2001; Mo et al., 2004a, b, 2005), de-
Vi = Xj — P1Xi—1, (1) scribing the detailed information about water and energy
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transfer in soil-vegetation-atmosphere system, is used to sinthe fractions of assimilation partitioned to vegetation compo-
ulate long term SM data for trend analysis in the Wuding nents (leaf, stem, root and grain), and leaf area is estimated
River basin. Observed SM data by both in-situ and remoteby leaf biomass with specific leaf area. Besides SM, such
sensing from 1992 to 2004 are used to validate the modelClimate-Eco-Hydrological (CEH) variables as observed pre-
The validated model is then used to obtain a long term SM seceipitation, air temperature and runoff and simulated evapo-
ries. The M-K scheme is employed to identify the SM trend. transpirationEr, leaf area index (LAI), and production by
The trend results based on original M-K and M-K with three the VIP model are used for SM trend analysis.

prewhitening techniques to remove the possible influence of

auto-correlation on trend analysis are compared. 2.2 Trend analysis method

In the following section the methodology is briefly intro- h ‘ d and . ) b |
duced. The study region and datasets are described in Sect. 3 € M-K test for trend and Sen's slope estimates (by pgrt y
using Excel template MAKESENS, developed by Salmi et

The results of the analysis are given in Sect. 4, and the dis- - X e ,
2002) is used for detecting and estimating trends in the

cussions are in Sect. 5. Finally a short conclusion is made irf‘l" X
Sect. 6. time series of annual mean of SM. The M-K test for a mono-

tonic trend testing in the data and the Sen’s method for esti-
mating slope of the trend are introduced as follows, respec-

2 Method tively. . .
The data values; of the time series can be assumed to
2.1 Model introduction obey the model

The VIP model is used to simulate hydrological cycle over' T F@O +ei 3)

the Wuding River basin. The ecological and hydrological where f (1) is a continuous monotonic increasing or decreas-

processes in the study basin are modelled by implementing function of time and the residuals is assumed to be

ing a coupled one-dimensional soil-vegetation-atmospherérom the same distribution with zero mean.

transfer (SVAT) scheme, a distributed runoff routing scheme  To test the null hypothesis of no trenil, i.e. the observa-

(kinematic wave) and a vegetation dynamic scheme. The digtionsx; are randomly ordered in time, against the alternative

ital elevation model (DEM) is employed to create the chan-hypothesis,H1, where there is an increasing or decreasing

nel flow directions corrected with the channel pattern. Geo-monotonic trend, a statistic is constructed as follows

graphical information of vegetation type and land use is in-

corporated to assign the land surface attributes spatially (Mo, S

and Liu, 2001: Mo et al., 2004a, b, 2005). The estimation of = 2 2 8" =)

evapotranspiratio®7, SM, runoff and vegetation productiv-

ity are briefly introduced as follows. wherex; andx; are the annual values in yepandk, j>k,
Energy fluxes are described with a two-source scheme disrespectively, and

cerning canopy and soil surface separately (Shuttleworth and

Wallace, 1985). The total canopy; (kgm2s1) com-

posed of soil evaporatiof'g, canopy transpiratio and

its intercept water evaporatidty is expressed in the form of

Penman—Monteith equation (Monteith and Unsworth, 1990).The number of annual values in the data series is denoted by
The SM budget is estimated with a six-layer scheme (0-2,,.

2-10, 10-30, 30-70, 70-130, 130-200 cm). The depth of the ynder the 11D assumption (Kendall, 1955), the expectance
root zone is 130 cm. SM simulated by the VIP model repre-of the statisticS is zero, and the variance 6fis

sents volumetric soil moisture (¢ram=3). The depth of soil
layer is 2.0 m. Soil hydraulic parameters are estimated usin
the Clapp and Hornberger (1978) empirical formula.

The magnitude and timing of overland runoff are af-
fected mainly by rainfall intensity, SM condition and land whereg is the number of tied groups anglis the number of
use/cover. The overland runoff is treated as the ratio of thedata values in the-th group.
square of the precipitation, deducted the canopy interception, By using the statisti§ and the above variance VARY, a
to the summation of this precipitation and the SM deficit in new statisticZ, which is a standardized test statistic, is con-
the root zone (Choudhury and Digirolamo, 1998). The pho-structed to be used in the test fobeing larger than 10, i.e.,

(4)

k=1 j=k+1

1L if xj—x>0
sgn(xj —x) =10, if x;—x=0 (5)
-1, if x;j—x <0

1 q
VAR ($) =25l (1=1) 2n48) = ) 1,(1,~1)(21,+5)] (6)
p=1

tosynthetic production is input into the vegetation growth -1 )

module for biomass and leaf area estimation. In the vege- JVAR(S) i §>0

tation growth module, vegetation phenological stages are exZ = { 0 if §=0 (7)
pressed with air temperature degree-day which determines J‘i‘%}@ if §<0
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* From the standard normal cumulative distribution

Fig. 1. The normal distribution for the two-tailed hypothesis test in

M-K method.

A positive (negative) value df indicates an upward (down-
ward) trend. The standardized M-K statiséchas a normal
distribution with mean of zero and variance of one. In this
case,Z1_q/2 is obtained from the standard normal cumula-
tive distribution tables. As shown in Fig. 1, if the absolute Next, M1=(N—Cq)/2 and Mo=(N+C,)/2 are computed.
value ofZ equals or exceeds the specific valjg,, it means
that in this case at the significant levelafthe probability of
acceptingHo is very low, in other words, the existence of a largest of thev ordered slope estimates pf. If My is not
monotonic trend Hl) is very probab|e_ For the significance a whole number, the lower limit is interpolated. Correspond-
level of«=0.01 as shown in Fig. 1, it means that there is a 1%ingly, if M2 is not a whole number, the upper limit is inter-
probability that the values; are from the normal distribution
and with that probability we make a mistake when rejecting With the slope estimatg, it is easy to obtain the estimate

Hp of no trend.

For an existing trend (as change per yedy, in Eq. (3)

is equal to:

f(t) = jut + B,

whereu is the slope ana® is a constant.

(8)

To get the slope estimate pf the slope values of all data

pairs are calculated as:

Xj — Xk

Mmi = i~k

9)

wherej >k . If there aren values ofx; in the time series we
get as many aN:Cf:n(n—l)/z slope estimateg,; .

In Sen's method (cited by Salmi et al., 2002), the slopejng, the linear trend analysis with significance level determi-
estimateu is the median of thes# values ofu; which are
ranked from the least to the top. The Sen’s estimator is

n = KL[(N+1)/2]5 if Nis odd

or

1 . .
n= E(,Uv[N/z] + 1iv+2)/2), if Niseven

(10)

In order to give a two-sided confidence interval about the

slope estimate, a working variable is defined as

Cy = Zl—a/Z\/ VAR (9,

Hydrol. Earth Syst. Sci., 13, 1375398 2009
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Fig. 2. The SM data distribution (red dots: TUW grid point
(12.5x12.5km) of the ERS scatterometer-derived SM data; 189
blue square: The VIP grid point {8 km, matched with TUW grid)

of SM simulated by the VIP model. Black star: Observed point of
SM observed at Suide and Yulin).

The lower and upper limits of the confidence intervghin
and umax are defined as th&f;th largest and théM»+1)th

polated.

of B from Eq. (8) asx;—ut;. The median of these values
gives an estimate aB. The estimates for the constaBtfor

the confidence interval are calculated by a similar procedure
of .

Considering the possible influence of auto-correlation on
the M-K method, comparisons are made among the trend re-
sults based on original M-K and M-K with three prewhiten-
ing techniques, i.e., von Storch, Zhang and Yue method de-
scribed in the introduction section. In order to compare the
trend between SM and the other CEH variables, data stan-
dardization (subtracting the mean and dividing by the stan-
dard deviation, Liu et al., 2001) is conducted before the trend
analysis.

In order to compare and illustrate the effects of prewhiten-

nation is also carried out. We propose the following simple
method to assess the significance of the linear trend: based
on the fact that the correlation coefficient between the time
and standardized variable is equal to the linear trend of the
standardized data on the standardized time scale, the method
to assess the significance of the correlation can be used to
assess the significance of the linear trend.

www.hydrol-earth-syst-sci.net/13/1375/2009/
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Fig. 3. The yearly evolution (upper two panels) of and the correlation (lower three panels) among relative SM simulated by VIP, retrieved
from remote sensing TUW data and observation at Suide and Yulin.

2.3 The judgement of the significance of serial autocor- 3 Materials
relation
3.1 Basin description
From Yue et al. (2002), to judge if observed sample data are
serially correlated, the significance of the lag-1 serial corre-The Wuding River basin (1088 ~110°45 E, 3714 ~
lation p; at the significance level @f=0.01, for example, of  39°15 N) with an area of 30260 kfnis located in a tran-
the two-tailed test is assessed using the following approximasition zone from farmland and grassland to desert over the
tion (Anderson, 1942; Yevjevich, 1972; Salas et al., 1980): Loess Plateau (Fig. 2). The elevation in the basin ranges
from 600 m to 1800 m. The northwestern part of the region
—1-1.645/n -2 —1+1.645/n -2 is composed of sand desert with a gentle undulation land-
n—1 n—1 scape and the southern part is characterized as steep hill-
slopes with incised channels. The soil texture in the basin

12)

=p=
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Fig. 4. The averaged seasonal variation of relative SM over the 189
grid points simulated by VIP at 10 cm soil layer and retrieved from
remote sensing by TUW.
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Fig. 5. The simulated averaged annual and the obseBseavhich

is the difference between the observed annual precipitation and dis-
is principally categorized as sandy loam, sandy silt, sand, s"{:ha(;_ge bs_sed S” \_Na_terzggloance (wb) of the 9 sub-catchments of the
and coarse sand. Since the basin locates in a temperate alfyding River basin in :
semi-arid monsoon climate zone, the annual mean air tem-

perature ranges from 7@ to 11.2C and the annual precip- tive units between the driest and wettest conditions in the pe-

itation from 300 mm to 550 mm decreasing gradually from riod of 1 August 1991 to 31 May 2007 (data acquisition has

the southeastern to northwestern part. Precipitation eventB ) :
. : een done irregularly with on average two measurements per
mainly occur in summer monsoon season (June to Septem-

ber) along with occasional heavy storms. The average annué{veek)’ resampled into a 12@2.5kn? equally-spaced dis-

: : crete global grid, which is indicated by solid dots in Fig. 2.
runoff depth over the past thirty years is about 35 mm. In the TUW algorithm, the microwave backscatter measure-

32 Data ments normalized at 40ncidence anglex®(40)) are used to
extract soil moisture dynamics. Eventually t&40) mea-

The data can be categorized as: (1) in-situ and remotelypurements are scaled between the lowest and highest values

sensed SM data; (2) meteorological and hydrological datagver observed within the long-term observations represent-

and (3) land surface characteristic data. ing the driest and wettest conditions. In this way, dﬂ'qe40)
corresponds to the relative soil moisture values at topmost
3.2.1 SMdata 2-5 cm soil surface ranging between 0 and 1 (0% and 100%)

(Naeimi et al., 2009).
In-situ data at two SM measurement sites, Suide (12@E21

37.53' N) and Yulin (109.7 E, 38.23 N), are available inthe  3.2.2 Meteorological and hydrological data from

Wuding River basin. The locations of the sites are indicated 1956 to 2004

by cross symbols in Fig. 2. SM measurements (&gn

these sites were made with gravimetric method from the topThe climatic data at 15 stations in and around the basin from

layer down to the 50 cm at the 10 cm interval on the 8th, 18th1956 to 2004 are used to drive the model. The atmospheric

and 28th each month from 1992 to 2005. The in-situ SM dat&orcing variables are daily maximum and minimum air tem-

are used to validate the model. perature, humidity, wind speed, precipitation and sunshine
In addition to in-situ SM measurements, a global remotelyduration. The daily climatic data are interpolated to the

sensed SM dataset is employed to validate the model at rexhole basin with the inverse distance square method. Dis-

gional scale, which is retrieved from long term scatterometercharge data from the 9 sub-catchments from 1956 to 2004

measurements using a change detection method developed ée used for model validation.

the Vienna University of Technology (TUW) (Wagner et al.,

1999). In the TUW retrieval algorithm, SM time series are 3.2.3 Land surface characterization data

extracted from backscatter measurements of the scatterom-

eters onboard the European Remote Sensing satellites ER$he model characterizes the land surface as topography, veg-

1 and ERS-2. Due to the penetration depth of scatteromeetation type/density, soil texture and land use. Digital ele-

ter signal decreasing with increasing soil moisture, the TUWvation model is obtained from the topographic contour map

data represent the water content in 2—-5 cm soil depth in relaat 1:250000 scale, which can be created as fine as 150 m

Hydrol. Earth Syst. Sci., 13, 1375398 2009 www.hydrol-earth-syst-sci.net/13/1375/2009/
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the one standard deviation.

resolution terrain raster. Leaf Area Index (LAl) mainly  Geographical and vegetation cover data are sampled re-
features the vegetation density, which is estimated by thespectively into the VIP grid resolution of 8km. The reason
VIP model. Soil texture data are retrieved from the mapof using 8 km sampling is to be in harmony with the resolu-
at the scale of 1:14 000000 (Institute of Soil Science, Chi-tion of global NDVI data from NOAA.

nese Academy of Sciences, 1986). Land use data at the scale The data time period is from 1956 to 2004. The model
of 1:100000 [ttp://www.resdc.cr/in 1980s are used for s validated over the period of 1991-2004, by using SM ob-
land-use/cover classification, which is divided into six types, servations in ten-day intervals at two in-situ stations and re-
namely, farmland, mixed forest, dwarf shrub, grassland andnotely sensed SM data grid by grid over the basin with at
desert with fractions of 29%, 3%, 4%, 43% and 21%, re-|east two measurements per week on average.

spectively. Farmland is mainly located in the stream valleys, Both the modeled and in-situ SM data are scaled with

slopes and terraces in the southern part, on which crops, suctiyyy scatterometer data to have uniform datasets by using
as maize, millet, soybean, rice and wheat, are planted. Natune following formulations for the validation.

ral vegetation cover in the basin is generally sparse. Excess
reclamation and over-grazing have induced vegetation degraRangé('P: maxSMY"P)— min(SM'P)
dation, soil erosion and desertification, which are the main bs_ ob . ob

. N ) Rang&®>= maxSM°"S)— min(SMP°"S)
causes of environmental vulnerability in this basin. Rangd@UW=max SMTUW) _ min(SMTUW)

3.3 Model implementation and analysis SMmy1P-normalized_ (GMYIP — min(SMVIP)) (13)
xRangéYWV/Rang¢'P + min(SMTUW)

Water and energy balance components are calculated foBMOPSnormaiized_ (gpobs _ min(SMobs))

each grid point separately, neglecting flux exchanges be-  xRangéYW/Rang&PS+ min(SMTUW)

tween the grid points. Since the irrigated field covers only a

small amount of the farm land area, the farm land is consid-n this way, we extract the relative (normalized) SM (%) from

ered as fully rain-fed land. As the energy fluxes’ response tdboth VIP simulation and in-situ observed SM data. For the

atmospheric driving forces is much faster than the responseomparison at the regional scale, we first record the latitude

of hydrological processes in the soil, the energy budget modand longitude of the point of TUW data within the basin.

ule is run on hourly basis and soil water module on daily Then we output the VIP SM data at those 8-km spacing grids

intervals. with the latitude and longitude matched with those of TUW.
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Fig. 7. Seasonal cycle (left panel) of precipitatioR)( air temperatureZ() and runoff Q) at the control station of the basin averaged over
the entire data records (1957-2004) and their variability (right panel). Months are indicated with the numbers on the abscissa. Shown in the
figure is also the one standard deviation.

These VIP SM data are used to compare with the correspondd Results
ing TUW data.

By using the validated model, the SM is simulated from 4.1  validation of the model
1956 to 2004. One simulation year of 1956 is repeated

to avoid of the possible influence of initial status in the Figure 3 shows the simulated SM data at the Suide and Yulin

]E)eglnr:jmg_of Eue l\TOPge”'g% The trt(;nc(ij an;ly&s V;’.a?l PET stations compared with the in-situ SM observations and the
ormed using the V-1 and Sen's methods ater spatially av-1 j\y; scatterometer-derived SM data. The Pearson correla-

eraging the long-term SM over the whole basin. The S€8%ion coefficients R? between the VIP simulation and the

sonal patterns of all CEH variables are compared with eac}?n-situ SM data. between the VIP simulation and the TUW
other. Coefficient of variation({(y, Liu et al., 2001) is used SM data. and b:etween the in-situ and the TUW SM data are
to makg fqrther analysis of the temporal characteristics of th%,zg and’0.19, 0.20 and 0.18 and 0.52 and 0.56 at Suide and
SMvariation. Yulin, respectively. The Nash-Sutcliffe coefficients among
the in-situ, TUW and the VIP are also low in all cases. Al-
though Nash-Sutcliffe coefficient is often used to evaluate the
model efficiency, it may not work well for evaluating of SM
simulation because the in-situ observations are sparse and
there are many low values in SM dataset. It has been argued
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Fig. 8a. Seasonal cycle (left panel) of net radiatiar),§, total evapotranspiratiorElr), canopy transpirationH¢), averaged over the entire
data records (195v¥2004) and their variability (right panel). Months are indicated with the numbers on the abscissa. Shown in the figure is
also the one standard deviation.

by some authors that the utility of the Nash-Sutcliffe effi- simulation SM data comply pretty well with the averaged
ciency as a performance measure may be limited by bias iITUW data except in winter period in which some obvious
its evaluation (Garrick et al., 1978; Ma et al., 1998; Weglar- discrepancies are observable. In winter the simulated SM
czyk, 1998; Sauquet and Leblois, 2001), especially becausealues are larger than the values of TUW data. It is worthy
the square summation between the observation and the sinte mention that this cannot be treated as real large errors as
ulation is not necessarily smaller than the square summatiothe TUW data in winter should be used in caution. The rea-
(agbs) between the observation and the mean of the obserson is that the backscatter from frozen soil surface behaves
vation, Whena'gbs is small. More details are shown in Mo like the backscatter from dry soil. Depending on the wetness
et al. (2006a). AlthoughR? and Nash-Sutcliffe efficiency —©f snow cover, backscatter signal changes sporadically under
are not h|gh in a" the cases, from F|g 3’ the Simu'ated SMth|S kind of condition. Itis Vel’y difficult to prediCt the be-
data by VIP model and the TUW data can catch the variationhavior of backscatter from a surface covered with snow and
trend and match with the observed SM at Suide and Yulinfrozen soil (Albergel et al., 2009).

basically. T .
Y Validation is also done based on observed discharge data

In the regional scale, the relative SM (%) averaged over 6Gindirectly. The estimated annua@ly from the VIP model
years (1992-1997) for both VIP simulation and TUW datais compared with the observed annugf, which is the
are shown in Fig. 4. Generally, at regional scale the averagedifference between the observed annual precipitation and
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Fig. 8b. Same as Fig. 8a, but for soil evaporatidy{, evaporation form the intercepted precipitation by the can@py &nd leaf area index
(LAI).

discharge. Figure 5 shows the comparison in one of the valitemperature in the basin is not in December, but in January
dated years from the 9 sub-catchments withbeing 0.90. (Fig. 7). This makes the soil surface or the whole of soil
profile frozen, with a little lag over the basin, causing the
4.2 The seasonal variation and multi-year variability of  minimum SM occurred in the earlier spring. The small peak
SM at daily and monthly scales of root-zone SM in May is corresponding to warmer weather
. (higher temperature in Fig. 7), which makes SM higher. This
Before studying the general trend of the SM over the 550 causes the spring flood in runafi {n Fig. 7), but it hap-
recorded years, it is meaningful to detect the variation of SMpens in March, as the surface water (river) gets warm earlier
at temporal scales including the daily, monthly, annual andihan the soil water.
decadal scales.

We first look at the seasonal cycle of SM and its multi-year Besides atmospheric forcing factors, the plant could also
variability (Fig. 6). It is seen that SM follows the summer influence SM. The SM increases rapidly to 15% in the sur-
monsoon pattern in that the maximum SM both for surfaceface and 12% in the root zone as the growing season proceeds
and root zone happens in summer, so do SM for all other(toward maximum plant growth, see LAl in Fig. 8b). It be-
CEH variables as shown in Figs. 7 and 8a, b. During springcomes stable as the vegetation completes its growth cycle. It
over the basin, SM is relatively stable. There is a sharp deis easy to see that the peak of surface SM is observable ear-
crease of soil water from February to March (in surface) orlier than the peak of LAl and root zone SM, implicating the
from January to February (root zone), because the lowesplant’s reliability on rainfall. During the vegetation growth
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Fig. 9. Mean daily SM (left panel) and SM variability (right panel) at daily time scale in the 0-2 cm surface day@n@ root zonet)).
Day 1=1 January.

Table 1. The mean, range (=max-min) and the maximun@€gffor the 11 CEH variables at the daily, monthly and annual scale.

Ry Er Ec Eg E; LAI 01 ) P T (0]

Daily
mean 1.08 031 040 035 189 020 026 018 293 0.81 0.65
range 20.02 024 124 041 6.28 184 024 0.12 475 4580 2.78
max 20.19 043 143 062 686 184 043 026 6.15 4588 297
Monthly
mean 0.49 020 0.26 023 050 018 0.20 0.17 0.75 0.24 0.13
range 421 0.15 060 021 066 082 0.08 005 0.82 0.75 0.49
max 427 030 077 033 087 082 024 020 120 0.78 0.50
Annual
mean 082 092 133 070 231 153 028 0.17 314 117 1.06
range 0.15 024 024 034 091 028 019 0.17 175 051 218
max 087 1.07 146 088 282 165 036 027 421 147 2.68

Note: ForR;, not include the four large values (41.47, 381.43, 131.1, 456.92) when doing the calculation.

to the maximum LAI, water demand of plants is high. Due the high LAl in September due to high water consumption

to intensive precipitation during this period, high SM condi- by the vegetation. Althougl's also reaches the highest in

tion is lasting. Since the amount of precipitation is lower in summer due to high temperature and precipitation, its max-

September than in August, SM is also tending to decrease. imum does not happen in September when the leaf covers

fully. The maximum ofEg reaches maximum in July when

The maximum ofz7 happens in August, which is matched there are much water in soil surface for evaporation. The ra-

with the maximum of net radiation®,) and precipitation  tjo of E to E7 is much higher than the ratio dfs to E7 in

(P) (Fig. 8a, b). The components &fy from canopy £c)  the growing season, which makes the pattern of tBtabe-

and intercepted water by vegetatidfy§ reach the maximum  ing similar to Ec at most. The relationship of the two ratios

values in August and September, which are corresponding to
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Fig. 10. Mean daily values (left panel) and their variability (right panel) at daily time scale for precipita@inra{r temperatureZ() and
runoff (Q) at the control station of the basin. Day 1=1 January.

is opposite in winter, where the values for bdii and the  2007). However, strong variation of runoff itself may make
components are small. it hard to get a trend. Compared with runoff, SM, with lower
multi-year variability, may be a better and important hydro-
logical component to explore the changes of hydrological el-
ements in the Wuding River basin. This encourages us using
SM to describe the CEH trend in the basin.

The patterns ofCy can be categorized into two groups.
The first is theCy patterns essentially matching with the pat-
terns of the variables, such as root Zone SB,LAI, and
Ec. The second is th€y patterns being right opposite to
the patternds of the varlark]) les, such r?s ;urfafce ﬁm’ R"|; It is seen that the multi-year change of the averaged SM
Er, Es andE,. For each pattern, the time for the peak (0r oo yha 100t soil layer is milder than that of the surface SM
trgugh) appearance of the variable is not necessarily matchegzig_ 6). Over the years, the largest variability of SM in the
with the time for that of thet’,. surface happens at the spring peak and lowest variability at

Generally, the multi-year variability of SM over the 48 the summer peak. This is matched with the lowest variability
years (1956-2004) is the least compared with other CEHbf the precipitation peak in summer (Fig. 7). Oppositely, the
variables (Table 1). Over the years, runoff at the cross-largest variability of SM in the root zone is observed at the
section of the basin has been used as an important index faummer peak and the lowest variability at the spring peak,
trend analysis because of the relative easy data access (e.gdlustrating that the surface SM is closely related to precipi-
Zhang et al., 1998; Qian et al., 1999; Xu, 2004; Li et al., tation and net radiation, and SM in root zone is more related
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Fig. 11a. Mean daily values (left panel) and their variability (right panel) at daily time scale for net radi&jontptal evapotranspiration
(ET) and canopy transpiratiorE(). Day 1=1 January.

to E7, being influenced more comprehensively by both theterns are clearer at monthly than at daily scale. For example
atmospheric forcing and vegetation dynamics (Fig. 8). the double peak of runoff and SM is shown clearly at the
No matter how high or low the variability of SM in sum- monthly scale, which is hid at the daily scale.
mer is, the seasonal variation@f{; for surface and root zone From Fig. 12, it is shown that the values Gf, of SM at
SM is obvious, a feature in rainfed situation as in our casedaily, monthly and yearly scale are all smaller than those of
For irrigation case instead, th@y’s variation is much sta- other CEH variables. Lower variability in SM can be ex-
ble (Mahmood and Hubbard, 2004). Under variable hydro-plained at least in the following two courses. Firstly, the
climatic condition (precipitation and temperature), plant de-Wuding River basin is located in a semi-arid climate zone
mand of moisture and insufficient water supply result in thewhere annual precipitation is about 400 mmymand most
alternative peak and minimum pattern of SM variability. of it falls in summer. The low precipitation leads to low sur-
By comparing the seasonal cycle and its variability with face SM, which is close to the wilting point. Secondly, scien-
the monthly (Figs. 6-8 ) and daily SM (Figs. 9—11), it is seentists found that owing to its larger inertia and longer memory
that the seasonal cycles are similar to both the SM and othelio atmospheric driving force than other hydrological com-
CEH variables. As expected, changes in SM from one to theponents, SM, along with snow cover, is the most important
next month are not as drastic as those at the daily scale. Ovegomponent of meteorological memory for the climate system
all, the monthly variability is relatively “smooth” compared over the land (Delworth and Manabe, 1988, 1993; Robock et
to that at daily scale, with the means Gf at the monthly  al., 2000). All of these support our firstimpression to the low
scale being less than the means(gf at the daily scale for  variability of SM in the Wuding River basin.
all the variables (Table 1, and Fig. 12). More fluctuating local It is worthy to point out that the value of the variable, its
hydro-climatic conditions at daily scale, namely, wet or dry, standard deviation and itSy should be used conjunctively
are averaged monthly, reducing SM variability at monthly for a more comprehensive analysis. Only using standard de-
scales. As some variability has been averaged, some patdation orCy for variability analysis is not enough (Liu et al.,

www.hydrol-earth-syst-sci.net/13/1375/2009/ Hydrol. Earth Syst. Sci., 13, 13282009
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Fig. 11b. Same as Fig. 11a but for soil evaporatidfx{, evaporation from the intercepted precipitation by the candfyy @nd leaf area
index (LAI).

2001; Mahmood and Hubbard, 2004). For example, the standriest among the simulation years. The within-year variabil-
dard deviation ofr,, in summer is larger than that in winter ity keeps the same over the years, also seen in Fig. 15. This
season. However, théy in summer is the lowest. Usually, pattern follows that of precipitation. So does for runoff. We
the relationship between the standard deviation and the valuean see that although the values of Skand runoff Q) are

is positive and the relationship betwe€n and the variable in decreasing tendency, their within-year variability keeps
itself (and the standard deviation) is negative (Fig. 13). Thererelatively stable. Comparing wit®, Q and all other CEH

is a minor shortcoming in usingy for variability analysis.  variables (Figs. 16 and 17 and Table 1), the within-year vari-
For example, when the value is turning from negative to pos-ability of SM is the least. This again encourages us using SM
itive or vice versa, such as in ttRg, andT cases (Figs. 7 and to explore the change signal of CEH processes in the basin.
8, Figs. 10, 11), the value @y is much higher than what is
expected. When the value is at the turning point from high
to low and when the mean values are very low, such as in th
LAl and E¢ cases, th&'y values are also very high. How-

It is clear that over the years, the basin is getting
warmer, but the within-year variation of temperature is get-
?ing smaller, showing that the seasonal cycle of temperature
is weakened over the years. Over the ye®&s, Er and its

e;"ter:{ ﬂ:,'s |s.n0t rea;:l?/ mear;rl]ng ttr;]attt'he ;r;]ultl-yegr dvarlablllty components remain stable, which shows the compensation
atthis ime 1s much farger than that in other perods. effect of precipitation and temperature.

4.3 The interannual variation of SM and its variability Table 2 shows that the SM in 1950s, 1960s and 1970s is
within each year higher than the multi-year average. Since then, it keeps dry-
ing in 1980s, 1990s and 2000s. Averagely, root zone SM

The interannual variation of SM and its within-year variabil- decreases at the rate of 0.01%em 3 per decade, this is in
ity are shown in Fig. 14. There is a decreasing tendency folagreement with the trend analysis by Nie et al. (2008) who
SM both in the surface and the root zone. Year 1999 is thfound the SM at the top 50 cm in this region decreases at the
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Table 2. The decade mean of SM (the first line) and the ratio of the difference between the decade mean and the multi-year average to the
multi-year average (the second line) for precipitatién,(net radiation g,,), evapotranspirationdy) and its components, GPP, NPP, runoff
(Q), root zone SM{>) and air temperaturel() of the Wuding River basin.

P R Er Ec Eg E; GPP NPP Q 05 T

1950s 502.3 776.4 4423 237.2 1933 11.9 42.2 243.0 103.7 0.12 9.73
0.16 0.00 0.09 0.10 0.07 0.05 0.04 0.18 0.72 0.05-0.03
1960s 4828 7859 4215 216.2 194.2 111 37.2 188.1 93.7 0.1 9.73
0.11 0.01 0.03 0.00 0.08 —0.02 -0.09 -0.08 0.56 0.12 -0.03
1970s 4229 7737 4028 21311 1781 116 38.9 199.5 55.8 0.1 9.83
-0.02 000 -001 -0.01 -0.01 003 -0.05 -0.03 -0.07 0.03 -0.02
1980s 4185 762.7 4039 216.0 176.7 11.2 42.3 213.4 49.5 0.1 9.80
-0.03 -0.02 -001 0.00 -0.02 -0.01 0.04 0.04 -0.18 -0.03 -0.02
1990s 3929 7774 3918 2127 168.1 11.0 43.1 209.0 36.2 0.1 10.6
-0.09 0.00 -0.04 -0.02 -0.07 -0.03 0.06 0.02 -040 -0.11 0.05
2000s 4249 7775 4081 2174 179.1 116 42.6 203.4 45.1 0.1 10.74
—-0.02 0.00 0.00 0.01 -0.01 0.03 005 -0.01 -0.25 -0.02 0.07

>4 10
O Daily m Monthly mEAnnual

The mean stdev

o N b~ O
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Fig. 12. The mean of th&'y, at the daily, monthly and annual scale The mean value
(¢1 andg2 represent®q and 6o, respectively). FoR,, the four
large values (41.47, 381.43,131.1, 456.92) are not included. 10

rate of 0.00072 kg kg! based on the observed data from 13
stations from 1981 to 1998.

One interesting phenomenon is that the decreasing ten-
dency of precipitation has been shown in 1970s already, so
does runoff with an immediate correspondence. However, 0 0.2 0.4 0.6 0.8
the decreasing tendency of SM has a delay, which appears

The mean stdev

o N b O
T

we e e Py

only in late of 1980s. This shows that there is a lag in SM’s The mean CV
response to precipitation. - 50 .
S 40 |
4.4 The total variation trend of SM over the 48 years @ 30 |
©
The M-K method is used to explore how significant of the £20
trend is. Although there is a suggestion to use the SMin 219 L .
summer (June, July, August) to test the trends of SM as sum- = 0 N . .
mer drying will accompany global warming (Robock et al., 0 0.2 04 06 08
2005), the annual mean SM is used in the trend analysis in a ' ' ' '
The mean CV

more comprehensive way.
Some studies made the variables standardized/normalize[g _ -
. : . Ig9. 13. The comparison among the mean value, standard deviation
at first before they did the trend analysis (Zhao and Yan, - o i
. L . . 'and the coefficient of variation for the 11 variables.
2006). Scaling the axes, or standardizing the variables is a
common technique (e.g., Liu etal., 2001; Ouarda et al., 2001;

Mo and Beven, 2004; Riad et al., 2004). Application of such
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Table 3. The statistics of M-K trend and Sen’s slope estimate for the 11 CEH variables by using original M-K, M-K with prewhitening by

S. Liu et al.: Temporal variation of soil moisture over Wuding River basin

von Stroch, Zhang and Yue method respectivelyafid . are explained in Sect. 2.2 is the lag-1 auto-correlation coefficient).

Original M-K M-K by von Storch M-K by Zhang M-K by Yue

p1 Z Sig. W p1 Z Sig. W p1 Z Sig. W p1 Z Sig. w

(1) @ @ @ ®) ® 8 9 (@10 @@y (12)  (13)  (14) (15) (16)
P -0.15 -1.72 d —0.020 0.02 -2.35 ¢ —-0.027 -0.25 -2.42 ¢ —-0.028 -0.01 -2.02 ¢ —0.024
Ry -0.06 -1.03 -0.011 -0.01 -1.01 -0.011 -0.06 -1.01 -0.011 -0.01 -0.97 -0.010
Er 0.30 -154 —-0.018 0.05 -0.62 —0.006 0.27 -0.70 —0.007 0.08 -1.03 -0.012
Ec 0.12 -0.42 —0.006 0.06 0.00 0.001 0.13 0.00 0.001 0.07 0.00 0.000
Eg 041 -207 ¢ —0.026 0.05 -1.34 —0.013 0.33 -1.39 —0.016 0.13 -222 ¢ —0.024
E; -0.41 -0.35 -0.004 -0.02 0.11 0.001 -0.41 0.11 0.001 —0.02 0.37 0.003
GPP 0.07 310 P 0.034 0.00 308 P 0.034 -0.19 404 2@ 0.044 0.03 326 b 0.037
NPP -0.23 0.65 0.009 0.00 1.83 d 0.017 -0.25 191 d 0.018 -0.02 165 d 0.015
Runoff 0.08 -333 @ —0.019 000 -301 P -0.018 -0.14 -3.76 2 —0.026 002 -319 P —0.020
0o 020 -283 P —0.031 003 —294 D —0.031 004 —294 b —0.031 0.10 -334 @ —0.037
T 0.42 339 @ 0.035 -0.05 180 d 0.022 0.23 255 ¢ 0.029 0.12 308 b 0.037

aif trend ata=0.001 level of significancé", if trend ata=0.01 level of significance; if trend ate=0.05 level of significanced, if trend at
«=0.1 level of significance

Table 4. The final estimate of the trend and its significance for each of all the 11 CEH variables (the significance of linear trend and the

lag-1 autocorrelation coefficiept, as shown in columns 4 and 6, are assessed by the method as described in Yue et al. (2002). The ratio of
column 2 and column 3 is the standard deviation of the years from 1956 to 2004, i.e., 14. The meaning of symbol of the significance is the
same as in Table 3).

Linear trend Lag-1 cor The final estimate of trend
Var. Original time scale  Standardized time scale Sig. p1 Sig. Z Sig m
1) 2 k) @ 5 ® (M (8 9)
P —0.2886 -0.021 9 _—0.15 -1.715 d —0.020
Ry —0.0972 —0.007 —0.06 —1.031 —0.011
Er —0.2378 —-0.017 0295 ©  -1.027 —-0.012
Ec —0.0897 —0.006 0.124 —0.418 —0.006
Eg —0.3462 —0.025 © 0411 P _—2219 ¢ —0.024
E; 0.0072 0.0005 —041 b 0.367 0.003
GPP 0.4381 0.0313 b 0.074 3102 b 0.034
NPP 0.0837 0.006 -0.23 0.649 0.009
Runoff —0.4345 —0.031 P 0076 —3.333 @ —0.019
6 —0.3877 —0.028 ¢  0.204 —2826 b —0.031
T 0.546 0.039 @ 0423 b 3081 b 0.037

aif trend/correlation at=0.001 level of significance, for correlation coefficient,lower bound=-0.49, upper bound=0.45
b if trend/correlation a&=0.01 level of significance, for correlation coefficient,lower bound=-0.39, upper bound=0.35
Cif trend/correlation a&=0.05 level of significance, for correlation coefficient,lower bound=-0.30, upper bound=0.26
dif trend/correlation a=0.1 level of significance, for correlation coefficient,lower bound=-0.26, upper bound=0.22

transformations prior to the analysis attempts to remove thdore although as shown in Liu et al. (2008), scaling may bring

influence of scaling effects from the analysis, with the aim tothe uncertainty of the results, we still use the normalized SM

obtain a simpler expression (Ouarda et al., 2001). Furtherfor trend analysis, in order to make a better comparison with

more, when plotting the results for a large number of catch-other CEH variables.

ments, variables with the largest means tend to dominate the

display. As discussed by Friendly and Kwan (2003), scaling In order to remove the effect of auto-correlation, the data

axes can obviously lead to an incoherent display in which noare prewhitened by three techniques proposed by von Storch,

systematic trends or relations can be distinguished. ThereZhang and Yue, respectively, before making the trend analy-
sis with M-K method. In order to compare the results with
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and without prewhitening, a linear trend and its significanceal. (2003). When the data are not autocorrelated significantly,
are also calculated based on standardized dataset. The resuite trend from original M-K and Sen method is used. When

are shown in Table 3. the data are autocorrelated significantly, we choose the trend
from the three techniques, which most approaches the origi-

prewhitening techniques are used, they all lead to potentiallynal trend and with lowest;. The final estimate of the trend

inaccurate assessments of the significance of a trend. In mogﬂd its significance for each of all the 11 CEH variables are

cases forP, R,, E7,Ec, Eg, andT, they follow the same shown in Table 4.

pattern as those deducted from numeric experiments (Yue et Although the least square estimator of linear trend is vul-
al.,, 2002; Zhang et al., 2004). That is, removal of positive nerable to gross errors and the associated confidence interval
lag-1 auto-correlation from the data by prewhitening will re- is sensitive to non-normality of the parent distribution (Sen,
move a portion of trend and hence reduce the possibility 0f1968, from Wang and Swalil, 2001), it is still used to make a
rejecting the null hypothesis while it might be false. Contrar- comparison with the final estimate of trend. It is found that
ily, removal of negative lag-1 auto-correlation by prewhiten- after normalizing both the variable and time (year), the cor-
ing will inflate trend and lead to an increase in the possibility relation between the variable and the time is right equal to
of rejecting the null hypothesis while it might be true (Yue et the linear trend of the normalized variable at the normalized
al., 2003). For those not following the above pattern, it maytime scale (column 3 in Table 4). It is thus possible to use
be due to either the very small trend as in theand NPP  the same method of assessment of the significance of corre-
cases, or the large trend with smadlas in the cases of GPP lation to assess the significance of the linear trend, as shown
and Runoff. in column 4 in Table 4.

Generally, in most of the cases, no matter which

However, for all techniques, as shown in Fig. 18 and Ta- From Table 4, it is shown that the Wuding River basin is in
ble 3, the differences of the estimates of the trends are notirying tendency at=0.01 level of significance. Runoff, pre-
very much. The final estimate of the trend is dependedcipitation and soil evaporatiorEfs) are also in a decreasing
on the significance of the auto-correlation coefficient. Thetendency. The significance of SM is lower than that of runoff
significance is assessed using the same method as in Yue @t=0.001), but higher than that of precipitation£0.1) and
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5 Discussions
5.1 Northern drying?

The drying tendency in the north of China, Northern Drying,
has been paid strong attention to. Tao et al. (2003) produced a
long-term SM dataset over China, represented by soil deficit
index, from 1946 to 1995 by using a conceptual model. They
found there was a trend toward soil drying in the North China
Plain and the North-eastern China area during this period.
By using the observed SM data from 35 stations over North
China from 1981 to 2002, Zhao and Yan (2006) found that
the whole trends of annual mean SM storage averaged by
different soil layers from soil surface to top 50 cm was de-
creasing generally. By using SM dataset of the top 50-cm
soil layers at 178 SM stations in China from 1981 to 1998,
Nie et al. (2008) found that there were increasing trends of
SM for the top 10 cm, but decreasing trends for the top 50 cm
of soil layers in most regions. Our study further identifies this

R

NMonth

Northern Drying phenomenon.
The same drying trend is also found in West Africa, as
driven by decreasing Sahel precipitation. For most of other

Fig. 15. Year/month plot of SM variations in the root zone, averaged areas in the world and in some parts of China, the trends

over the Wuding River basin.

soil evaporation¢=0.05). Temperature is in increasing ten-
dency at the same level of significance as SM. The tendenc
of net radiation ,,), EvapotranspirationHr), transpiration
(E¢), canopy interceptk;) is not obvious in that the M-K
test indicates a decreasing trend Ry, E; and E¢ and in-
creasing trend foE;, but all at the less significance level
thana=0.1. As the trend folE; is very small, prewhitening
techniques are possible to change the direction of the tren
Thus for a small trend, discussion on its direction has no re-
alistic meaning.

It is interesting to see from Table 4 that although soil is in
drying tendency, vegetation productivity (NPP (net primary
productivity), especially GPP (gross primary productivity))
is in increasing tendency. It is seen that the temperature i
in increasing tendency. In North China, it is found that if no
CO;, fertilization effect is considered, crop yield is reduced
with an increase in temperature (Liu et al., 2009). However
if considering CQ fertilization, crop yield may increase. As
our model not only deals with hydrological process, but also
with vegetation dynamics, the response of productivity may
be affected by the precipitation, GQertilization and tem-
perature. It is thus understandable why a drier soil may pro-
duce higher vegetation productivity.

It is worthy to mention that, although the absolute value
of SM trend is small, the normalized trend of SM is large
(Fig. 18). This indicates that northern drying is an important
signal in the basin.

Hydrol. Earth Syst. Sci., 13, 1375398 2009

are different. For example in Ukraine, Russia, Mongolia
(Robock, 2000; Robock and Li, 2006) and most parts of
the US (Robock, 2000; Andreadis and Lettenmaier, 2006;

heffield and Wood, 2008), soil is found in wetter tendency.
n the far North China Qaidam Basin of Qinghai Province
in northwestern China, Yin et al. (2008) reconstructed the
SM conditions from tree ring from year 566 to 2001 and re-
vealed a general trend toward a wetter condition during the
most recent 300 years. Tao et al. (2003) reported that there
Jvasa significant increase in SM levels in Southwest China,
and a generally insignificant increase or decrease trend in SM
levels in Southeast China. Europe, southeast and southern
Asia appears to having not experienced significant changes
in SM (Sheffield and Wood, 2008).

g.z Man-made Northern drying or nature-made

The definitions of man-made and nature-made change in dif-
ferent disciplines are not the same. For example, from clima-
‘tology’s view, man-made change includes a) local changes
such as land use, b) large-scale changes that caused by an-
thropogenic forcing such as global warming. And the nature
made changes include a) natural internal variation of the cli-
mate system and b) natural forcing external to earth climate
system such as changes in solar output. In this paper, we
only pay attention to the regional-local land use change as
man-made change and natural internal variation of the cli-
mate system as the nature-made change.

The catchment of the Wuding River, in the Loess Plateau
of China, is one of the well-known areas suffered most seri-
ous soil and water loss and thus becomes one of the main trib-
utaries to produce sediments for the Yellow River. In order
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Fig. 16. The annual mean of precipitatio®Y, air temperature®{) and runoff Q) at the control station of the basin (left panel) and their
variability (right panel) over the years.

to conserve soil and water, it has taken many soil water conmospheric forcing and land cover, the trend shown by the
servation countermeasures, including planting trees, builddata should reflect more the influence of nature factors.

ing terraces and constructing checking dams. These counter- The decrease in precipitation seems the primary reason for
measures not only mitigate the sediment yield from the basirthe trend of SM. Logically, with the increase in temperature
but also change the hydrological processes in the basin vien Wuding River, E7 may increase consequently, and will
land use and cover change (LUCC). Therefore any changfurther reduce the soil water storage. However in our case the
ing tendency from the observed data may be contributed byotal E7 and canopy transpiration shows a declining trend at
human activities or climate change. It is a big challenge toan insignificant level. Soil evaporation shows a downward
distinct their contributions. There are some methods suchrend at the significant level @f=0.05. Actually, E7 is not

as “baseline” method (Lorup et al., 1998; Yang et al., 2005;linearly related with temperature as described by VIP, which
Li et al., 2007), “regression” (e.g., Xu, 2004) and “optimal plays a complicate role in temperatufig--SM relationship.
fingerprint” method (Hasswimann, 1997; Allen and Scott, In this semi-arid basin, annudl; is mainly regulated by
2003; Zhang et al., 2007) to deal with this problem. In our precipitation.

research the long-term SM data are simulated by actual at-
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5.3 The representative of SM simulation via VIP research topic. From the documented reports, it is found that
there are discernible SM differences between land use or crop
Although the simulated SM from VIP mainly reflects the types planted (Cai anq Wang, 2006; Y_ang and Rong, 2007;
changes of climate, it is still a good indicator of the wet- Yang et al, 2.008)' This is one of th.e |mportant reasons to
ness status of the basin in the real world. There are at Iea§thelVIP to simulate SM for the Wudmg River. Last but not
three reasons. Firstly, from our previous study and docu- ¢ east, fro1m the observed recofds- itis shown that the crop
mented studies, man-made change is a main, at least half &(pes hayen t _changec_i much during the last twenty years in
the contribution to the change of the runoff which is showing the Wudlng R|verobasm.. T.he land use change over that pe-
the decreasing tendency (Mo et al., 2006; Li et al., 2007).rIOd IS Ie_ss than 5%. This s the reason t_ha_t although we do
not consider very much the temporal variation of vegetation

However, for soil moisture, as it has the least coefficient of for SM simulati the SM simulati fll tches th
variation relative to other CEH variables, it has been useotype or simufation, the simufation still matches the

as a more effective hydrological indicator of climate changeObs’eWed in an acceptable way.

(Robock et al.,, 2000). Secondly, as VIP model is a dis- Based on the above analysis, owing to SM’s slow tem-
tributed model, it can be used to detect the soil moisture unporal and yet obvious spatial variation over the basin under
der different land use scenarios, which has been a worldwideifferent Land use/covers, the simulated SM time series from
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Fig. 17b. The same as Fig. 17a but for soil evaporatiig), evaporation form the intercepted precipitation by the canaépy énd leaf area
index (LAI).

the VIP model, which reflect the temporal changes attributed The model is at first validated by both the in-situ SM data
more to climate and yet also reflect the spatial variation overat two stations and the remotely sensed SM data produced
the basin, can be assumed to represent the realistic condby the Vienna University of Technology (TUW). The aver-
tions. The agreements between the simulated and observeahed TUWSM data over 189 points matched with the simu-
SM at the stations and the regional remotely sensed SM sugated SM by VIP well except significant differences in winter.
port this assumption. Although there are differences between the simulation and
measured/remotely sensed SM data, their variation trends are
) matched each other. From the first aspect, this encourages us
6 Conclusions to use the model to simulate the long term SM data from

The Northern Drying phenomenon is found in the Wuding 1956 t0 2004 for the trend analysis.

River basin, China, one of areas suffering most serious wa- With the long term SM data, the seasonal cycle, sum-
ter and soil loss. As the basin just has relatively short-termmer monsoon pattern, and multi-year variation are analyzed
observed soil moisture (SM) data at two stations, an ecobased on the values of SM themselves, their standard devia-
hydrological processes-based model (VIP model) is used tdion and the coefficients of variation at the daily, monthly and
simulate the long-term daily SM data from 1956 to 2004 to annual scale. The temporal variation patterns of SM are well
explore this trend. explained by the other CEH variables such as precipitation,
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