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a  b  s  t  r  a  c  t

Global  time  series  of  the  Essential  Climate  Variable  (ECV)  soil  mositure  (SM)  is being  developed  from
passive  and active  satellite  microwave  sensors  at a coarse  spatial  resolution  with  Climate  Change  Ini-
tiative  program  funded  by European  Space  Agency.  This  study  aims  to  validate  the reliability  of  ECV  SM
dataset,  and  attempts  are  made  to analyze  SM  trends  in cropland.  Firstly,  in-situ  SM  measurements  dur-
ing crop  growing  seasons  from  1992  to 2010  for 228  stations  across  China  and 21  stations  over  cropland
of  North  China  Plain  (NCP)  were  employed  to  validate  ECV  SM  product.  Then,  the  spatiotemporal  varia-
tions  of  ECV  SM  were  analyzed  during  growing  period  of  winter  wheat  (April–June)  and  summer  maize
(July–September)  from  1981  to 2010  in NCP.  Finally,  the  possible  relationship  between  SM,  precipitation,
evapotranspiration  and  NDVI were  explored.  Results  showed  that  ECV  SM could  generally  capture  the
seasonal  SM  dynamics.  The average  triple  collocation  random  error of ECV  SM  in China  was  0.052  m3 m−3

while  the error  in  cropland  ranged  from  0.003  to 0.156  m3 m−3. The  averaged  Spearman  correlation  coef-

ficient  between  ECV SM  and  all in-situ  observations  was  0.42  (p < 0.01)  in China  and  0.43  (p <  0.01)  for
cropland  over  NCP.  Spatially,  ECV SM  was  decreasing  in  most  areas  during  wheat  season,  whereas  the
trends  of  ECV  SM  were  positive  in south  and  negative  in north  during  maize  season  in  NCP,  being  consis-
tent  with  the precipitation  fluctuation.  Overall,  ECV  SM  is  potentially  suitable  for  trend  analysis  in  NCP
and  its  validations  and  analysis  will  be  helpful  for further  enhancement  of  the  ECV  SM product.

©  2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Soil moisture (SM) is one of the most important variables in
ater cycle linking with energy exchange and mass transport

etween land surface and atmosphere. It plays an essential role
o control the vegetation growth through biogeochemical and
iogeophysical processes such as evapotranspiration (ET), runoff,

nfiltration, regional carbon and nitrogen cycles (Grayson et al.,
997; Li and Rodell, 2013; Orth and Seneviratne, 2013). Mean-
hile, the spatiotemporal pattern of SM is closely related to the

easonal variation of precipitation, transpiration and land use type

Mahmood and Hubbard, 2003; Savva et al., 2013). Thus, accu-
ate measurement of SM and monitoring its conditions are of great

∗ Corresponding author. Fax: +86 010 64889307.
E-mail addresses: wangss.13b@igsnrr.ac.cn (S. Wang), moxg@igsnrr.ac.cn

X. Mo), liusx@igsnrr.ac.cn (S. Liu), linzh@igsnrr.ac.cn (Z. Lin), hus.08b@igsnrr.ac.cn
S. Hu).

ttp://dx.doi.org/10.1016/j.jag.2015.10.010
303-2434/© 2015 Elsevier B.V. All rights reserved.
importance for agricultural industry and water resource manage-
ment.

The high variability of SM stimulates a number of studies
to explore the mechanism of spatiotemporal patterns of SM at
regional scale (Cho and Choi, 2014; Qiu et al., 2014; Qiu et al.,
2001). Remote sensing technology, especially microwave sensors,
has been used for monitoring the spatiotemporal pattern of SM
widely (Choi, 2012; Juglea et al., 2010; Liu et al., 2012; Rebel
et al., 2012; Wagner et al., 2006). And many global SM products
have been retrieved with different remote sensing sensors, such
as Advanced SCATterometer (ASCAT) (Figa-Saldaña et al., 2002),
Advanced microwave scanning radiometer-earth observing system
(AMSR-E) sensors (Jackson et al., 2010) and multi-satellite surface
SM dataset (SM–MW)  (Dorigo et al., 2012). Generally, the reliabil-
ities of these SM products are assessed by comparing them with
ground measurements or/and model simulations (Albergel et al.,

2013; Brocca et al., 2011; Qiu et al., 2013). However, the applica-
tion of these products is limited due to insufficient validation in
different regions, and it is necessary to carry out more validation
over different climate zones.

dx.doi.org/10.1016/j.jag.2015.10.010
http://www.sciencedirect.com/science/journal/03032434
http://www.elsevier.com/locate/jag
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jag.2015.10.010&domain=pdf
mailto:wangss.13b@igsnrr.ac.cn
mailto:moxg@igsnrr.ac.cn
mailto:liusx@igsnrr.ac.cn
mailto:linzh@igsnrr.ac.cn
mailto:hus.08b@igsnrr.ac.cn
dx.doi.org/10.1016/j.jag.2015.10.010
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Fig. 1. (a) Geographical and soil texture map  of China with the locations of the agro-meteorological (Agro-Met) stations. (b) Land use map of the North China Plain with the
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The analysis of long time series data is helpful for identifying
he trends of natural variables (Leroy et al., 2008; Santer et al.,
011). However, the time span of the remote sensing products is
sually short, which limits our knowledge for clarifying the effect
f human activities on the climatic variables. In order to generate

 consistent long-term SM record, the Essential Climate Variable
ECV) SM product was supplied within the framework of the Euro-
ean Space Agency (ESA) Water Cycle Multi-mission Observation
trategy (WACMOS) and Climate Change Initiative (CCI) project by
lending four passive and two active microwave satellite-based
etrievals (Liu et al., 2012, 2011b) covering the period from 1979
o 2013 at the global scale with the spatial resolution of 0.25◦. The
CV SM dataset was produced from sensors with different temporal
nd spatial resolution, center frequencies, band-width, radiometric
ccuracy, observation principle and calibration method (Albergel
t al., 2013; Dorigo et al., 2012; Liu et al., 2012). Thus, the reliabil-
ties and potential application of this product need to be analyzed
nd evaluated. By comparing with model predicted SM,  Dorigo
t al. (2012) found the most prominent trend patterns in ECV SM
ere line with the trends of modeled SM from GLDAS-Noah and

RA Interim, and GPCP precipitation. Pratola et al. (2014) recently
ndicated that ECV SM data were highly correlated with in-situ mea-
urements with correlation coefficient r > 0.6 (p < 0.025). ECV SM in
ahelian region showed a good performance on inter-annual and
ntra-annual variations of SM and precipitation dynamics (Loew
t al., 2013). So far as, there are still some limitations and uncer-
ainties in the merged dataset (Dorigo et al., 2012, 2015; Liu et al.,
012), such as: (1) blending process of ECV SM slightly decreased
he precision of the merged datasets with respect to the individual
nput datasets before blending; (2) given the lower quality and less-
table satellite instrumentation and the heterogeneity in ground
amplings, the uncertainty of ECV SM increased in earlier peri-
ds; and (3) the ECV SM’s retrieval algorithms were sensitive to
opography, surface water, and vegetation.

Remotely sensed SM can only detect the water in upper few
entimeters of the soil, while the water exchange usually happens
n the deep soil layer. For example, roots which absorbed water

or transpiration often grow in 0–150 cm or deeper soil layer. Nor-

alized difference vegetation index (NDVI) as proxy of vegetation
evelopment should reflect potentially long-term changes in root-
ry and the provincial boundary, respectively. (For interpretation of the references

zone SM.  Some studies found that the correlation between remotely
sensed SM and NDVI was complicated (Dorigo et al., 2012). Liu et al.
(2011a) stated that NDVI reacted more directly to changes in avail-
able water in crops than bushes and trees. As root-zone SM at large
scale is onerous to obtain, remotely sensed SM is taken as a proxy.
However, it is required to analyze the relationship between ECV
SM and NDVI to determine whether ECV SM is suitable to study
structural moisture changes in the root layer in cropland.

In this study, ECV SM dataset of 30 years (1981–2010) was ver-
ified with in-situ measurements and simulated time series from an
ecohydrological (VIP) model, and used to detect the trend of SM in
cropland over the North China Plain (NCP). More specifically, the
purposes are:

(1) Validating the accuracy of ECV SM using in-situ SM measure-
ments and model simulated SM by triple collocation method.

(2) Detecting and comparing the spatiotemporal variability, trends
between the ECV SM and the model simulated SM in the grow-
ing seasons.

(3) Analyzing the correlations between ECV SM and NDVI to reveal
SM effect on vegetation growth.

2. Materials and methods

2.1. Study area

NCP is located in the eastern part of China, extending from lati-
tude 32◦00′N to 40◦24′N and longitude 112◦48′E to 122◦45′E (Fig. 1)
with an area of 33 × 104 km2 and average elevation of 50 m above
sea level. It is one of the most important granaries of the country.
The region has a typical temperate and monsoonal climate with
annual mean air temperature of 8–15◦C. The annual precipitation
(PPT) distributes non-evenly among seasons ranging from 500 to
1000 mm and more than 70% of PPT events occur in summer dur-
ing the maize growing season. Both temperature and PPT decrease
gradually from southeast to northwest. The prevailing double-

cropping system is winter wheat (Triticum aestivum L.) and summer
maize (Zea mays L.). Due to insufficient PPT in spring, the supple-
mental irrigation for winter wheat is required to obtain optimum
yield. NCP suffers from serious water shortage and environmen-
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eriods  in wheat and maize growing seasons during 1981–2010 over North China P

al problems relating to overexploitation of groundwater. In order
o conserve the groundwater and ensure the agricultural sustain-
bility, it has taken many water conservation countermeasures,
uch as adopting water saving irrigation techniques, modified crop-

ing system and developing the desalination industry in coastal
egion. These countermeasures not only improve crop water-use
fficiency, but also change the regional SM pattern.
 total days) of Essential Climate Variable soil moisture data for different blending
black solid line is the provincial boundary).

2.2. Data

2.2.1. ECV SM data
The ECV SM dataset is derived from the combination of two
active (AMI: Active Microwave Instrument; ASCAT) and four pas-
sive microwave radiometer sensors (SMMR: the Nimbus 7 Scanning
Multi-channel Microwave Radiometer; SSM/I: the Special Sensor
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Fig. 3. Comparison of MODIS NDVI before and after linear regression, and NOAA NDVI in 2005. (a) Seasonal variation; (b) scatter plot.
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icrowave Imagers; TMI: the Tropical Rainfall Measuring Mission
TRMM)  Microwave Imager; AMSR-E). The daily gridded data are
roduced at 0.25◦ spatial resolution from 1978 to 2010. The tem-
oral coverages and sensor types, which are used for constructing

ong time series ECV SM,  are listed in Table 1. More details, includ-

ng algorithm and theoretical baseline of data processing, may  refer
o Liu et al. (2011b) and Liu et al. (2012). This dataset provides

 long time series of SM values, but inevitably some values are

able 1
ptiotemporal coverage of input products used to construct essential climate variable soi

Temporal coverage 1978/11–1987/08 

Sensor SMMR  

Temporal coverage 1998/01–2002/06 

Sensor  TMI  + AMI  
l climate variable soil moisture for four different land use types during 1992–2010.
hiskers), and TC error distribution of different agro-meteorological stations (solid

still lack in some dates. To overcome this weakness, the missing
daily SM data were first interpolated using the nearest interpola-
tion method (Nalder and Wein, 1998). Then monthly SM data were
retrieved from the daily SM data by computing the average of the
images in corresponding month. To analyze SM characteristics in

different growing seasons, the monthly data were aggregated into
wheat (April–June) and maize (July–September) growing seasons
respectively.

l moisture.

1987/09–1991/06 1991/07–1997/12
SSM/I SSM/I + AMI-WS
2002/07–2006/12 2007/01–2010/12
AMSR-E + AMI  AMSR-E + ASCAT
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Table  2
The saturation capacity of soil moisture with different soil texture types.

Soil texture type Saturation capacity (m3 m−3)

Sand 0.385
Loamy sand 0.410
Sandy loam 0.435
Silt loam 0.485
Loam 0.451
Sandy clay loam 0.420
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Fig. 5. Taylor diagram of the correlation between essential climate variable soil
Clay loam 0.476
Silt clay 0.482
Clay 0.482

Previous study showed that the time-series gaps and vary-
ng record lengths of data potentially affected the analysis results
Loew, 2014). Hence, the spatiotemporal availabilities of ECV SM
ata in NCP during wheat and maize growing seasons were studied
espectively. Fig. 2 presented the percentage of days with available
CV SM data and the total days for the individual blending periods
ccording to Table 1. The lowest percentages were found during
981–1987 and 2002–2006, followed by the periods of 1991–1997
nd 1998–2001. The highest percentage was found in 2007–2010
nd 1998–2001. During the entire period from 1981–2010, the per-
entage was found less than 20% in some southern parts over wheat
rowing season. Poor values also obtained in the coastal areas, the
ercentage was basically less than 16%. Data availability was better

n maize growing season compared with wheat growing season.

.2.2. In-situ SM data
In-situ SM measurements were collected from 247 agro-

eteorological stations in China during 1992–2010 (http://cdc.
ma.gov.cn/). The SM data were measured by the gravimetric
ethod and recorded as a relative ratio to the field capacity. Mea-

urements were taken on 8th, 18th, and 28th days of each month, at
epth of 10, 20, 30, 50, 70, and 100 cm.  To remove the influence from
rozen condition and to focus on the variation of SM in crop growing
eason, in-situ measurements only from April to September were
onsidered.

In order to unify ECV SM and model predicted SM,  the in-situ
bserved SM data were calculated from relative humidity into vol-
me  water content according to Eq. (2) with saturation capacity of
ifferent soil texture type (see Table 2).

r = �v/�sa × 100% (1)

v =
(

�r × �sa
)

/100% (2)

ere �r is relative humidity (unit: degree of saturation%); �v is vol-
me water content (unit: m3 m−3); and �sa is saturation capacity
unit: m3 m−3).

.2.3. Simulated SM data
The simulated SM data obtained by VIP (vegetation interface

rocesses) model were used as an independent data set for the
riple collocation. VIP as a biogeophysical process-based model was
esigned to simulate land surface energy partitioning and hydro-

ogical cycling, crop growth, and soil organic matter decomposition
Mo  et al., 2012, 2009). The model has been validated and applied
or prediction of crop evapotranspiration and yield over NCP (Mo
t al., 2009, 2014). In this model, soil is divided into six layers and SM
ransfer is described with Richards’ equation. Here SM in 0–10 cm
oil layer simulated by VIP model (VIP SM)  from 1981 to 2010 in
hina was used.
.2.4. NDVI data
The global inventory modeling and mapping studies (GIMMS)

VHRR NDVI dataset and MODIS NDVI dataset MOD13A2 were
sed in this study. The improved version of Savitzky–Golay filter
moisture (green circles), VIP model simulated soil moisture (blue cross), and in-situ
soil  moisture during 1992–2010: (a) growing season (April–September), (b) wheat
growing season (April–June), and (c) maize growing season (July–September).

provided by Chen et al. (2004) was used here for further reducing
the NDVI noise.

To be compatible with the AVHRR NDVI time series, MODIS
NDVI series were adjusted. The overlapped time for both NDVI
series were from 2000 to 2006, among which the data in 2005
were selected randomly for validation. Thus, the data in 6 years
(2000–2004, 2006) were used for conducting the linear regression
by pixels. First, MOD13A2 data were interpolated from every 16
days to biweekly as the same as GIMMS  data by Lagrange inter-
polation method. Then the regression coefficients a and b were
calculated by each pixel as:
NDVIAVHRR = a + b × NDVIMODIS

And last, the AVHRR NDVI and MODIS NDVI after regression
(both in 2005) were used to validate the regression result (Fig. 3).

http://cdc.cma.gov.cn/
http://cdc.cma.gov.cn/
http://cdc.cma.gov.cn/
http://cdc.cma.gov.cn/
http://cdc.cma.gov.cn/
http://cdc.cma.gov.cn/
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Table  3
The numbers of agro-meteorological stations; and the random root mean square error (TC RMSE) of essential climate variable soil moisture for different land use types during
1992–2010.

Land use type Definition of land use type Numbers of stations TC RMSE (m3 m−3)

Forest Land covered with trees and shrubs 11 0.058
Grassland Land where grass grows and is the dominant form of plant life 15 0.042
Cropland Land used for the cultivation of crops 125 0.060
Urban construction land Land used for urban construction 77 0.057

Total/mean 228 0.054

Table 4
The random root mean square error (TC RMSE) of Essential Climate Variable soil moisture for 21 agro-meteorological stations in cropland over North China Plain during
1992–2010.

Station Numbers of samples TC RMSE (m3 m−3) Station Numbers of samples TC RMSE (m3 m−3)

Tongxian 252 0.053 Jiyang 140 0.085
Bazhou 125 0.105 Taian 87 0.036
Baodi  185 0.052 Zibo 130 0.063
Shenzhou 70 0.041 Hanting 68 0.095
Hejian 134 0.084 Xuchang 64 0.048
Jinghai 181 0.090 Qixian 104 0.021
Nangong 157 0.047 Xihua 77 0.087
Fucheng 206 0.050 Caoxian 90 0.085
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Dezhou 0.078 Mengcheng 

Huimin 160 0.082
Liaocheng 114 0.070 

fter validation, the MODIS NDVI from 2007 to 2010 were adjusted
sing Eq. (3).

.2.5. Auxiliary data
Potential evapotranspiration (PET) were calculated according

o the Penman–Monteith Formula. Actual ET data were simulated
y the VIP model (Mo  et al., 2014). The daily meteorological data
rom 1981 to 2010 obtained from China meteorological data shar-
ng service system (http://cdc.cma.gov.cn/) were used to drive VIP

odel. The land use type data at scale 1:100000 were obtained
rom data centre for resources and environmental sciences (http://
ww.resdc.cn/) of Chinese Academy of Sciences. Soil texture data
ere retrieved from the map  at the scale of 1:14000000 (Institute

f Soil Science, Chinese Academy of Sciences, 1986). The irrigation
ap downloaded from FAO website (http://www.fao.org/) depicts

he area equipped for irrigation facilities in percentage of cell area.

.3. Analysis methods

The triple collocation (TC) technique (Dorigo et al., 2015;
iralles et al., 2010; Stoffelen, 1998) was used for estimating the

oot mean square error (RMSE) of ECV SM dataset, and in this
aper, the RMSE derived by TC technique was called TC RMSE. TC
echnique is based on the assumption that through an addictive
nd multiplicative bias component and a random error term, the
stimation of SM is related to the hypothetical real SM which is
nknown (Stoffelen, 1998). By using three independent datasets of
he same geophysical quantity, ECV SM was compared with in-situ
M and VIP SM in this study. The main equation is as follows (Scipal
t al., 2008):

ECV =
√[(

�ECV − �STA
)  (

�ECV − �VIP
)]

(4)

here, eECV is the TC RMSE of ECV SM;  �ECV, �STA, and �VIP are the
stimated value of ECV SM,  in-situ SM,  and VIP SM respectively.
The three complementary statistics standard deviation, RMSE,
nd correlation coefficient of ECV SM and VIP SM are presented on
wo-dimensional plots of Taylor diagrams (Taylor, 2001). The non-
arametric Mann–Kendall (M–K) test (Yue and Wang, 2004) was
60 0.067
Fuyang 60 0.113
Mean 0.069

applied to analyze the trends and significances of SM and other
influencing factors.

3. Results

3.1. Validation ECV SM dataset with in-situ SM and VIP SM

Previous study has shown that the performance of TC method
is closely related to the number of triplets (Zwieback et al., 2012),
thus, the stations with triplets less than 50 (14 stations) were not
considered in this study. And considering the meaningless and few
samples, the stations set up around water body (3 stations) and
unutilized land (2 stations) were also excluded. Thus in-situ SM
measurements in 228 agro-meteorological stations with different
land use types were chosen to validate ECV SM.  The correlation
coefficient between ECV SM and in-situ SM for all stations was 0.42
(p < 0.01). TC RMSEs of ECV SM among different land use types
were similar and the averaged TC RMSE of all 228 stations was
0.054 m3 m−3 (Table 3). Most strikingly, the cropland had both
the highest (0.156 m3 m−3) and lowest (0.003 m3 m−3) TC RMSE
(Fig. 4), which was  probably caused by the largest number of sta-
tions in croplands and their wide distribution in China compared
to other land use types.

The statistics of the comparison between ECV SM,  VIP SM,  and
in-situ SM during 1992–2010 for growing season, wheat growing
season and maize growing season are shown in the Taylor diagram
(Fig. 5). In the entire growing season, correlation between ECV SM
and in-situ SM at all stations is significantly positive (p < 0.05). The
averaged Spearman correlation coefficients (r) are 0.43 and 0.34 for
ECV SM and VIP SM.  The normalized standard deviations of both
ECV SM and VIP SM are mostly below 1.0, which indicates the nar-
rower spread of these two  estimates than in-situ SM measurements.
The averaged r between ECV SM and in-situ SM is similar in wheat
and maize growing season. And the r between VIP SM and in-situ SM
is larger in maize than that in wheat growing season. Moreover, the
normalized standard deviation of ECV SM is slightly more centered

on 1.0 than those of VIP SM,  indicating the variation ranges of the
former are more similar to in-situ SM than the latter. TC RMSEs in 21
stations of cropland over NCP are presented in Table 4. The triplets
of the 21 stations are around 60-252. There is a large variation in

http://cdc.cma.gov.cn/
http://cdc.cma.gov.cn/
http://cdc.cma.gov.cn/
http://cdc.cma.gov.cn/
http://cdc.cma.gov.cn/
http://cdc.cma.gov.cn/
http://www.resdc.cn/
http://www.resdc.cn/
http://www.resdc.cn/
http://www.resdc.cn/
http://www.resdc.cn/
http://www.fao.org/
http://www.fao.org/
http://www.fao.org/
http://www.fao.org/
http://www.fao.org/
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Table  5
The trends, significances and coefficients of variation (CV) of essential climate variable soil moisture (�ECV) and in-situ soil moisture (�STA) for 21 agro-meteorological stations
in  cropland over North China Plain during 1992–2010.

Station Trend of �STA (10−4 m3 m−3) Trend of �ECV (10−4 m3 m−3) CV of �STA (%) CV of �ECV (%)

Tongxian 11.11a 2.38a 27.01 33.80
Bazhou 4.44a -0.74 20.75 25.31
Baodi  13.97a 4.37a 24.17 31.02
Shenzhou 42.56a 7.89a 29.31 30.44
Hejian 17.50a 6.33a 21.46 29.60
Jinghai 11.45a 1.98a 19.54 28.62
Nangong 7.95 4.87a 36.18 31.60
Fucheng 19.55a 5.55a 42.83 30.20
Dezhou 5.55a 2.94a 24.92 24.53
Huimin 0.00 4.42a 17.32 24.64
Liaocheng 22.24a 6.75a 20.73 27.47
Jiyang  12.49a 4.88* 14.56 23.47
Taian  33.18a 10.08a 25.14 25.50
Zibo  5.65a 4.22 19.58 28.99
Hanting 37.95a 16.06a 22.56 21.41
Xuchang 31.22a 15.73a 27.02 33.99
Qixian 22.56a 9.72a 23.59 28.52
Xihua  0.00 4.35 21.72 26.38
Caoxian 26.48a 17.36a 21.06 30.79
Mengcheng 41.15a 18.98a 25.62 23.95

 18.62 16.39
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Table 6
Spearman correlation coefficients (r value) between essential climate variable soil
moisture (�ECV) and climatic factors in wheat and maize growing seasons over North
China Plain during 1981–2010.

Climatic factors r Value between climatic factors and �ECV

Wheat growing season Maize growing season

PPT 0.422a 0.410a

PET −0.387a −0.090
Fuyang 8.08 6.64

a Significant at the 0.05 level.

C RMSE of ECV SM which is ranged from 0.021 to 0.113 m3 m−3

nd the average value is 0.069 m3 m−3. Dorigo et al. (2015) evalu-
ted ECV SM by using TC method based on observations of 596 sites
nd found the average Spearman correlation coefficient between
CV SM and all in-situ observations is 0.43 excluding winter months
or the absolute values, and the averaged TC error is 0.04 m3 m−3.

To find whether the long-term trend of ECV SM was  consistent
ith in-situ SM at footprint scale, the trends of these two datasets

nd their coefficients of variation (CV) were calculated (Table 5).
xcept Bazhou station, the trends of in-situ SM and ECV SM in other
tations were all consistent, which meant the ECV SM data generally
aught the trend of in-situ SM measurements. The CVs of ECV SM
nd in-situ SM were close to each other. However, CVs of ECV SM in
6 stations were larger than that of in-situ SM,  indicating that the
egree of dispersion of ECV SM variation was higher than that of

n-situ SM.

.2. The spatial distribution and trend analysis of ECV SM in NCP

In wheat growing season, ECV SM decreased from southeast
o northwest (Fig. 6b). The largest SM content appeared in south
ue to plentiful rainfall (Fig. 6a). In the western and northern parts
here rainfall and irrigation water is limited, the SM content is

elatively low. Similar to SM in wheat growing season, there was
 clear decreasing trend for ECVSM from southeast to northwest
n maize growing season (Fig. 6f). The SM content was generally
reater than that in wheat growing season due to the abundant
ainfall in summer (Fig. 6e). The ECV SM in wheat growing season
as dominated by decreasing trend over time for all pixels. For the

ntire dataset of ECV SM,  61.2% of the trends were negative (i.e.
ry). From Fig. 6c, the most prominent drying trends occurred in
outhern regions where SM was high (Fig. 6b). In maize growing
eason, SM trends were positive in south and negative in north.
he positive trends of ECV SM accounted for 81.7% of the entire
tudy region.

.3. The temporal trend of ECV SM in NCP
Regionally, there was no obvious trend in the ECV SM during
he wheat growing season, where a significant increase (p < 0.05)
n maize growing season existed (Fig. 7a). The average annual
ET  0.041 0.229

a Significant at the 0.05 level.

ECV SM content was  0.21 m3 m−3 with the standard deviation of
0.013 m3 m−3. And the values for wheat and maize growing seasons
were 0.19 m3 m−3 and 0.25 m3 m−3 with the standard deviation
of 0.013 m3 m−3 and 0.019 m3 m−3, respectively. Higher SM con-
tent in maize growing season was  mainly caused by higher average
annual PPT (Fig. 7b) and the positive value of PPT - ET (Fig. 7e).
From the M–K  test (Fig. 8), the erupting change of SM in wheat
growing season was detected in 1992, when the PPT also reached
a breakpoint. In maize growing season, both ECV SM and PPT got
their breakpoints in 1984 and 2004, when PET and ET had no signifi-
cant turning points. From Table 6, in wheat growing season PPT and
PET explained 42% and 39% of ECV SM variance, respectively; but in
maize growing season, only PPT is significant related and explained
41% of ECV SM variance. Weak correlations between ECV SM and
ET existed for both crop seasons.

4. Discussion

4.1. Interpolation for the missing SM values

The missing values of ECV SM limited the continuous analysis
of its spatiotemporal variation. Thus, based on the concept of Geo-
statistics, the missing values have been interpolated in this study.
First of all, the nearest interpolation method was used for interpo-
lating daily ECV SM data, which ensured the spatial integrity of the
data for carrying out the spatiotemporal trend analysis. The near-

est interpolation simply chooses the actual pixel that has its center
nearest to the point located in the image. The advantage of this
method is that, the interpolated results are more accurate if the
missing values are nearer with the original value. Therefore, the
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Table  7
Spearman correlation coefficients (r value) among Essential Climate Variable soil moisture (�ECV), in-situ soil moisture (�STA) and VIP model simulated soil moisture (�VIP) for
228  agro-meteorological stations in China during the individual blending periods.

Analysis period Number of samples r Value between �STA and �ECV r Value between �STA and �VIP

1992–1997 5276 0.428a 0.413a

1998–2001 4619 0.397a 0.407a

2002–2006 6874 0.396a 0.328a

2007–2010 15203 0.422a 0.361a

1992–2010 31972 0.359a 0.417a

a Significant at the 0.05 level.

Fig. 6. Spatial distributions of (a) precipitation, (b) Essential Climate Variable soil moisture (ECV SM); (c) Trends of ECV SM;  and (d) significances (p < 0.05) of ECV SM in
wheat  season. And spatial distributions of (e) precipitation, (f) Essential Climate Variable soil moisture (ECV SM); (g) Trends of ECV SM;  and (h) significances (p < 0.05) of ECV
SM  in maize season during 1981–2010 over North China Plain (black solid line is the provincial boundary; “In.” means “increasing”; and “De.” means “decreasing”).

Fig. 7. Temporal trends of (a) soil moisture (SM), (b) precipitation (PPT), (c) potential evapotranspiration (PET), (d) evapotranspiration (ET) and (e) difference between PPT
and  ET (PET-ET) during 1981–2010 for the entire year, wheat, and maize growing season.
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Fig. 8. Mann–Kendall trend of soil moisture (SM) (a, b), precipitation (PPT) (c, d); potential evapotranspiration (PET) (e,f); and evapotranspiration (ET) (g,h) during 1981–2010
for  wheat and maize growing season.

Fig. 9. (a–d) Correlation coefficients, and their significance (p < 0.05) between Essential Climate Variable soil moisture (ECV SM)  and VIP model simulated soil moistre (VIP
SM)  in wheat and maize growing seasons over North China Plain; (e–h) Correlations, and their significance (p < 0.05) between Essential Climate Variable soil moisture (ECV
SM)  and NDVI in wheat and maize growing seasons over North China Plain (black solid line is the provincial boundary; “Po.” means “positive correlated”, and “Ne.” means
“negative correlated”).

Table 8
Spearman correlation coefficients between NDVI and Essential Climate Variable soil moisture (�ECV) / in-situ soil moisture (�STA) in station scale over NCP during 1992–2010.

Station name Langfang Huanghua Nangong Dezhou Huimin Linyi Zhengzhou Bozhou

Correlation �STA 0.431b 0.582b 0.027 0.045 0.234a 0.461b 0.153 0.272b

�ECV 0.713b 0.526b 0.603b 0.585b 0.487b 0.490b 0.528b 0.393b

a Significant at the 0.05 level.
b Significant at the 0.01 level.
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Fig. 10. Irrigation fraction in percentage in North China Plain (black solid line is the provincial boundary).
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ig. 11. (a) Intra-annual trends of Essential Climate Variable soil moisture (ECV SM)
982  to 2010. (b) Correlation between ECV SM data and standardized NDVI monthl

nalysis results may  be influenced if distance between the missing
alues and original value is greater.

.2. Comparing ECV SM dataset with in-situ SM measurements

The in-situ SM measurements were only available since 1992,
hus the performance of ECV SM dataset at agro-met station scale
as discussed only during 1992–2010. The results of correlation

oefficients between ECV SM,  VIP SM and in-situ SM were similar in
ifferent study periods (Table 7). It is reported that, as more satellite
atasets are available for SM retrieval and the improvement of sen-
ors’ performance, the observation density of ECV SM will increase
ver time, especially after 2002 when the lower quality and coarser
esolution C-band observations of SMMR  or the Ku- and X-band
bservations from SSM/I and TMI  are replaced by high quality C-

and observations with a better suitability for SM retrieval (Dorigo
t al., 2015, 2010; Liu et al., 2012; Parinussa et al., 2011). However,
he availabilities of ECV SM dataset in NCP during 2002–2006 are
ather low both in wheat and maize growing seasons (Fig. 2e, l),
nd NDVI (box plot with error bars corresponding to 10th and 90th percentile) from
il-September) during growing season from 1982 to 2010.

which results in an unfavorable performance of correlation coef-
ficient between ECV SM and in-situ SM.  Unexpectedly, the highest
availability of ECV SM during 2007–2010 in NCP does not induce the
higher correlation with in-situ SM and VIP SM than other periods.
When the skill of ECV SM was evaluated by using ground-based SM
observations of 596 sites from 28 historical and active monitoring
networks worldwide, a consistent decrease of the quality of ECV
SM was  also found for the period 2007–2010 (Dorigo et al., 2015).
Albergel et al. (2013) proved that this phenomenon was caused by
the expansion of ECV SM over areas where microwave retrievals
are difficult, e.g. over subarctic environments.

4.3. Comparing ECV SM dataset with VIP SM

The usual approach for verifying the performance of remotely

sensed SM is to use available ground-based measurements. How-
ever, considering the sparse networks of in-situ measurements
and its less representativeness of spatial varieties across differ-
ent environment, it is necessary to find new validation methods
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o complement the existing SM networks (Albergel et al., 2013;
agner et al., 2007). Qiu et al. (2013) found that, the Pearson cor-

elation coefficient between VIP SM simulation and 10 cm in-situ
M ranged between 0.48 and 0.70 (p < 0.01), and unbiased RMSE
anged between 0.032 and 0.054 m3 m−3. They also suggested that,
IP SM showed good agreements with high temporal resolution

n-situ SM from experimental site and rainfall stimulation. Thus,
IP SM was used as a reference to monitor the consistency of the
CV SM product. The averaged correlation coefficient between VIP
M and in-situ SM in NCP during 1992–2010 was 0.417 (p < 0.01).
t is shown that in the study area, the two datasets were 91% and
5% positively correlated in wheat (Fig. 9a, b) and maize (Fig. 9c, d)
rowing seasons, respectively, which meant ECV SM was  generally
onsistent with model predicted SM in most areas of NCP. The neg-
tive or relative low positive correlations were found mainly in the
reas with poor data availability of ECV SM according to Fig. 2(h,
), which was possibly affect the interpolation reliability.

.4. Comparing ECV SM dataset with NDVI

The spatial relationship between ECV SM and NDVI is diverse at
egional scale (Fig. 9e, g). The correlation coefficients between ECV
M and NDVI are poorer in maize season than that in wheat season,
hich may  be caused by the higher vegetation density in maize sea-

on. Dorigo et al. (2010) explained that the Ku-band observations
rom SSM/I during 1988–1990 were able to provide valuable SM
ver sparsely vegetated areas. Recent studies also show that, over
he continental USA and Canada, AMSR-E SM data are more reli-
ble in areas with less vegetation impact, based on the comparison
ith in situ network and land-surface model (Champagne et al.,

010; Hain et al., 2011). The SM in cropland is often influenced by
nthropogenic effects, such as improvement of agricultural tech-
ology, management level and irrigation. The negative correlation
oefficients between ECV SM and NDVI (Fig. 9f, h) mainly happen in
he areas with higher irrigation amount (Fig. 10) accompanied with
igher management level, which affect the relationship between
DVI and ECV SM.

NDVI is sensitive to climate change and vegetation drought
esponse (Atkinson et al., 2011). To test whether the variation and
rend of ECV SM can reflect the actual response of crop to water
imitation for the root zone SM,  the intra-annual and inter-annual
orrelations between NDVI and ECV SM were analyzed in the grow-
ng season from 1982 to 2010 on monthly basis. The mean ECV SM
esponded predictably to NDVI, with two evident peaks of wave
epresenting the wheat-maize cropping system (Fig. 11a). In order
o compare the consistency of inter-annual variations between ECV
M and NDVI, the correlation between ECV SM and standardized
DVI is shown in Fig. 11b. The two datasets basically show good

elationship with Pearson coefficient of 0.64 (p < 0.01), indicating
he ECV SM is a good indicator of NDVI. When analyzing the cor-
elation between ECV SM,  in-situ SM and NDVI at agro-met station
cale, ECV SM showed higher correlation coefficient with NDVI than
n-situ SM (Table 8), reflecting the scale mismatched between the
hree datasets.

. Conclusions

The essential climate variable (ECV) remotely sensed soil mois-
ure (SM) dataset was firstly validated using SM observations at
28 agro-meteorological stations in China and 21 stations in North
hina Plain (NCP) for cropland. Then, its spatiotemporal variation

nd influencing factors were analyzed among different crop grow-
ng seasons during 1981–2010 in NCP. And by combining the model
imulated SM and NDVI, the reliability of ECV SM trend analysis was
xplored.
servation and Geoinformation 48 (2016) 110–121

Results showed that the average triple collocation random error
of ECV SM for all stations in China was 0.052 m3 m−3. ECV SM was
generally comparable to in-situ measurements with correlation
coefficients of 0.43 (p < 0.01) for cropland over NCP. Spatially, ECV
SM in NCP decreased from southeast to northwest both in wheat
and maize growing seasons. The trends of ECV SM agreed better
with that of predicted SM by VIP model in maize growing season.
Regionally, in wheat growing season PPT and PET explained 42%
and 39% of ECV SM variance, respectively; but in maize growing
season, only PPT explained 41% of ECV SM variance. In both wheat
and maize growing periods, correlations between ECV SM and ET
were low. The high correlation coefficient between ECV SM and
standardized NDVI demonstrates that ECV SM is suitable to study
SM changes in the root zone in cropland.

Evaluation of ECV remotely sensed product in China especially
for cropland presents that ECV SM potentially capture the temporal
dynamics of cropland’s soil moisture and can be used to monitor
regional soil moisture variation at seasonal and inter-annual scales.
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