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In  this  study,  soil  moisture  trend  during  1996–2010  in  China  was  analyzed  based  on  three  soil  mois-
ture  data  sets,  namely  microwave-based  multi-satellite  surface  soil  moisture  product  released  from
European  Space  Agency’s  Climate  Change  Initiative  (ESA  CCI),  ERA-Interim/Land  reanalysis,  and  in-situ
measurements  collected  from  the  nationwide  agro-meteorological  network.  Taking  the  in-situ  soil  mois-
ture as  reference,  it  is found  that  ESA  CCI  generally  captured  soil  moisture  trend  more  accurately  than
ERA-Interim/Land  did.  From  the  spatial  distribution  of trend  analysis  results,  it is seen  that  significant
decreasing  trend  for summer  soil  moisture  in  northwestern  China  and  northern  Inner  Mongolia,  as well
as the  significant  increasing  trend  for autumn  soil  moisture  in northern  China  were  identified  by  both
ESA  CCI  and  ERA-Interim/Land.  This  is  in alignment  with  results  from  gauge-based  precipitation  provided
by  Institute  of  Geographic  Sciences  and  Natural  Resources  Research  (IGSNRR)  and  satellite-based  pre-
cipitation  from  Tropical  Rainfall  Measuring  Mission  (TRMM).  However,  disagreements  in  derived  trends
between  ESA  CCI,  ERA-Interim/Land  and IGSNRR  were  observed  in the  southwest  and  north  of  China,
especially  in  major  irrigation  regions,  such  as  the oases  in northern  Xinjiang  and  large areas  in Sichuan
province.  Prominent  difference  between  soil  moisture  and  precipitation  exhibited  in  the extensively  irri-
gated  Huang-Huai-Hai  Plain.  The  spatial  coincidence  between  significantly  wetting  areas  (identified  by
ESA CCI)  and  heavily  irrigated  areas,  as well  as  the  grid-based  Student’s  t-test  sampling  from  various  irri-

gation levels  revealed  that  the observed  discrepancy  was  caused  by  massive  anthropogenic  interference
in  this  region.  Results  indicate  that, for  regions  with  great  magnitude  of  human  interference,  modules
considering  actual  irrigation  practice  are  crucial  for successful  modeling  of  soil  moisture  and  capturing
the  long-term  trend.  Furthermore,  results  could  provide  insights  on hindcast  of  historical  irrigation  areas
using satellite-based  precipitation  and  soil moisture  data  sets.

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

Soil moisture is a crucial driver in water and energy exchange
etween land surface and atmosphere, as it controls the partition-
Please cite this article in press as: Qiu, J., et al., Comparison 

and precipitation: The implication of irrigation on regional soil
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ng of precipitation between runoff and infiltration, the partitioning
f incoming radiation between latent and sensible heat fluxes.

nformation on soil moisture is valuable in many disciplines includ-

∗ Corresponding author at: Guangdong Provincial Key Laboratory of Urbanization
nd Geo-simulation, School of Geography and Planning, Sun Yat-sen University, No.
35, Xingang Xi Road, Guangzhou, 510275, China. Fax: +86 020 84112593.

E-mail address: qiujianxiu@mail.sysu.edu.cn (J. Qiu).

ttp://dx.doi.org/10.1016/j.jag.2015.11.012
303-2434/© 2015 Elsevier B.V. All rights reserved.
ing agronomy and environmental sciences, e.g., in application of
vegetation growth/restoration in semiarid environments (Ahmad
et al., 2010), soil erosion rate prediction (Wei  et al., 2007) and crop
yield estimation (Green and Erskine, 2004; Jaynes et al., 2003). Con-
sidering its importance in earth science, soil moisture is recognized
as an Essential Climate Variable (GCOS, 2010), and the knowledge
of its temporal trend and variability is of essential importance for
understanding the effect of climate change on hydrological pro-
cesses.
of temporal trends from multiple soil moisture data sets
 moisture trend. Int. J. Appl. Earth Observ. Geoinf. (2015),

Long-term observations of soil moisture are valuable for investi-
gating the trend and dynamics of soil moisture and the severity and
duration of drought events. Nevertheless, due to the limited spatial
and temporal coverage of ground-based observation networks in

dx.doi.org/10.1016/j.jag.2015.11.012
dx.doi.org/10.1016/j.jag.2015.11.012
http://www.sciencedirect.com/science/journal/03032434
http://www.elsevier.com/locate/jag
mailto:qiujianxiu@mail.sysu.edu.cn
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hina, such investigations heavily relied on indirect measurements
uch as precipitation and air temperature (Wang et al., 2003; Xin
t al., 2006; Zhai et al., 2010) and on soil moisture simulations from
and surface models (Ma  and Fu, 2006; Wang et al., 2011; Zou et al.,
005; Zuo and Zhang, 2007). However, the accuracy of model-based
oil moisture is constrained by the quality of model forcing and the
arge horizontal/vertical heterogeneity of soil properties that are
ot readily observable (Hain et al., 2011). In addition, it has been
roved that influences from anthropogenic activities, such as exces-
ive groundwater-fed irrigation and large-scale water diversion
rojects will result in significant change in surface soil moisture
y altering the sensible and latent heat flux (Chen and Xie, 2010;
ou et al., 2014). Nonetheless, the majority of land surface models

ack the consideration of irrigation effect on water redistribution in
he terrestrial system, and simulate surface soil moisture without
ncorporating irrigation module (Drewniak et al., 2013). All these
actors have given rise to considerable uncertainties in soil mois-
ure simulated by land surface models in the intensively irrigated
egion.

Recently, initiated within the Water Cycle Multi-mission Obser-
ation Strategy (WACMOS) project, the latest version of soil
oisture product (ESA CCI) merging active and passive microwave

bservations was released to public domain. Through minimizing
he effects of differences in sensor specifications, particularly in

icrowave frequency and spatial resolution, the ESA CCI product
rovides relatively consistent and reliable information of soil mois-
ure worldwide. At the global scale, this ESA CCI data set has been
xtensively validated against in-situ network observations and var-
ous land surface model simulations (Albergel et al., 2013a,b; Dorigo
t al., 2012, 2015; Liu et al., 2012). In addition, the ESA CCI data
et covers the period of 1979–2013, longer than any individual
icrowave soil moisture product, serving as an independent data

et from land surface model for studying multi-decadal behavior of
oil moisture.

Previous studies on the topics of long-term soil moisture trend
nd dynamics were mostly conducted on global scales, and there
ppeared to be a lack of detailed discussion on the inconsistency
n trends derived from different soil moisture products. More-
ver, most research on soil moisture temporal trend drew their
onclusions solely based on land surface models without the con-
ideration of increasingly intensified human interference. In this
tudy, we exploit the readily available soil moisture data set from
SA CCI product, along with ERA-Interim/Land reanalysis and agro-
eteorological network observations to examine the long-term

oil moisture trend over China. Detailed comparative study is con-
ucted on the performance of three soil moisture data sets in
apturing the temporal trend. Following this, the discrepancies in
he spatial patterns of trends between precipitation, ground-based,
atellite-based, and model-based soil moisture are analyzed, and
he underlying factors are discussed in detail, with the main focus
n possible human interference impact on long-term soil moisture
rend.

. Materials and methodology

.1. Soil moisture data sets

.1.1. ESA CCI product
The ESA CCI product was supported under the framework of

uropean Space Agency’s Water Cycle Multi-mission Observa-
ion Strategy (WACMOS) project and Climate Change Initiative
Please cite this article in press as: Qiu, J., et al., Comparison 

and precipitation: The implication of irrigation on regional soil
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http://www.esa-soilmoisture-cci.org). The ESA CCI data set was
erived from passive products including observations from Scan-
ing Multichannel Microwave Radiometer (SMMR), Special Sensor
icrowave Imager (SSM/I), Tropical Rainfall Measuring Mission
 PRESS
rvation and Geoinformation xxx (2015) xxx–xxx

Microwave Imager (TMI), Advanced Microwave Scanning Radiome-
ter for the Earth Observing System (AMSR-E), Advanced Microwave
Scanning Radiometer-2 (AMSR2), and WindSat; and active prod-
ucts including the Advanced Scatterometer (ASCAT) observations
and scatterometer observations on board the European Remote
Sensing (ERS) satellite (Liu et al., 2011, 2012; Wagner et al., 2012).
The ESA CCI data set provides surface soil moisture information
in volumetric unit (m3 m−3) on a daily basis with a spatial reso-
lution of 0.25◦. Apart from the difference in quality of individual
data source, uncertainties of ESA CCI product could also result from
the selected merging procedure for combining retrievals from dif-
ferent observation systems, different mission designs as well as
different retrieval algorithms. Despite some limitations, the ESA CCI
product has demonstrated great potential for evaluating model per-
formance (Albergel et al., 2013a,b; Dorigo et al., 2012, 2015; Loew
et al., 2013), and for studying the global-scale land-atmosphere
interaction (Hirschi et al., 2014). In this study, the latest version
(v02.1) of ESA CCI was used for long-term trend analysis.

2.1.2. ERA-Interim/Land reanalysis
ERA-Interim/Land is a newly released global land surface reanal-

ysis data set covering the period 1979–2010. It was produced with
the latest version of the Hydrology Tiled ECMWF  Scheme for Surface
Exchanges over Land (HTESSEL) model using atmospheric forcing
from ERA-Interim, with precipitation adjustments based on Global
Precipitation Climatology Project (GPCP) v2.1. There are several
improvements of land surface parameterization scheme in ERA-
Interim/Land compared to ERA-Interim (Balsamo et al., 2015). Four
layers of soil (0–7, 7–28, 28–100, and 100–289 cm) are consid-
ered in ERA-Interim/Land reanalysis, and soil moisture is provided
at 00:00, 06:00, 12:00 and 18:00 UTC with the unit of m3 m−3

(Albergel et al., 2013a,b). All of the 6-h soil moisture data were used
in the analysis to construct the daily average time series. In order to
be comparable with the sensing depth of the satellite sensors, only
the first layer (0–7 cm)  of reanalysis data were used in the study.

2.1.3. In-situ network observations
In-situ soil moisture measurements were collected from nation-

wide agro-meteorological network (http://data.cma.gov.cn/data/
detail/dataCode/AGME AB2 CHN TEN.html), and provided by the
National Meteorological Information Center of the China Meteoro-
logical Administration (CMA). The location and distribution of the
stations are shown in Fig. 1. In order to monitor the soil water sta-
tus in the cropland, measurements were taken on the 8th, 18th
and 28th of each month since 1991. At each agro-meteorological
station, soil moisture was  measured at the depths of 10 cm,  20 cm,
30 cm,  50 cm,  70 cm and 100 cm.  No measurements were recorded
under frozen soil condition. This data set of in-situ soil moisture
measurements from nationwide agro-meteorological network has
been widely used for investigating soil moisture spatial and tem-
poral characteristics and validation of microwave soil moisture
over China (Qiu et al., 2013; Yuan et al., 2015). Similar to ERA-
Interim/Land reanalysis, only the first layer (10 cm)  of in-situ soil
moisture observations were used in the study. As soil moisture was
measured by gravimetric method and recorded as a relative ratio
to the field capacity, the global porosity map  provided along with
the ESA CCI v02.1 product was  used to convert them to volumet-
ric unit. Since the absolute magnitude of measurements will not
affect trend detection, we adopted a fixed field capacity/porosity
ratio during the conversion.

2.2. Precipitation data sets
of temporal trends from multiple soil moisture data sets
 moisture trend. Int. J. Appl. Earth Observ. Geoinf. (2015),

The precipitation data set used in this study was  established
by Zhang et al. (2014) from the Institute of Geographic Sciences
and Natural Resources Research (IGSNRR). The IGSNRR data set

dx.doi.org/10.1016/j.jag.2015.11.012
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Fig. 1. Spatial distribution of 

patially covered the entire China with 0.25◦ grid from 1952 to
012. The data set was interpolated based on the daily precipitation
bservations from 756 CMA  meteorological stations, using the syn-
rgraphic mapping system algorithm proposed by Shepard (1984).
n addition, the IGSNRR data set was adjusted with 12 monthly
caling factors for each grid cell, so that the monthly mean of prod-
ct matched that of the CMA  observations during the period of
962–2002 (Maurer et al., 2002; Tang et al., 2009). For detailed

nformation on this data set, please refer to Zhang et al. (2014).
The second precipitation data set used in this study was  the
Please cite this article in press as: Qiu, J., et al., Comparison 

and precipitation: The implication of irrigation on regional soil
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ropical Rainfall Measuring Mission (TRMM)  multi-satellite precip-
tation analysis (3B43V7) provided by NASA Goddard Space Flight
enter (Huffman et al., 2007). The TRMM data set combined the
-h merged high-quality microwave/infrared estimates with the

Fig. 2. Fractions of missing data on the monthly times series fr
eteorological sites in China.

monthly accumulated rain gauge analysis from Global Precipita-
tion Climatology Centre (GPCC). The spatial coverage of TRMM data
set extended from 50◦ south to 50◦ north latitude and was avail-
able from 1998 with monthly temporal resolution and 0.25◦ spatial
resolution. The processing algorithms of TRMM 3B43 included two
steps, firstly, the 3-h merged estimates were summed for the cal-
endar month, and then the rain gauge data were applied to this
multi-satellite estimates for bias adjustment. This bias adjustment
algorithm was similar to that of the GPCP’s monthly satellite-gauge
product (Adler et al., 2003; Huffman et al., 1997). For detailed infor-
of temporal trends from multiple soil moisture data sets
 moisture trend. Int. J. Appl. Earth Observ. Geoinf. (2015),

mation on this product, please refer to Huffman et al. (2010).

om ESA CCI and in-situ observations during 1991–2010.

dx.doi.org/10.1016/j.jag.2015.11.012
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.3. Trend analysis methods

Before trend analysis, daily values of ESA CCI, ERA-Interim/Land
nd in-situ measurements at 10-day intervals were converted
o monthly time series, and then averaged for each season:
ecember–February (DJF), March–May (MAM), June–August (JJA),
nd September–November (SON). The same processing was
pplied to daily IGSNRR precipitation and monthly TRMM data to
onstruct seasonal time series. In constructing the time series of
nnual mean for trend analysis, the conditions with snow cover
ere filtered following Dorigo et al. (2012) and Albergel et al.

2013b). Two nonparametric methods, namely Mann–Kendall test
nd Spearman’s Rho test were employed to test the significance
f trend in time series. These two robust methods do not require
ormality or linearity, and are less sensitive to outliers.

.3.1. Mann–Kendall test
To test the significance of trend using Mann–Kendall (MK)

ethod, the first step is to construct the MK statistic S and its vari-
nce, denoted as var(S) (Hirsch et al., 1982; Kendall, 1975; Khaliq
t al., 2009; Mann, 1945; Renard et al., 2008). The standardized
tatistics Z is then calculated using S and var(S) in Eq. (1):

 =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

S − 1√
var(S)

0
S + 1√
var(S)

if S > 0

if S = 0
if S < 0

(1)

The statistics Z is utilized to test the presence of a statistically
ignificant trend by comparison with tolerable probability. In this
tudy, the default significance level is set as 0.05 unless otherwise
tated as in Section 4.1. In addition, the change rates (change mag-
itude) of soil moisture and precipitation are evaluated using the
en’s slope (Sen, 1968):

Sen = Median

(
SMi − SMj

i − j

)
∀j < i (2)

f there are m values in the time series then one can get as many as
 = m(m − 1)/2 slope estimates and bSen is taken as the median of
hese n values.

.3.2. Spearman’s Rho test
This test is based on the Spearman’s rank correlation coefficient

SRC, which is defined as (Dahmen and Hall, 1990):

SRC = 1 −
6
m∑
i=1

d2
i

m(m2 − 1)
(3)

here m is the observation number or simulation length at a given
rid cell, di is the rank of ith observation or simulation SMi in the
ime series. If there are ties, the convention is to take the average
ank. The null hypothesis is tested by calculating the test statistic
SRC:

SRC = rSRC

(
m − 2

1 − r2
SRC

)0.5

(4)
Please cite this article in press as: Qiu, J., et al., Comparison 
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here tSRC has Student’s t-distribution with v = m – 2 degrees of
reedom. At a significance level, the time series has no trend if

v,˛/2 < tSRC < tv,1−˛/2.
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3. Results

3.1. Data gaps of multiple soil moisture data sets

Since it is confirmed that data gaps have strong effect on the per-
formance of ESA CCI (Dorigo et al., 2014; Loew et al., 2013), and on
the results of trend analysis (Khaliq et al., 2009; Renard et al., 2008),
it is natural to seek coincident temporal coverage of these data sets
with minimum data gaps. Fractions of missing data on monthly
time series from both ESA CCI and in-situ observations over China
are shown in Fig. 2. The selection of study period was based on
the following reasons. Firstly, the observation density of ESA CCI
increased when both active and passive microwave products were
used synergistically since July 1991 (Dorigo et al., 2015). As for in-
situ observations from agro-meteorological network, the data gap
was most obvious in the first few years, i.e., during 1991–1995. It
was not until 1996 that the missing data fraction decreased below
50% (Fig. 2). In addition, the latest version of ERA Interim/Land pro-
vides soil moisture reanalysis till the end of 2010. Based on these
factors, we selected 1996–2010 as the study period.

3.2. Trends detected from multiple soil moisture data sets

Both satellite-based and model-based soil moisture data sets
were firstly validated against in-situ observations from agro-
meteorological sites using Spearman’s rank correlation (rSRC).
Results showed that the median rSRC between monthly in-situ
observations and ESA CCI was 0.40, which was  comparable to the
global-scale evaluation result of 0.46 (Dorigo et al., 2015), and the
estimated median rSRC was 0.54 for ERA Interim/Land.

After validation against in-situ measurements, the seasonal
trend analysis results from different soil moisture products were
also compared to those from in-situ observations and summarized
in Table 1. The numbers of in-situ sites identified with significant
trends (p < 0.05) by MK  and Spearman’s Rho tests are shown in the
parentheses, and the ratios of sites collocated with grid cells from
ESA CCI and ERA Interim/Land which detected the same level of sig-
nificant trends are shown as percentage. There are several points
worth noting from Table 1. Firstly, it is seen that the results from
both MK  and Spearman tests were similar, especially for annual
mean time series, which increased the credibility of the analysis
results. However, the discrepancy between two methods in detect-
ing significantly increasing trend was  larger than that in detecting
significantly decreasing trend. This is attributed to the different
handling of tie values in the employed two methods. As tie values
commonly occurred after irrigation when surface soil moisture was
up to field capacity, there was  noticeable discrepancy between MK
and Spearman methods in detecting significantly increasing trend
at agro-meteorological sites. Secondly, the agreement between ESA
CCI and in-situ observations was  generally better than that between
ERA-Interim/Land and in-situ observations. The ratio that both
ESA CCI and in-situ observations identified significantly increas-
ing (decreasing) trend was  about 30% (34–39%), whereas the ratio
that ERA-Interim/Land detected consistent significantly increasing
(decreasing) trend was 24% (19–23%). In addition, taking the in-
situ observations as benchmark, the ERA Interim/Land had better
accuracy in identifying the significantly increasing trend than in
the identification of decreasing trend.

It is worth mentioning that, under the current comparative
framework, there is difference in spatial representative between
in-situ observations and remotely sensed (or reanalysis) soil mois-
ture. To circumvent this issue, we  also examined the consistency
of temporal trends from multiple soil moisture data sets
 moisture trend. Int. J. Appl. Earth Observ. Geoinf. (2015),

of trends derived from soil moisture data sets with the same 0.25◦

spatial resolution. The grid-based intercomparison results from the
annual mean of ESA CCI and ERA-Interim/Land are shown in anal-
ogy to confusion matrix in Fig. 3. Four classes namely significantly

dx.doi.org/10.1016/j.jag.2015.11.012
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Table  1
Seasonal trend analysis results from ESA CCI and ERA Interim/Land compared to those from in-situ observations.

Spring Summer Autumn Annual

MK Spearman MK  Spearman MK Spearman MK  Spearman

ESA CCI Significantly increasing 24.2% (33) 30.8% (39) 27.6% (29) 29.7% (37) 31.6% (19) 32.0% (25) 29.8% (57) 30.5% (59)
Significantly decreasing 17.4% (23) 24.0% (25) 40.0% (15) 50.0% (14) 7.7% (13) 7.7% (13) 38.7% (31) 34.3% (35)

ERA  Interim/Land Significantly increasing 21.2% 15.4% 3.5% 

Significantly decreasing 4.4% 12.0% 13.3%

Fig. 3. Comparison between ESA CCI and ERA Interim/Land in identifying four
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ypes of soil moisture trends: significantly increase (p < 0.05), increase (p > = 0.05),
ecrease (p > = 0.05), and significantly decrease (p < 0.05). Four classes are denoted
s  “++”, “+”, “−” and “−−” respectively.

ncreasing (p < 0.05), increasing (p > = 0.05), decreasing (p > = 0.05),
ignificantly decreasing (p < 0.05) are denoted as “++”, “+”, “−” and
− −” respectively, and data set on the horizontal axis is regarded
s reference, as “ground truth” is not included here. It is seen from
ig. 3 that there was obvious discrepancy between ESA CCI and ERA
nterim/Land in detected increasing trends. The agreement rates
etween two data sets in indentifying the significantly increasing
++) and increasing (+) trends were 19% and 30% respectively. Tak-
ng ESA CCI as benchmark, 40% areas with significantly increasing
++) trend were identified as decreasing (−) by ERA Interim/Land.

Spatial consistency in detected trends between in-situ obser-
ations and two soil moisture products (ESA CCI and ERA-
nterim/Land) are shown in Fig. 4. Color shading indicates the

agnitude of changing rates (m3 m−3 yr−1) from all data sets. For
SA CCI and ERA-Interim/Land, grid cells with increasing (decreas-

ng) trend significant at 0.05 level are outlined by blue (red) solid
ines. For in-situ measurements, sites with increasing (decreasing)
rend significant at 0.05 level are marked by triangles with blue
red) edges. Consistent and significant drying trend of summer
oil moisture in Inner Mongolia of north China and in northwest-
rn China, and significant increasing trend in the eastern Tibetan
lateau during summer can be seen in all three data sets. Besides,
he wetting trend of soil moisture during autumn in northern
hina was also identified as significant by both ESA CCI and ERA-

nterim/Land.
With respect to the discrepancy between ESA CCI and ERA-

nterim/Land, noticeable differences were observed in the major
rrigation areas of China. It is noted that significant increasing trend
Please cite this article in press as: Qiu, J., et al., Comparison 
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uring spring was detected by ESA CCI in Sichuan province of south-
est China (28–32◦N, 103–108◦E, one of the main grain production

ases and irrigation area in China, see Fig. 6a), whereas a contrast-
ng trend was derived from ERA-Interim/Land. Also in this area,
8.1% 10.5% 12.0% 24.6% 23.7%
 14.3% 0.0% 7.7% 19.4% 22.9%

a significant decreasing trend was identified by ERA-Interim/Land
for summer and annual mean time series, while the trend was not
obvious in ESA CCI. Moreover, it is interesting to note that the oases
to the north rim of Tarim Basin were identified by ESA CCI to be sig-
nificantly wetting during autumn when irrigation occurred, while
the trend was much less obvious in ERA-Interim/Land. In addition,
it is evident that both ESA CCI and in-situ soil moisture measure-
ments detected noticeable increasing trend in the Huang-Huai-Hai
Plain (a primary gain base of China, comprised of Tianjin, Beijing,
and five provinces: Anhui, Hebei, Henan, Jiangsu and Shandong, see
Fig. 6a) for summer, while the increasing trend was not significant
in ERA-Interim/Land.

3.3. Comparing trends of soil moisture and precipitation

To present a comprehensive view of precipitation change, both
gauge-based and satellite-based precipitation data sets (IGSNRR
and TRMM)  were employed to detect the precipitation trend over
China. As the IGSNRR precipitation data set covered the study
period of 1996–2010 while TRMM data only started from 1998, the
IGSNRR and TRMM precipitation were used as primary and aux-
iliary data respectively for the trend analysis in this study. Spatial
structure of the trend detected by MK  method from IGSNRR precip-
itation is shown in Fig. 5, and grid cells with increasing (decreasing)
trend significant at 0.05 level are outlined by solid blue (red) lines.
Overall, there was  a significant decreasing trend in summer precipi-
tation in northwestern China and over southern China (to the south
of the Yangtze River) with highest magnitude of about −8 mm yr−1,
which was also prominent in annual mean time series. A significant
increasing trend was also identified for autumn precipitation in the
Tarim Basin of Xinjiang.

Compared with IGSNRR precipitation, soil moisture trend
derived from ESA CCI showed a consistent decreasing trend dur-
ing summer in northern Inner Mongolia. The general wetting trend
was also exhibited in the southwest of Xinjiang and northern China
from ESA CCI, especially during autumn (Fig. 4c), which is in align-
ment with the study results of Su et al., 2015. However, noticeable
difference existed between trends from IGSNRR precipitation and
ESA CCI. For instance, the significant drying trend during sum-
mer  in southeastern China (25–30◦N, 110–120◦E), which spatially
coincides with the irrigation areas in Hunan and Jiangxi provinces
(see Fig. 6a), was  not reflected in ESA CCI. In addition, the ESA CCI
showed statistically significant increasing trend in the Huang-Huai-
Hai Plain, especially in summer when precipitation increase was
not significant.

The spatial similarity in trends between ERA-Interim/Land
reanalysis and IGSNRR was  generally higher than that between
ESA CCI and IGSNRR. Specifically, ERA-Interim/Land showed a con-
sistent and significant drying trend to the south of the Yangtze
River and in northern China during summer. In addition, both ERA-
Interim/Land and IGSNRR identified similar spatial extent in the
of temporal trends from multiple soil moisture data sets
 moisture trend. Int. J. Appl. Earth Observ. Geoinf. (2015),

eastern Tibetan Plateau to be significantly drying during autumn.
However, different from IGSNRR, ERA-Interim/Land identified con-
siderably larger areas of China to be significantly drying from trend
analysis of annual mean.

dx.doi.org/10.1016/j.jag.2015.11.012
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Fig. 4. Soil moisture trends derived from ESA CCI (left column), ERA-Interim/Land (middle column), and in-situ observations (right column), results for spring are showed in
(a–c),  for summer are showed in (d–f), for autumn are showed in (g–i) and annual mean results are showed in (j–l). Color shading indicates the changing rate (m3 m−3 yr−1)
from  all data sets. For ESA CCI and ERA-Interim/Land, grid cells with increasing (decreasing) trend significant at 0.05 level are outlined by blue (red) solid lines. For in-situ
m  mark
i

p
A
1
i
t
r

easurements, sites with increasing (decreasing) trend significant at 0.05 level are
n  this figure legend, the reader is referred to the web  version of this article.)

It is seen from Fig. 5 that there was no significant trend in
recipitation over the Huang-Huai-Hai Plain throughout the year.
lthough the absolute changing rate of TRMM precipitation during
998–2010 differed slightly, the spatial patterns of seasonal precip-
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tation trends produced by TRMM (figure not shown) were similar
o those of IGSNRR, and further enhanced the confidence in the
esults of precipitation trend analysis.
ed by triangles with blue (red) edges. (For interpretation of the references to color

4. Discussions

4.1. Reasons underlying the difference between precipitation and
soil moisture trends
of temporal trends from multiple soil moisture data sets
 moisture trend. Int. J. Appl. Earth Observ. Geoinf. (2015),

Anthropogenic activities, including massive groundwater-fed
irrigation are considered to underlie the difference between pre-
cipitation and soil moisture trends. It is proved in previous studies

dx.doi.org/10.1016/j.jag.2015.11.012


ARTICLE IN PRESSG Model
JAG-1178; No. of Pages 11

J. Qiu et al. / International Journal of Applied Earth Observation and Geoinformation xxx (2015) xxx–xxx 7

Fig. 5. Changes detected from IGSNRR precipitation (mm  yr−1) for (a) spring, (b) summer, (c) autumn and (d) annual mean, grid cells with increasing (decreasing) trend
s  the re
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ignificant at 0.05 level are outlined by blue (red) solid lines. (For interpretation of
his  article.)

hat irrigation, as an additional water supply source other than pre-
ipitation, has the impact of reducing soil albedo, increasing soil
eat capacity, altering local soil moisture content, and affecting the
ater/energy budget by transforming evapotranspiration regime

rom water-limited to energy-limited (Shi et al., 2014; Taylor et al.,
012). The Huang-Huai-Hai Plain, regarded as the ‘Granary of
hina’, is one of the most intensively irrigated regions in the world
Shi et al., 2014; Siebert et al., 2005). In terms of area equipped for
rrigation (AEI), all five provinces in the Huang-Huai-Hai Plain are
op ranking provinces in China. Fig. 6a shows the spatial distribu-
ion of AEI in China as percentage of total 5 arc-minute grid cell
round 2005 (Siebert et al., 2013). During the period of 1995–2007,
he Huang-Huai-Hai Plain had experienced population explosion
nd significant expansion in crop areas and irrigated land according
o remote sensing and land-use change interpretations (Liu et al.,
003, 2010). Based on data from National Bureau of Statistics of
hina (http://www.stats.gov.cn/english/), due to the massive agri-
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ultural infrastructure construction projects, there was  a steady
rowth in AEI for provinces in the Huang-Huai-Hai Plain during
he same period (Fig. 6b).
ferences to color in this figure legend, the reader is referred to the web  version of

Due to insufficient rainfall and decreasing runoff, irrigation in
the Huang-Huai-Hai Plain is mainly sourced from groundwater at
a speed far exceeding the recharge rate (Hu et al., 2010), which
explains the level or slightly decreased time series in the amount
of surface water diversion for irrigation (Fig. 6b), and results in
the generally higher evapotranspiration than precipitation at the
basin scale (Cao et al., 2014). The annual groundwater extraction
in Henan, Hebei and Shandong provinces approximated or well
exceeded 10 billion m3 during 2004–2009 (http://www.stats.gov.
cn/english/). The significant depletion was also evidenced by var-
ious investigations on groundwater resources of this region using
the Gravity Recovery and Climate Experiment (GRACE) satellites
(Liu et al., 2015; Tang et al., 2013), using groundwater monitor-
ing wells (Wang et al., 2009), and using tracer experiment (Tan
et al., 2014). The excessive groundwater extraction is considered
as the “external” water sources to local surface soil water, and con-
tributes to the large difference in observed trends between soil
of temporal trends from multiple soil moisture data sets
 moisture trend. Int. J. Appl. Earth Observ. Geoinf. (2015),

moisture and precipitation. In addition, inter-basin water transfer
is another factor underlying the difference between precipita-
tion and soil moisture trends. On the basin scale, the transferred
water (from exterior basins) accounted for 10.5% and 13.0% of

dx.doi.org/10.1016/j.jag.2015.11.012
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ig. 6. (a) Spatial distribution of AEI in China around 2005, (b) temporal evoluti
uang-Huai-Hai Plain.

he total water supply in Hai River basin and Huai River basin
espectively, according to the water resources bulletin of these two
asins. This large-scale redistribution of water exerts significant
ne-directional impact on surface soil moisture of receiving basin
Chen and Xie, 2010), and thus contributes to the aforementioned
ifference in trends derived from soil moisture and precipitation.

With respect to the irrigation time schedule, as precipitation in
uang-Huai-Hai Plain mainly occurs during July to August, agricul-

ural irrigation is often conducted in the early summer (May–June)
uring the milking stage, i.e., the critical growth stage for win-
er wheat, and in autumn (late September) before the planting of
inter wheat (Wang et al., 2006). Generally, three to four times

f irrigations are applied each year in this region to ensure high-
ielding wheat production (Li et al., 2005; Zhang et al., 2003). This
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rrigation schedule is considered to contribute to the noticeable dif-
erence between remotely sensed ESA CCI soil moisture and other
and surface model during summer and autumn.
surface water diversion amount for irrigation and AEI during 1980–2010 in the

To further demonstrate the effect of irrigation on soil mois-
ture trend, we examined the trends derived by ESA CCI and
ERA-Interim/Land during growing season for areas with different
irrigation levels. After re-sampling the 5 arc-minute AEI to 0.25◦, we
conducted zonal analysis for areas with three AEI levels, i.e., 0–10%,
10–50% and 50–80%, then assessed the hypothesis that grids with
higher irrigation level show higher soil moisture change rate using
Student’s t-test. The medians of change rates for all grids with the
same irrigation level during May–September are shown in Fig. 7,
and Student’s t-test results with significant levels of 0.05 and 0.01
are marked with one and two  asterisks respectively. To avoid the
impact of precipitation change, the grids with significant precipi-
tation trends (p < 0.05) were excluded. It is seen that for irrigation
scheduling months of May, June and September, the soil moisture
of temporal trends from multiple soil moisture data sets
 moisture trend. Int. J. Appl. Earth Observ. Geoinf. (2015),

change rates from ESA CCI were significantly higher in 10–50%
irrigation level than those in 0–10% level. On the other hand, ERA-
Interim/Land only detected the significantly higher change rate in

dx.doi.org/10.1016/j.jag.2015.11.012
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ig. 7. The medians of soil moisture change rates in (a) ESA CCI and (b) ERA-Inter
ifference in change rates between various irrigation levels (one and two  asterisks 

0–50% level for September, rather than all three irrigation months
May, June and September). It is worthy to note that areas with
0–80% irrigation level was experiencing land-use change such as
rbanization (Shi et al., 2013), and the 10–50% irrigated areas were
onfirmed to have the most prominent irrigation cooling effect (Shi
t al., 2014). This partly explains the phenomenon of less significant
ifference in soil moisture change rates between 50–80% level and
–10% level.

.2. Implication of the comparison results

Soil moisture trends in China for the recent fifteen years
1996–2010) derived from in-situ measurements, ESA CCI product
Please cite this article in press as: Qiu, J., et al., Comparison 
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nd ERA-Interim/Land reanalysis were in general consensus with
hose using land surface model simulations from previous studies.
or instance, in alignment with results of Wang et al. (2011), who
mployed four physically-based land surface models (VIC, CLM3.5,
nd for different irrigation levels, and the Student’s t-test results on the statistical
ent significant levels of 0.05 and 0.01 respectively).

Noah2.7, and VIC-CLM3.5 hybrid) to investigate soil moisture trend
in China, it is also found that soil moisture in northern China had
significant downward trends. However, there is also obvious differ-
ence in the resulted trends between Wang’s work and this study,
especially in the Huang-Huai-Hai Plain. Instead of showing sig-
nificant drying trend, in-situ measurements, ESA CCI product and
ERA-Interim/Land reanalysis (especially the former two data sets)
all demonstrated wetting trend for summer and early autumn in
this region.

It is expected that soil moisture patterns generated from offline
land surface model will resemble those from precipitation data
set, as precipitation is the main driver of variations in soil mois-
ture. Therefore, it is not surprising that long-term soil moisture
of temporal trends from multiple soil moisture data sets
 moisture trend. Int. J. Appl. Earth Observ. Geoinf. (2015),

trend largely reflects the trend derived from precipitation (Albergel
et al., 2013b; Wang et al., 2011). However, it is seen from this study
that in irrigated areas, especially in the Huang-Huai-Hai Plain, the
analyzed trends using in-situ and remotely sensed soil moisture

dx.doi.org/10.1016/j.jag.2015.11.012
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bservations noticeably deviated from those using land surface
odel simulation and precipitation. Although ERA-Interim/Land
as built on extensive assimilation of meteorological observations

Balsamo et al., 2015), it does not take into account the human
lteration on the quantity and distribution of water in the terres-
rial system, which partly contributes to the observed discrepancy
etween ERA-Interim/Land reanalysis and ESA CCI. This indicates
hat regional surface water change exerted by anthropogenic activ-
ties cannot be neglected. Therefore, for soil moisture modeling in
his region, modules accounting for irrigation practice is crucial
n depicting the trend and dynamics of soil moisture. In addition,

hen assimilating microwave soil moisture into the hydrological
odel, water balance scheme should be adjusted with caution, as

he external source of water account for 10–20% of total water
upply in this region.

In addition, the time frame should be taken into account when
nterpreting the results of this study, as the length of time series

ill affect trend analysis result (Miralles et al., 2014). To fairly com-
are the trend analysis results from remotely sensed, reanalysis and

n-situ soil moisture, the study period of this paper was  selected
s 1996–2010 so that all three soil moisture data sets have the
inimum data gaps. Under this 15-year time frame, we observed

ifference in the trends between soil moisture and precipitation for
ummer and autumn in the Huang-Huai-Hai Plain, which is largely
ontributed to the massive anthropogenic interference, including
he expansion of crop area and the AEI, as well as the excessive
roundwater extraction. It is noted that the majority of massive
gricultural infrastructure construction projects were conducted
ince the 1990s, as can be seen from the rapid increase in AEI time
eries after 1995 (Fig. 6b) and the rapid expansion of total crop
rea ever since (Liu et al., 2015). Prior to this period, soil moisture
as more explicitly controlled by climate variability, which partly

xplains the difference in trend analysis results of this study and
hose using land surface model at longer time frame.

. Summary and conclusion

In this study, we investigated the long-term soil moisture trends
ver China using three soil moisture data sets, namely microwave-
ased multi-satellite surface soil moisture product (ESA CCI), ERA-

nterim/Land reanalysis, and in-situ measurements collected from
ationwide agro-meteorological network.

A detailed comparative study was conducted on the perfor-
ance of three data sets in evaluating temporal trend of soil
oisture. It is found that for annual mean time series, around

0% (34–39%) of in-situ sites with significant increasing (decreas-
ng) soil moisture trend were collocated with ESA CCI grids that
howed the same level of significant increase (decrease) (Table 1).
he consistency with in-situ measurements was relatively lower
or ERA-Interim/Land reanalysis, as 24% (19–23%) of sites with
ignificant increasing (decreasing) trend were identified to be
ignificantly wetting (drying) by ERA-Interim/Land. From the grid-
ased intercomparison between ESA CCI and ERA-Interim/Land, it

s seen that taking ESA CCI as benchmark, considerable percentage
f area (40%) with significantly increasing trend were identified as
ecreasing by ERA Interim/Land (Fig. 3).

Spatial patterns of consistency in detected trends between
recipitation and three soil moisture data sets were also exam-

ned. Results showed that both ESA CCI and ERA-Interim/Land
emonstrated general decreasing trend in north Inner Mongolia
nd northwest China during summer, which was  in agreement
Please cite this article in press as: Qiu, J., et al., Comparison 

and precipitation: The implication of irrigation on regional soil
http://dx.doi.org/10.1016/j.jag.2015.11.012

ith IGSNRR precipitation (Figs. 4 and 5). However, discrepan-
ies between precipitation and soil moisture data sets were also
bserved, especially in major irrigation regions of China. It is noted
hat in close resemblance to IGSNRR, ERA-Interim/Land detected
 PRESS
rvation and Geoinformation xxx (2015) xxx–xxx

a significant decreasing trend in Sichuan province of southwest
China, while a contrasting trend was derived from ESA CCI for
spring with no significant change for the rest seasons. Moreover,
it is seen that ESA CCI detected a significant wetting trend in oases
to the north rim of the Tarim Basin during autumn when irri-
gation took place, whereas the trend was  much less obvious in
ERA-Interim/Land.

Discrepancy between soil moisture and precipitation exhib-
ited in the most intensively cropped Huang-Huai-Hai Plain was
prominent. Massive anthropogenic interference on the local water
resources, including groundwater-fed irrigation is considered to
be the underlying cause for this discrepancy. This is confirmed by
the spatial collocation of significantly wetting areas and heavily
irrigated areas, as well as the grid-based Student’s t-test taking
samples from various irrigation levels (Fig. 7). As the area equipped
for irrigation (AEI) had gone through steady growth since the 1990s
(Fig. 6), and most of the agricultural water use in this region was
continuously sourced from groundwater and exterior basins, sur-
face soil moisture in the Huang-Huai-Hai Plain showed a significant
increasing trend for summer even though precipitation did not
change significantly during the study period. Results indicate that,
for soil moisture modeling in regions with great magnitude of
human interference, modules considering actual irrigation practice
are crucial for successfully capturing long-term trend. Furthermore,
massive water transfer should be considered to avoid water imbal-
ance when assimilating microwave-based soil moisture at regional
scale.
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