
T
s

D
a

M
b

c

a

A
R
A
A

K
S
T
D
E

1

g
w
o
d
c
t
e
b
p
s

h
0

Agricultural Water Management 144 (2014) 140–149

Contents lists available at ScienceDirect

Agricultural  Water  Management

jou rn al hom epage: www.elsev ier .com/ locat e/agwat

emporal  stability  analysis  for  estimating  spatial  mean  soil  water
torage  and  deep  percolation  in  irrigated  maize  crops

anfeng  Lia,c,  Ming’an  Shaob,∗

State Key Laboratory of Soil Erosion and Dryland Farming on the Loess Plateau, Institute of Soil and Water Conservation, Chinese Academy of Sciences and
inistry of Water Resources, Yangling 712100, Shaanxi, China
State Key Laboratory of Soil Erosion and Dryland Farming on the Loess Plateau, Northwest A & F University, Yangling 712100, Shaanxi, China
University of Chinese Academy of Sciences, Beijing 100049, China

 r  t  i  c  l e  i  n  f  o

rticle history:
eceived 9 March 2014
ccepted 23 May  2014
vailable online 2 July 2014

eywords:
oil water balance
emporal variability
eep percolation
vapotranspiration

a  b  s  t  r  a  c  t

The  temporal  stability  of  soil  moisture  in  irrigated  cropland  may  have  profound  implications  for  precision
agriculture  in arid  regions.  This  study  evaluated  the  temporal  variation  of components  of  the  soil  water
balance  in  irrigated  cropland  in  northwestern  China  and  identified  representative  locations  to  reliably
estimate  the  profiles  (0–1  and  1–2 m)  of  spatial  mean  soil  water storage  (SWS)  and  deep  percolation
below  a depth  of 2  m.  Soil  water  storages  were  determined  with  a neutron  probe  at  48  locations  (31  and
17  in  the  northern  and  southern  croplands,  respectively)  on a total of 18 occasions  in  2011  and  2012.
Crop  evapotranspiration,  SWS  variations  and deep  percolation  were  analyzed  during  the  maize  growing
seasons.  Soil  water  storages  in  the  northern  and  southern  croplands  were  temporally  stable.  The  location
with  the lowest  standard  deviation  of  relative  differences  could  accurately  estimate  the  spatial  mean
SWS  with  a high  coefficient  of determination  (R2 >  0.91,  P < 0.001)  and  prediction  accuracy  (PE >  0.76)
and  near-zero  mean  absolute  relative  error  (MARE  =  0).  The  most  representative  locations  were  different
for the  0–1  and  1–2 m  soil  layers,  but  the  location  for  the  0–1 m  layer  could  also  generally  represent
SWS in the  1–2  m  layer  in the  northern  and  southern  croplands.  From  21 May  to late  September  in both
years,  approximately  39  and  22%  of  the irrigation  and  rainwater  were  lost  as  deep  percolation  in the
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northern  and southern  croplands,  respectively.  Deep  percolation  at the  most  representative  locations  of
spatial  mean  SWS  for  the  0–1 m layers  could  generally  estimate  the  spatial  mean  deep  percolation  below
a depth  of 2  m.  This  study  provides  an  alternative  approach  for  estimating  spatial  mean  SWS  and  deep
percolation,  which  is essential  for the  rational  management  of scarce  resources  of irrigation  water  in  a
large arid  region  of northwestern  China.

© 2014  Published  by  Elsevier  B.V.ir.
is
. Introduction

Information for the components of water balance under irri-
ated agriculture is crucial for planning irrigation and for exploring
ater-saving measures at field scales. Quantifying the portioning

f irrigation water during the growing period is important for the
evelopment, soil water movement and the management of agri-
ultural water (Ji et al., 2007). Precipitation and ice/snow melt from
he Qilian Mountains along the Heihe River basin of northwest-
rn China are the sole sources of water available for the entire

http
://
asin (Wang and Cheng, 1999). As one of the main regions for the
roduction of commodity grain in China, the middle basin con-
umes ∼86% of the total volume of the surface runoff, and ∼96%

∗ Corresponding author. Tel.: +86 29 87012245.
E-mail address: mashao@ms.iswc.ac.cn (M.  Shao).

ttp://dx.doi.org/10.1016/j.agwat.2014.05.012
378-3774/© 2014 Published by Elsevier B.V.
of the water consumed is used for agricultural irrigation (Chen
et al., 2003). The drastic population growth and the increasing use
of irrigation in the middle basin in recent decades have increased
water deficits, which in turn have accelerated ecological degrada-
tion downstream (Chang et al., 2006). Irrigation using groundwater
has thus become increasingly important for promoting agricul-
tural productivity in the middle basin. A large amount of irrigation
water, however, is depleted by severe evaporation and drainage
below the root zone due to conventional flood irrigation (Chen
et al., 2005; Ji et al., 2007). Popularizing water-conserving irrigation
techniques is essential to alleviate the wastage of irrigation water
in the middle basin (Wang and Cheng, 1999). One approach to
reduce the wastage is to control deep percolation. Minimizing

deep percolation may  reduce the risk of a high groundwater table
and the subsequent salinization of the root zone, and would be
vital to the sustainability of irrigated agriculture (Tanji and Kielen,
2002).

dx.doi.org/10.1016/j.agwat.2014.05.012
http://www.sciencedirect.com/science/journal/03783774
http://www.elsevier.com/locate/agwat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.agwat.2014.05.012&domain=pdf
mailto:mashao@ms.iswc.ac.cn
dx.doi.org/10.1016/j.agwat.2014.05.012
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The accurate estimation of crop evapotranspiration, changes in
oil water storage (SWS) and deep percolation below the root zone
an determine the proper scheduling of irrigation and provide a
asis for improving the use efficiency of irrigation water (Li et al.,
003; Pereira et al., 2007; Ma  et al., 2013). The spatial variabil-

ty of SWS, however, presents a challenge for the scheduling of
rrigation due to the difficulty in obtaining field averages (Van Pelt
nd Wierenga, 2001). Site-specific measurements with fine res-
lution in both space and time are time-consuming, costly and
aborious. The analysis of temporal stability may  be an alterna-
ive strategy to accurately estimate spatial mean SWS  with reduced
ffort (Hu et al., 2012b). The concept of temporal stability was  first
roposed by Vachaud et al. (1985) and has received considerable
ttention in studies of soil moisture on various spatial scales in
arious climatic regions in recent decades (Pachepsky et al., 2005;
uber et al., 2008; Hu et al., 2014). The possible extrapolation of
oil moisture data from a certain depth at one location to the entire
oil profile at point or slope scales using the concept of temporal
tability, has been recently explored by Hu and Si (2014). The study
f the temporal stability of soil moisture in irrigated cropland has
ostly focused on small fields (Starr, 2005; de Souza et al., 2011;

osh et al., 2012), and the temporal stability in irrigated cropland
arger than tens or thousands of hectares during the growing season
s poorly known. The direct measurement of deep percolation is dif-
cult, so modeling plays an increasingly important role in guiding
xperimentation and decision-making. Deep percolation is usually
uantified based on soil water balance under different irrigation
trategies for various crops (Moreno et al., 1996; Vázquez et al.,
006; Ji et al., 2007; Kang et al., 2012; Wang et al., 2012). The appli-
ability of Richards’ equation models in predicting deep percolation
as also been evaluated (Stewart et al., 2006; Jiménez-Martínez
t al., 2009; Sella et al., 2011). Richards’ equation models, how-
ver, require various parameters of the crop and soil hydraulics, so
revious studies have mostly focused on small croplands. A simple
ethod for evaluating deep percolation during the growing sea-

on in cropland larger than tens or thousands of hectares could
hus provide information for the determination of water-saving
chedules of irrigation in arid regions.

It would be appealing if spatial mean SWS  and deep percolation
uring the growing season could be predicted from measure-
ents at very few locations. The use of a temporally stable pattern

f SWS  as a basis for the management of precision agriculture,
owever, has received little attention. A spatially variable but tem-
orally stable pattern of application of irrigation water could save
nergy, labor and costs and could benefit the management of scarce
esources of irrigation water in arid regions. Therefore, the objec-
ives of this study were: (1) to analyze components of the soil water
alance in irrigated maize cropland in an arid region of northwest-
rn China, and (2) to evaluate the temporal patterns of both SWS
nd deep percolation during the growing periods of maize and
dentify the representative locations for adequately predicting the
patial means of SWS  and deep percolation.

. Materials and methods

.1. Study area

The study was conducted at the Linze Inland River Basin
omprehensive Research Station of the Cold and Arid Region Envi-
onment and Engineering Institute, Chinese Academy of Sciences.
his region is in the middle part of the Heihe River basin in

http
://
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isw
orthwestern China and is characterized by desert with fixed or
emi-fixed sand dunes, cropland in patchily distributed oases and
etland with severely salinized soil surfaces (Fig. 1). The region
as a continental, dry, temperate climate with a mean annual air
nagement 144 (2014) 140–149 141

temperature of 7.6 ◦C. Mean annual precipitation is 120 mm,  ∼60%
of which falls from July to September, while only 3% falls during
winter. The mean annual potential evaporation is 2360 mm,  and
the drying index is 15.9 (Zhao et al., 2010). Each year has ∼165
frost-free days. The growing period ranges from March to October.
Agriculture relies on conventional flood irrigation sourced from
groundwater (Chen et al., 2005; Ji et al., 2007). The desert vegeta-
tion in the northern and middle parts of the study area consists of
Halaxylon ammodendron (C. A. Mey.) Bunge, Calligonum mongolicum
Turcz., Tamarix chinensis Lour., Nitraria sphaerocarpa Maxim and
Reaumuria soongorica (Pall.) Maxim. The predominant species in
the wetland are Common Reed (Phragmites australis (Cav.) Trin.
ex Steud.), Common Leymus (Leymus secalinus (Georgi) Tzvel.),
Achnatherum splendens (Trin.) Nevski, Kalidium foliatum (Pall.) Moq.
and N. tangutorum Bobr. Soils in the northern and southern parts
of the study area differ both in the vertical and horizontal direc-
tions (Li and Shao, 2013). The zonal soil in the northern margin
of irrigated cropland is an Aridisol derived from diluvial–alluvial
materials (Su et al., 2010). Siltigi-Orthic Anthrosols have developed
under long-term irrigation from sediment-rich water, fertilization
and cultivation in the central and southern parts of the study area
(Su et al., 2009). The wetland in the southern part of the study area
has Inceptisols.

Maize (Zea mays L.) for seed production is the staple crop in
the study area. The growing period was 155 days from sowing to
harvest. Field observations were conducted from germination to
harvest. The growing period was  divided into four phenological
stages: initial, development, mid-season and late season of 30, 50,
42 and 33 days, respectively (Zhao et al., 2010). The maize in the
northern cropland was sown on 9–10 and 14–15 April in 2011 and
2012, respectively, and harvested on 11–12 and 14–15 September
in 2011 and 2012, respectively. Soil water content was  consider-
ably high in the southern cropland, so the spring thaw of frozen
soil was later in the southern than in the northern cropland. To
facilitate the mechanical operations before sowing and to guaran-
tee germination by avoiding seed mildew and rotting, the sowing
and subsequent growing stages in the southern cropland were 15
days later than those in the northern cropland. The groundwater
level was shallower in the southern than in the northern cropland.
In addition, the differences in soil texture led to different capaci-
ties of soil water retention in the northern and southern croplands.
The fine-textured soil in the southern cropland was able to hold
more water than the coarse-textured soil in the northern cropland.
The maize was thus irrigated seven times with 120 mm of water
(at 15–17 day intervals) in the northern cropland and four times
with 150 mm of water (once a month) in the southern cropland
during the growing seasons. The croplands were plowed after har-
vest in September and kept bare throughout the winter and were
irrigated with 150 mm of water sourced from the Heihe River in
mid-November of both years to maintain soil moisture.

2.2. Sampling and measurement

Previous studies have shown that roots of maize even can reach
to a depth of 2 m (Teare and Peet, 1983; Liu et al., 2009). Therefore,
we focused on the temporal variation of components of soil water
balance in the 0–2 m soil profile during the growing season in this
study.

2.2.1. Measurement of soil moisture
A total of 48 aluminum neutron-probe access tubes were

installed at a depth of 3 m in the croplands in April 2011 (Fig. 1),

.ac
.cn
31 and 17 in the northern and southern parts of the study area,
respectively. Volumetric soil water contents (�, cm3 cm−3) were
determined with a neutron probe at the 48 locations, and the
piecewise-constant rule (at 0.1- and 0.2-m intervals for the 0–1
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Fig. 1. The location of the study area in C

nd 1–2 m soil layers, respectively) was applied. Some access tubes
ere eroded by salts below the 1-m layer, so measurements for

he 1–2 m layer at these locations were collected on fewer than 18
ccasions. Measurements for the 1–2 m layer at only 27 of the 31
ocations in the northern cropland and 15 of the 17 locations in the
outhern cropland were thus analyzed in this study. The measure-
ents were conducted regularly once a month from May  to October

n 2011, in December 2011 and from February to December in 2012,
or a total of 18 occasions. The measurements for each occasion
ere completed within three days. The measurements in May  of

oth years were conducted four days before the first irrigation after
owing, and the following three occasions (June–August) were five

http
ays after irrigation. The measurements in September of both years
ere conducted about twenty days after the irrigation in August.
easurements outside the growing season were conducted reg-

larly in the third week of each month. Soil water storage (mm)
nd sampling locations in the study area.

for location i at time j, SWSi,j, in the 0–1 or 1–2 m layers, was cal-
culated from �(i,j,k) (where k is soil depth, m) using the following
trapezoidal rules:

SWSi,j(0 − 1 m) = [�(i, j, 0.1) + �(i, j, 0.2) + · · · + �(i, j, 1.0)] × 100

SWSi,j(1 − 2 m) = [�(i, j, 1.2) + �(i, j, 1.4) + · · · + �(i, j, 2.0)] × 200

(1)

2.2.2. Measurement of meteorological factors
The meteorological variables were monitored by a standard

automated weather station installed at the research station. Precip-

itation, air temperature, humidity, vapor pressure, solar radiation
and wind speed were recorded hourly. The meteorological data
for 2011 and 2012 are presented in Fig. 2. The total rainfalls were
101.4 and 106.2 mm in 2011 and 2012, respectively, 98.2 and 97.6%
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Fig. 2. Meteorological factors 

f which, respectively, were recorded during the growing periods
Fig. 2a). The highest and lowest mean daily air temperatures were
n August and January, respectively (Fig. 2a). The mean annual wind
peed was 1.73 m s−1 (Fig. 2b). In both years, the saturation vapor-
ressure deficit increased from January, peaked in autumn and then
ecreased (Fig. 2b).

.2.3. Measurement of other soil properties
A differential GPS receiver with an accuracy of 3–5 m was  used

o record the position of each location. The distributions of par-
icle size and concentrations of organic carbon for the soils have
een reported in detail elsewhere (Li and Shao, 2013, 2014). A
it 1 m in depth was excavated at each location 0.5 m from the
ccess tube to obtain samples of undisturbed soil for measur-
ng saturated hydraulic conductivity (Ks, mm min−1) using the
onstant-head method (Klute and Dirksen, 1986; Hu et al., 2012a).
he soil columns were then oven-dried at 105 ◦C for 24 h to measure
oil bulk density (BD, g cm−3) using the dry weight of each column
Hu et al., 2012a). The selected soil and hydraulic properties in the
–1 and 1–2 m layers of the northern and southern croplands are

isted in Table 1.

.3. Analysis of data

http
://

ir.
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.3.1. The temporal stability analysis
The relative difference analysis was applied to evaluate tempo-

al stability. The relative difference, ıi,j, between SWS  at location i
 study area in 2011 and 2012.

and time j, SWSi,j and the spatial mean SWS  at the same time, SWSj ,
was defined as (Vachaud et al., 1985):

ıi,j = SWSi,j − SWSj

SWSj

(2)

The mean relative difference for each location, ıi, and the
standard deviation of the relative differences, �(ıi), over the mea-
surement period were calculated by:

ıi = 1
m

m∑
j=1

ıi,j (3)

�(ıi) =

√√√√ 1
m − 1

m∑
j=1

(ıi,j − ıi)
2

(4)

where m is the number of occasions of measurement. Relative dif-
ference analysis identifies locations that consistently overestimate
(ıi > 0), underestimate (ıi < 0) or approach (ıi ≈ 0) the spatial
mean SWS  over time. �(ıi) characterizes the temporal variability
of ıi,j. The location with the lowest �(ıi) is regarded as the most
stable over time (Grayson and Western, 1998; Hu et al., 2010b).

A representative location is defined as the location where the
measured SWS  is either close to SWSj or can obtain SWSj after easy

transformation (Vanderlinden et al., 2012). The simplest method
to identify a representative location is to select the location with
the

∣∣ıi

∣∣ closest to zero and a low �(ıi) (Vachaud et al., 1985). Soil

water storage at such a location mostly approximates to SWSj , but



144 D. Li, M. Shao / Agricultural Water Management 144 (2014) 140–149

Table  1
Descriptive statistics of selected soil properties in the northern and southern croplands in the study area.

Depth (m)  Statisticsa North (N = 31)b South (N = 17)

Clay (%) Sand (%) SOC
(g kg−1)

BD
(g cm−3)

Ks (mm  min−1) n Clay (%) Sand (%) SOC
(g kg−1)

BD
(g cm−3)

Ks (mm  min−1) n

0
–1

Min  3.59 9.82 0.81 1.42 0.06 0.37 13.4 13.1 2.44 1.23 0.03 0.37
Max  39.3 92.3 7.21 1.66 2.50 0.46 40.2 65.2 13.1 1.67 1.53 0.53
Mean 23.3 43.6 3.63 1.53 0.79 0.42 32.2 25.6 5.44 1.49 0.54 0.44
CV  (%) 45.8 54.2 49.2 6.0 120.6 8.2 20.9 54.6 51.1 10.0 97.4 12.8

1
–2

Min  0.98 3.57 0.75 – – – 4.39 4.20 0.82 – – –
Max  56.4 95.6 7.80 – – – 50.1 88.2 4.66 – – –
Mean 25.1 37.6 2.86 – – – 28.5 33.5 2.44 – – –
CV  (%) 54.5 75.5 56.9 – – – 43.9 81.5 44.0 – – –

based
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a Min, minimum; Max, maximum; CV, coefficient of variation. All statistics were 

b N, sample number; SOC, soil organic carbon concentration; BD, bulk density; K
xist.

t may  be not the most stable due to the inherent error in �(ıi) (Hu
t al., 2010b). The most stable location may  produce a more precise
stimation after providing an offset, because bias is potentially cor-
ectable whereas standard deviation is not (Schneider et al., 2008).
WSj can be estimated indirectly by providing an offset of ıi to the
WS  of the most stable location, SWSi, (Grayson and Western, 1998)
nd can be expressed as:

WSj = SWSi

1 + ıi

(5)

The location with the minimum �(ıi) was selected to identify
he most representative location using the method of Grayson and

estern (1998) in this study.

.3.2. Soil water balance
The FAO Penman–Monteith model is recommended as the

tandard method for defining and computing the reference evapo-
ranspiration, ET0 (mm  day−1). The model calculates daily ET0 as
Allen et al., 1998):

T0 = 0.408�(Rn − G) + �(900/(T + 273))u2(es − ea)
� + �(1 + 0.34u2)

(6)

here Rn is the net radiation at the crop surface (MJ  m−2 day−1),
 is the soil heat flux density (MJ  m−2 day−1), T is the mean daily
ir temperature at a height of 2 m (◦C), u2 is the wind speed at a
eight of 2 m (m s−1), es is the saturation vapor pressure (kPa), ea

s the actual vapor pressure (kPa), es − ea is the saturation vapor-
ressure deficit (kPa), � is the slope of the vapor-pressure curve
kPa ◦C−1) and � is the psychrometric constant (kPa ◦C−1).

The crop evapotranspiration, ETc (mm  day−1), was  determined
sing the single-crop coefficient, Kc (dimensionless), as (Allen et al.,
998):

Tc = KcET0 (7)

The single crop coefficient is relevant and convenient for most
tudies of hydrological water balance and for planning and man-
ging basic irrigation schedules. The values of Kc recommended
y Allen et al. (1998) were adjusted in this study with meteoro-

ogical data to produce values of 0.27, 1.15 and 0.60 for the initial,
id-season and late-season stages, respectively, of the maize crops.
Downward drainage (deep percolation) below the root zone can

e calculated according to the soil water balance (Allen et al., 1998):

P = r + I + �SWS  + Wg − ETc − R (8)

here DP is the deep percolation (mm),  r is the rainfall (mm),  I is

http
://

ir.
isw
rrigation (mm),  �SWS  is the calculated change in SWS  in the 0–2 m
ayer (mm),  R is the surface runoff (mm),  Wg is the capillary rise
rom groundwater (mm).  Wg was negligible because the water table
as lower than 3.5 m during the growing period (Ji et al., 2007). R
 on the mean values of diverse soil layers.
rated hydraulic conductivity; n, the total porosity (n = 1 − BD/2.65); –, data do not

was neglected because the study area was  flat. Positive values of
DP indicate downward percolation below the root zone, whereas
negative values indicate upward capillary action from lower layers
to the root zone.

2.4. Statistical test

Three statistical variables evaluated the ability of representative
locations to estimate the spatial mean SWS  and deep percolation:
the coefficient of determination (R2), the mean absolute relative
error (MARE) and the prediction accuracy (PE) (Panigrahi and
Panda, 2003). The latter two  variables were calculated as:

MARE = 1
m

m∑
i=1

Vio − Vip

Vio
(9)

PE = 1 −

m∑
i=1

(Vio − Vip)2

m∑
i=1

(Vio − Vo)
2

(10)

where m is the number of occasions of measurement, Vio is the
spatial mean SWS  (or spatial mean deep percolation) measured on
individual occasions, Vip is the SWS  after offset (or deep percola-
tion) at the most representative location on individual occasions of
measurement, and Vo is the temporal average of spatial mean SWS
(or spatial mean deep percolation) over the 18 occasions.

3. Results and discussion

3.1. Crop evapotranspiration

Crop evapotranspiration varied with the meteorological condi-
tions and the growing stages of the maize (Fig. 3). The total ETc

values during the 2011 and 2012 growing seasons averaged 661.4
and 630.3 mm in the northern and southern croplands, respec-
tively. These values were similar to those of 618.3 (Zhao et al., 2010)
and 591.3 mm (Liu et al., 2010) for maize in the same northern
region. The mean daily values of ETc were 4.3 and 4.1 mm day−1

in the northern and southern croplands, respectively, which were
similar to the values reported for the same region (Zhao et al., 2010)
and for semi-arid north China (Li et al., 2003).

3.2. Temporal variations of SWS  and associated spatial variability

.ac
.cn
The temporal trends of spatial mean SWS  and the spatial vari-
ability of SWS  during the period of measurement are presented in
Fig. 4. The 1–2 m layer consistently stored more water than the
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Fig. 3. Crop evapotranspiration in the northern and southern croplands during the
g
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rowing periods in 2011 and 2012.

–1 m layer in both the northern and southern croplands (Fig. 4a
nd b). The strong atmospheric demand of evapotranspiration
epleted a large amount of water in the 0–1 m layer. The alloca-
ion of water to roots, though, can account for the difference in SWS
etween the 0–1 and 1–2 m layers. Approximately 95% of the maize
oots were distributed in the 0–0.6 m soil layer, less than 2% were
llocated below 0.8 m,  and much less roots extended below 1.2 m
Zhou et al., 2008). Water uptake by roots contributed substantially
o the depletion of water in the 0–1 m layer.

The temporal averages of spatial mean SWS  in the northern
ropland were 241.8 and 306.2 mm in the 0–1 and 1–2 m layers,
espectively. The corresponding values were 269.0 and 329.2 mm,

espectively, in the southern cropland. The temporal variability of
patial mean SWS  was  higher in the 0–1 m layer (coefficients of
ariation (CVs) of 9.5 and 6.6% in the northern and southern crop-
ands, respectively) than in the 1–2 m layer (CV = 5.8 and 5.5% in the

ig. 4. The temporal trends of spatial mean soil water storage (a and b) and associated
ccasions of measurement.
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northern and southern croplands, respectively) (Fig. 4a and b). The
seasonal change in meteorological conditions and the growth of
maize were responsible for the large temporal variations in evapo-
transpiration and SWS  in the 0–1 m layer. The lateral redistribution
of soil moisture may  also account for the temporal evolution of the
SWS  pattern in the 0–1 m layer (Penna et al., 2013). Water stored
in the deeper layers tended to be more stable over time due to the
absence of impacts from climate and agricultural management and
the lack of water uptake by the roots (Choi and Jacobs, 2007; Hu
et al., 2010a).

The spatial variability of SWS  was  higher in the 0–1 m layer than
in the 1–2 m layer in the northern cropland during the period of
measurement (Fig. 4c), whereas the opposite trend was  observed
in the southern cropland (Fig. 4d). The sand contents at locations 81
and 108 in the 1–2 m layer of the southern cropland were 70.4 and
76.7%, respectively, which were considerably higher than the mean
of 33.5% for all locations (Table 1). The water-holding capacities
were lower at these two locations than at other locations. Loca-
tions 81 and 108 were consistently drier than the other thirteen
locations in the 1–2 m layer of the southern cropland over the 18
occasions of measurement. The mean SWS  of the other thirteen
locations ranged from 338.1 to 417.3 mm over the 18 occasions of
measurement, with a temporal average of 375.9 mm,  and the CVs
of SWS  ranged from 15.0 to 22.0%. The mean SWS  at locations 81
and 108 varied from 106.5 to 165.3 mm over the 18 occasions of
measurement, with a temporal average of 130.4 mm.  The differ-
ence in the water-holding capacity due to the differences of soil
texture among locations increased the spatial variability of SWS  in
the 1–2 m layer of the southern cropland. The spatial variability of
SWS  was  more stable over time in the 1–2 m layer (CV = 6.9 and
5.2% in the northern and southern croplands, respectively) than in
the 0–1 m layer (CV = 7.1 and 14.2% in the northern and southern
.ac
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croplands, respectively) during the period of measurement (Fig. 4
c and d). This result indicated a decreasing temporal variability in
the spatial pattern of SWS  with depth. The absence of disturbance
by management practices, animals and the activities of roots may

 spatial variability (c and d) in the northern and southern croplands over the 18
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Fig. 5. Ranked mean relative differences of soil water storage in the 0–1 and 1–2 m layers in the northern (a and c, respectively) and southern (b and d, respectively) croplands.
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alues above or below the bars are the location numbers. Standard error bars corr
ere  marked in red color. (For interpretation of the references to color in this figur

ccount for the temporal persistence of the SWS  spatial pattern in
he 1–2 m layer.

.3. Temporal stability of SWS

The ranked ıi ± �(ıi) of SWS  in the 0–1 and 1–2 m layers of the
orthern and southern croplands are shown in Fig. 5. The range,
aximum and minimum of ıi in the 0–1 and 1–2 m layers were

ower in the northern (Fig. 5a and c) than the southern cropland
Fig. 5b and d). This result indicated that SWS  in the northern crop-
and was more homogeneously distributed over space during the
eriod of measurement. The most stable locations in the 0–1 and
–2 m layers in the northern cropland were slightly wetter than
he field averages (ıi = 7.3 and 4.0%, respectively, Fig. 5a and c).
he most stable locations in the 0–1 and 1–2 m layers in the south-
rn cropland were relatively drier than the field averages (ıi = −8.7
nd −49.5%, respectively, Fig. 5b and d). Pearson correlation anal-
sis showed that ıi and �(ıi) were negatively correlated in the 0–1
nd 1–2 m layers of the northern cropland and in the 0–1 m layer of
he southern cropland. ıi was positively correlated with �(ıi) in the
–2 m layer of the southern cropland. These correlations, however,
ere not significant. High temporal stabilities of soil moisture in
ry soils have been extensively reported (Martínez-Fernández and
eballos, 2003; Jacobs et al., 2004; Cosh et al., 2008). In contrast,
uber et al. (2008) found no dependence of temporal stability on

he average water content at a particular location. The relation-
hip between temporal stability and the condition of the soil water
epends on the criteria used. For standard deviation of relative dif-
erences, drier soils corresponded to stronger temporal stability,

http
://

ir.
isw
ut the index of mean absolute bias error indicated the opposite
rend (Hu et al., 2010b). Differences in soil properties and hydro-
ogical factors may  account for the conflicting findings in different
tudy regions. The near-zero MARE and the high R2 and PE indicated
d to ± one standard deviation of the relative differences. The most stable locations
nd, the reader is referred to the web version of the article.)

that the most stable location, provided with an offset of ıi, could
accurately estimate the spatial mean SWS  in each layer during the
period of measurement (Fig. 6). These locations were regarded as
the most representative. This result concurs with reports in the
international literature. Starks et al. (2006) and Zhang and Shao
(2013) found that locations with the minimum �(ıi) after offset
gave the best estimates of the spatial mean soil water content. The
most representative locations in our study were not identical in
the two layers for either the northern or southern croplands, which
was consistent with previous reports (Guber et al., 2008; Martinez
et al., 2013). Representative locations 47 (R2 = 0.31; MARE = 0.12)
and 96 (R2 = 0.78; MARE = −0.19) in the 0–1 m layers of the northern
and southern croplands, respectively, however, could also gener-
ally estimate the spatial mean SWSs in the corresponding 1–2 m
layers. Starks et al. (2006) also found that the stable dry or wet
locations could represent various layers.

3.4. Deep percolation during the growing period

The temporal variations of deep percolation and the percent-
age of deep percolation of irrigation and rainwater from May to
September in the two monitored years are presented in Fig. 7.
Deep percolation from 21 May  to late September averaged 330 mm
over the two years in the northern cropland, representing ∼39% of
the irrigation and rainfall, and averaged 133 mm  in the southern
cropland, representing ∼22% of the irrigation and rainfall. These
percentages were lower than the 43% of the 840 mm irrigation
water reported for the growing period of spring wheat in the north-
ern cropland (Ji et al., 2007). Deep percolation was relatively high

.a
during the periods from 21 May  to 20 June and 21 August to late
September in 2011 and 2012 in both the northern and southern
croplands (Fig. 7a). The amounts of deep percolation in the north-
ern cropland from 21 May  to 20 June represented 37.9 and 38.3% of
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Fig. 6. The comparison of soil water storage at the most representative location to

Fig. 7. The temporal variations of deep percolation (DP) (a) and the percentages of
deep percolation and evapotranspiration (ET) of irrigation and rainfall (I + r) (b and
c,  respectively) in the northern and southern croplands during the growing periods
in  2011 and 2012.

http
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isw

c

 the spatial mean soil water storage in the northern and southern croplands.

the irrigation and rainfall in 2011 and 2012, respectively. The cor-
responding values were 45.4 and 33.6% in the southern cropland
(Fig. 7b). This period was  in the initial and development stages of
maize. Evapotranspiration gradually increased with the increasing
leaf area index, a sufficient water supply satisfied the requirements
of the crops, and excess water was lost by drainage below the
root zone (Ma  et al., 2013). The period from 21 August to late
September was the late-season stage, when leaves began to senesce
and less water was  required. The percentages of deep percolation
of irrigation and rainwater during this period in 2011 and 2012
were 76.8 and 52.7% in the northern cropland and 32.1 and 13.8%
in the southern cropland, respectively (Fig. 7b). The temporal mean
percentages in the late-season stage were 64.8 and 23.0% in the
northern and southern croplands, respectively. For spring wheat
in the northern cropland, deep percolation represented 46% of the
irrigation and rainfall in the senescence stage (Ji et al., 2007). The
last irrigation applied 15–20 days before harvest did not therefore
efficiently benefit production in the northern cropland. The lower
amount of percolation in the southern cropland may have been
due to the delayed growing season and relatively stronger water
holding capacity. The soil in the southern cropland was much finer-
textured than the soil in the northern cropland (Li and Shao, 2013),
so the water-holding capacity was  higher in the southern cropland,
and less water was  lost by drainage than in the northern cropland.

The root zone in the southern cropland was  recharged by capil-
lary rise from the soil below 2 m in August and September of 2012
(Fig. 7a). Deep percolation from 21 June to 30 September in 2011
was low, and evapotranspiration represented more than 90% of
the irrigation and rainfall. Even the recharge from the lower lay-
ers was  consumed by the high evapotranspiration demand during
this period in 2012 (Fig. 7c). Drainage dominated from the sow-
ing to the heading stages of maize, while the soil water flux at the
bottom of the root zone was  mainly upward through capillary rise
from the heading to the harvest stages (Ma  et al., 2013). In north-
eastern Thailand, capillary rise from deeper layers in the dry season
provided large amounts of water for evapotranspiration from the
0.5 m layer (Watanabe et al., 2004).

Deep percolation at the most representative location of the
spatial mean SWS  for the 0–1 m layer well estimated the spatial
mean deep percolation below a depth of 2 m,  with high R2 and
near-zero MARE in the northern and southern croplands (Fig. 8).

.ac
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The prediction accuracies, however, were low, especially in the
southern cropland. Capillary rise occasionally occurred at some
locations in the southern cropland during the measurement period,
which significantly impacted the spatial mean deep percolation.
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ig. 8. The comparison of deep percolation at the most representative location of
patial mean soil water storage in the 0–1 m layer to the spatial mean deep perco-
ation in the northern and southern croplands.

evertheless, the future management of agricultural water can be
enerally based on the measurements of meteorological variables
nd SWS  at the four representative locations. Once the feasibil-
ty of this approach is verified by measurement over a longer
erm, it may  provide information for determining water-conserving
rrigation schedules for large-scale arid regions in northwestern
hina. The existing efficiency of irrigation is low in the study area,
nd measures should be taken to reduce the deep percolation after
rrigation. An irrigation schedule with more frequent applications
nd lower amounts may  be more suitable (Ji et al., 2007). Advanced
rrigation technologies should be encouraged, such as pulse-drip
nd sprinkler irrigation.

. Conclusions

Two irrigated croplands for the production of maize seeds in an
rid region of northwestern China were selected to evaluate the
emporal variation of components of the soil water balance. Mete-
rological factors were monitored in the study area in 2011 and
012, and SWS  profiles (0–1 and 1–2 m layers) were determined
ver 18 occasions from 31 and 17 locations in the northern and
outhern croplands, respectively. Crop evapotranspiration, SWS
ariation and deep percolation were analyzed during the maize
rowing periods. Soil water storages in the 0–1 and 1–2 m soil
ayers of the northern and southern croplands were temporally
table. The location with the lowest standard deviation of relative
ifferences after offset could accurately estimate the spatial mean
WS and was identified as the most representative location. The
ost representative locations for the 0–1 m layer could generally

epresent SWS  in the 0–2 m soil profile in both croplands. Deep
ercolation from 21 May  to late September represented ∼39 and
2% of the irrigation and rainfall in the northern and southern crop-

ands, respectively. These different percentages for the same period
ay  be ascribed to a delay of the growing season in the southern

ropland and to differences in water-holding capacity. Deep perco-
ation was high in the initial, development and senescence stages.
eep percolation at the most representative locations of spatial

http
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ir.
isw
ean SWS  for the 0–1 m layers was generally able to estimate
he spatial mean deep percolation below a depth of 2 m.  Measure-

ents over a longer term are needed to verify the feasibility of
redicting the spatial mean SWS  and deep percolation from the
nagement 144 (2014) 140–149

representative locations. The results of this study may have impli-
cations for determining a water-conserving irrigation schedule in
arid regions of northwestern China.
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