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The application of water saving irrigation is essential to alleviate the rapid depletion of groundwater
resources in water crisis areas such as the North China Plain (NCP). The integrated effects of climate, soil
and groundwater conditions on water balance and crop response need to be further studied. It is imper-
ative to investigate spatial differences of irrigation scheduling and groundwater recharge within the NCP
for regional water management. In this study, three representative sites including Luancheng (LC),
Tongzhou (TZ) and Yucheng (YC) with different precipitation, soil and water table conditions were
selected. The SWAP model was established at each site to compare optimal irrigation scheduling and
groundwater recharge of the winter wheat-summer maize double cropping system under different
hydrological years. Largest optimal irrigation amount and additional irrigation at the winter-dormancy
stage of wheat were required for the TZ site in each hydrological year. The optimal irrigation scheduling
was almost same at the three sites for summer maize, except that no irrigation was needed at filling stage
in dry year at the YC site. The average annual groundwater recharge under optimal irrigation was in the
order of YC (108.4 mm), TZ (63.8 mm) and LC (0.4 mm). Furthermore, the groundwater recharge occurred
throughout the double cropping seasons in YC, but it occurred only in summer maize season at the LC and
TZ sites. The net irrigation amount of the optimal irrigation scheduling was reduced by 51.2%, 24.9% and
77.2% compared to reference practice at the LC, TZ and YC sites, respectively. The amount of groundwater
recharge depended on the local precipitation and irrigation, while water table depth and soil texture
mainly influenced the delay time of groundwater recharge relative to the water input events.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

The North China Plain (NCP) is one of the most important food
production regions in China, providing about 69% of wheat and 35%
of maize grain yield of the whole country (Mo et al., 2009). This
high crop yield is based on the consumption of about 79% of
groundwater resources in the area. However, overexploitation of
groundwater for irrigation has resulted in great groundwater level
declines and many other environmental problems in the NCP (e.g.,
land subsidence, ecosystem degradation, and groundwater quality
deterioration) (Kendy et al., 2003; Sun et al., 2010). Therefore,
irrigated agriculture is facing critical challenge to produce suffi-
cient food for a continuously increasing population but with lim-
ited water supply. Efficient irrigation water management has to
be carried out to aim at saving water and maximizing its produc-
tivity (Fereres and Soriano, 2007).

Supplemental irrigation and limited or deficit irrigation are
effective ways to reduce irrigation water use and improve crop
water use efficiency (WUE) (Kang et al., 2002; Fereres and
Soriano, 2007). In the past two decades, many field experiments
were conducted in the NCP to investigate soil water balance and
crop yield response under deficit irrigation. These studies focused
on the relationship between evapotranspiration and grain yield,
irrigation scheduling and WUE, and crop responses to water stress
at different growth stages (Liu et al., 2002; Li et al., 2005; Zhang
et al., 2006; Shang et al., 2009). Moreover, several simulation mod-
els (e.g., ISAREG, RZWQM and APSIM models) have been applied to
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generate the optimal irrigation scheduling strategies for winter
wheat and summer maize in specific location of the NCP (Liu
et al., 2006; Wang and Huang, 2008; Chen et al., 2010).

Water-saving agricultural practices, along with the declining
water tables and increasing thickness of the vadose zone, have
strongly affected the field water cycle, especially the groundwater
recharge (Wang et al., 2008). Roman et al. (1999) presented that an
improved irrigation schedule could reduce recharge compared to
traditional irrigation applied by farmers. Besides irrigation, precip-
itation, soil type and water table also influenced groundwater
recharge. In general, groundwater recharge increased with the
amount and intensity of rainfall which influenced how much water
entered into the soil and rocks (Edmunds, 2001; Stonestrom et al.,
2007). A logarithm empirical equation was proposed to describe
the relationship between the groundwater level increment and
the effective accumulated rainfall amount (Jan et al., 2007). The
sandy soils tended to have greater rates of recharge compared to
clayey soils as the latter increased tortuosity and limited water
movement (Kim and Jackson, 2012). The water table depth deter-
mined the time-lags between infiltration (rainfall plus irrigation)
and groundwater recharge (Lu et al., 2011).

In the NCP, Kendy et al. (2004) showed that areal recharge in
Luancheng was not a constant fraction of the plus of precipitation
and irrigation, but rather the fraction increased with the increase
of water inputs. Chen et al. (2010) estimated the response of
recharge to historical climate (1961–2000) and irrigation, and they
explored the optimal water management strategies in Luancheng
using the APSIM model. Wang et al. (2008) indicated that the
recharge rate in Cangzhou with silt soil (0.27 mm d�1) was larger
than that in Dezhou (0.15 mm d�1) with silt clay soil. However,
the integrated effects of irrigation scheduling, precipitation, soil
and water table conditions on groundwater recharge were not paid
enough attention in previous studies.

It is believed that the above studies have provided insights into
optimal irrigation management and groundwater recharge evalua-
tion. However, these studies were mainly limited to one specific
location in the NCP, and the obtained results restricted to local con-
ditions. The responses of water balance and groundwater recharge
to irrigations are quite variable in different areas due to the spatial
variability of precipitation, soil and water table conditions in the
NCP. Spatial differences of irrigation scheduling and groundwater
recharge and their affecting factors at multiple sites within the
NCP need to be further studied. Therefore, it is imperative to
choose representative sites in the NCP to reasonably establish areal
irrigation scheduling and assess groundwater recharge. Due to the
lack of sufficient field experimental data in multiple sites, combin-
ing the numerical model with the available field experimental data
is an appropriate approach for this work.

The soil–water–atmosphere–plant model (SWAP) is an
applicable and feasible tool for field water balance evaluation
and irrigation management under various conditions (van Dam
et al., 1997). It is a physically based agro-hydrological model with
extensive features to account for soil heterogeneity and boundary
conditions. The SWAP model has been tested and validated for a
wide range of climate and agricultural systems in semi-arid areas
(Sarwar et al., 2000; Droogers et al., 2001) including the NCP (Ma
et al., 2011; Huo et al., 2012).

There are three objectives of this study. First is to establish the
SWAP model at three representative sites with distinct precipita-
tion, soil and water table conditions in the NCP. Second is to use
the SWAP model to simulate the optimal irrigation scheduling
and groundwater recharge under different hydrological years for
winter wheat-summer maize double cropping system at the repre-
sentative sites. Third is to evaluate the impacts of precipitation, soil
and water table conditions on the evapotranspiration and ground-
water recharge. Previous studies have a focus on crop and
irrigation whereas this study has a focus on groundwater. This
study is expected to present beneficial suggestions to improve
agricultural water use efficiency and alleviate the groundwater
resources crisis in the NCP.
2. Study area

The North China Plain (NCP) with an area of 140,000 km2 is
located in north China (34�460–40�250N, 112�300–119�300E). It is
one of the most densely populated regions in the world with an
average population of about 800 per km2. The water resource per
capita is approximately 500 m2 yr�1, only accounting for one quar-
ter of the national average and one-fifteenth of the world average.
Water shortage and groundwater over-abstraction are the critical
threats to sustainable food production in this region.

The climate in the NCP is continental semi-arid, with average
annual temperature of 12–13 �C. Mean annual precipitation is
about 560 mm (1951–2008). The seasonal distribution of precipi-
tation is uneven, with approximately 70–80% of precipitation
occurring during the summer maize season from June to
September (Cao et al., 2013). Regionally, average annual precipita-
tion decreases from the southeast to the northwest, with relatively
small value in the Shijiazhuang–Hengshui–Xingtai area. Mean
annual pan evaporation ranges from 1100 to 2000 mm (Chen
et al., 2005). Fu et al. (2009) have predicted that the increases of
annual precipitation in 2025, 2050, and 2080 will be less than
20% in the NCP comparing with the value in the 20th century. At
the end of 21st century, the evapotranspiration will increase less
than 6% for winter wheat and 28.5% for summer maize under the
baseline from 2000 to 2008 (Mo et al., 2009).

The NCP is divided into three main geomorphologic zones from
the Taihang Mountains in the west to the Bohai Sea in the east: the
piedmont plain, the alluvial and lacustrine plains (central plains),
and the coastal plain (Fig. 1) (Cao et al., 2013). The water table
depth in the piedmont plain is relatively deep between 8 and
45 m, even up to 60 m at some locations, and the unsaturated zone
consists mainly of silt and fine sand. The water table depth is in the
range of 5–15 m in the alluvial and lacustrine plains, and soil is
mainly silty clay and silt. In the coastal zone, the water table is rel-
atively shallow with the value between 0 and 7 m, and the major
soil is silt and silty clay.

Three representative sites in the NCP were selected for the irri-
gation management and groundwater recharge evaluation, includ-
ing Luancheng (LC), Tongzhou (TZ) and Yucheng (YC) sites (Fig. 1).
The LC site is in the piedmont plain, which is located at Luancheng
Agro-Eco Experimental Station (37�530N, 114�410E, 50 m altitude).
The TZ site is located at Central Station for Irrigation Experiment of
Beijing (39�590N, 116�170E, 14 m altitude) within the northern allu-
vial and lacustrine plains. The YC site is in the southern alluvial and
lacustrine plains, which is located at the Yucheng Comprehensive
Experimental Station (36�570N, 116�380E, and 22 m altitude)
within the Panzhuang Irrigation District at the lower reach of the
Yellow River.

The average precipitation (P, mm), reference evapotranspiration
(ET0, mm) and mean temperature (Tmean, �C) during the winter
wheat-summer maize crop rotation was, respectively, 524 mm,
1028 mm and 13.5 �C for LC, 544 mm, 1081 mm and 12.4 �C for
TZ, and 556 mm, 1236 mm and 14.7 �C for YC from 1961 to 2009.
Obvious decreasing trends of annual P were observed at all the
three sites, particularly for YC with the reduction rate of
3.27 mm yr�1. The annual ET0 decreased both in LC and YC while
increased slightly in TZ. Increasing rate of the annual Tmean was
similar among the three sites with the value of about 0.04 �C yr�1.

The main soil texture in the layer of 0–6.5 m, 6.5–10 m, 10–
12 m, and 12–16 m at the LC site is silt loam, sandy loam, sand,
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and silt loam, respectively. The TZ site consists mainly of silt loam,
sandy loam, sandy clay loam, and sand in the layer of 0–4 m, 4–
7.1 m, 7.1–9.4 m, and 9.4–13.2 m, respectively. The YC site is dom-
inant with silt loam in the layer of 0–5 m. The three sites are typ-
ical and representative of high agricultural production soils in the
NCP. Because the depths of root water uptake were within 2 m for
winter wheat and summer maize, the main soil physical properties
within 2 m for LC and TZ, and 5 m for YC were considered and pre-
sented in Table 1. The measured soil profile could be divided into
five, five and four layers in LC, TZ and YC, respectively. The soil tex-
ture at the three sites was dominant with silt loam. The clay con-
tents in the lower soil layer were largest in LC (25.0%) and least in
TZ (1.9%). Moreover, there were largest sandy contents (46.8%) in
the soil profile of the TZ site.

The daily variation of water table depth was significantly differ-
ent among the three sites from 2000 to 2009 (Fig. 2). The water
table depth at the LC site consistently decreased from 30.5 m to
Table 1
Soil properties at the Luancheng (LC), Tongzhou (TZ) and Yucheng (YC) sites.

Site Soil depth (cm) Sand (%) Silt (%) Clay (%) Bulk density (g cm�3) Soil texture

LC 0–20 11.0 76.0 13.0 1.39 Silt loam
20–80 10.0 78.0 12.0 1.48 Silt loam
80–120 12.0 55.0 33.0 1.54 Silt clay loam
120–160 15.0 60.0 25.0 1.63 Silt loam
160–200 15.0 60.0 25.0 1.55 Silt loam

TZ 0–40 45.1 51.9 2.9 1.49 Silt loam
40–80 37.2 60.4 2.4 1.53 Silt loam
80–120 53.2 44.9 1.8 1.47 Sandy loam
120–150 63.1 35.4 1.5 1.45 Sandy loam
150–200 35.6 62.1 2.3 1.48 Silt loam

YC 0–20 12.9 65.1 22.1 1.27 Silt loam
20–60 11.3 67.0 21.7 1.36 Silt loam
60–100 28.3 58.0 13.7 1.40 Silt loam
100–500 6.3 74.0 19.7 1.37 Silt loam
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36.1 m below the soil surface with a rapid trend of 0.60 m yr�1. At
the TZ site, the water table depth decreased from 7.5 m to 12.6 m
with a rate of 0.38 m yr�1. In contrast, the water table depth fluc-
tuated between 0 and 5 m in YC. The groundwater in YC was shal-
low because of interaction (infiltration and seepage) with the
Yellow River, and recharge of precipitation and irrigation.
3. Materials and methods

3.1. SWAP model

In this study, the SWAP model was used to simulate
one-dimensional vertical transient flow and crop response with
considering the impacts of irrigation, rainfall, soil and water table
depth (van Dam et al., 1997). The transient soil water flow in sat-
urated–unsaturated zone is described by Richards’ equation which
is subsequently solved using an implicit finite-difference scheme:

CðhÞ @h
@t
¼ @

@z
KðhÞ @h

@z
þ 1

� �� �
� SaðzÞ ð1Þ

where C is the differential soil water capacity (cm�1), h is the soil
water pressure head (cm), t is time (d), z is the vertical coordinate
(cm, positive upward), K is the hydraulic conductivity (cm d�1),
and Sa is the soil water extraction rate by plant roots
(cm3 cm�3 d�1). The soil hydraulic functions are defined with the
van Genuchten–Mualem model (van Genuchten et al., 1991):

hðhÞ ¼ hr þ
hs � hr
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k
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where hr is the residual water content (cm3 cm�3), hs is the satu-
rated water content (cm3 cm�3), h is the actual soil water content
(cm3 cm�3), a (cm�1) and n (–) are empirical shape factors, Ks is
the saturated hydraulic conductivity (cm d�1), Se = (h � hr)/(hs � hr)
is the relative saturation (–), and k is an empirical coefficient (–).

The simple crop growth module of Doorenbos and Kassam
(1979) included in SWAP is used in this study. Crop growth is
Table 2
The irrigation amount for winter wheat and summer maize in experimental seasons at th

Site Season Treatment

LC 1998–1999 T1
T2
T3

1999–2000 T1
T2
T3

TZ 2007–2008 T1
T2
T3
T4

2008–2009 T1
T2
T3
T4

YC 2001–2002 T1
T2
T3
T4

2002–2003 T1
T2
T3
T4
described by the leaf area index (LAI), crop height (CH) and rooting
depth (RD) as a function of development stage (DVS). The DVS is
assumed to be linear with growth time from emergence to harvest
(0 < DVS < 2).
3.2. Model setup at the three representative sites

A few field experiments have been conducted at the LC, TZ and
YC sites to investigate water movement and crop response under
different irrigation practices for winter wheat and summer maize.
Field experiments with two rotations carried out at the LC (from
1998 to 2000), TZ (from 2007 to 2009), and YC site (from 2001 to
2003) were used for the SWAP model evaluation in this study
(Table 2). The detailed measurements and results at the LC, TZ
and YC sites were demonstrated by Zhang et al. (2004), Ma et al.
(2011) and Fang et al. (2007), respectively. The SWAP model was
setup at the three sites, which was described in detail in the
following.

According to the water table depth range at the three sites, the
simulated soil profile was set to be 200 cm depth for both the LC
and TZ sites, and 500 cm depth for the YC site. The simulated soil
profile was vertically discretized into 45, 49 and 55 compartments
in the LC, TZ and YC sites, respectively. To ensure the convergence
of the numerical solution, thinner compartments were used at the
surface soil layer where rapid changes in water content and pres-
sure head gradients often occurred. A 1-day time step was used
in the modeling.

The upper boundary condition is determined by the potential
evapotranspiration rate, and irrigation and precipitation fluxes.
The potential evapotranspiration rate is estimated by the
Penman–Monteith equation. To define the upper boundary condi-
tion, the daily meteorological data in LC (1998–2000) and YC
(2001–2003) were both obtained from the Chinese Ecosystem
Research Network (http://www.cerndata.ac.cn/) to estimate the
potential evapotranspiration, while those data in TZ (2007–2009)
were collected at the local meteorological station.

For the lower boundary condition, the free drainage condition
was implemented at the LC and TZ sites as the water table was
deep. In this case, unit pressure head gradient was assumed at
the bottom boundary. In YC, the free water level (0.09–4.60 m)
e LC, TZ and YC sites.

Winter wheat Summer maize
Irrigation amount (mm) Irrigation amount (mm)

5 40
185 110
365 120
0 40
150 100
250 125

60 100
90 100
150 100
210 100
60
120
210
300

0 100
60 250
120 250
180 100
0 75
60 75
120 75
180 75

http://www.cerndata.ac.cn/
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located within the simulated profile and the Dirichlet type (given
pressure head) lower boundary was used. The bottom boundary
pressure head value of soil profile could be determined according
to the daily water table depth as follows:

h ¼ GWL� z� hresis ð4Þ

where h is the pressure head at the bottom of the soil profile (cm),
GWL is the groundwater level (negative = below surface level, cm), z
is the position of bottom nodal point (negative, cm), hresis is the head
difference between the groundwater level and hydraulic head of the
bottom nodal point in the previous time step.

The initial soil moisture measured from the field experiments
was used to determine the initial conditions of pressure head at
each compartment of soil profile in LC and TZ. In YC, the initial
moisture conditions as an equilibrium profile with the groundwa-
ter table were defined. In this case, the nodal pressure head at the
groundwater level equaled zero and the nodal pressure head
decreased linearly with height toward the soil surface.

The vegetation parameters including the LAI and CH at different
crop development stages, length of crop cycle, and maximum root-
ing depth were measured at each site (Zhang et al., 2004; Ma et al.,
2011; Fang et al., 2007). The initial crop parameters including the
extinction coefficient for diffuse and direct visible light, minimum
canopy resistance, limiting pressure heads, and salinity were set to
the values recommended by van Dam et al. (1997). The minimum
volumetric soil air content in the top 25 cm of loam soil was 0.08.
Then they were adjusted manually using the crop measurements
at each site. The input parameters used for the simulated crop
(winter wheat and summer maize) at the three sites were summa-
rized in Table 3.
3.3. Model calibration and validation

For model calibration, the initial soil hydraulic parameters were
estimated by fitting the measured soil textural percentages and
bulk density to the van Genuchten–Mualem equations with the
Rosetta pedotransfer functions of Schaap et al. (1998). The calibra-
tion was carried out with soil moisture data of the T1 and T3 treat-
ments in LC, and the T1 and T4 treatments in both TZ and YC
(Table 2). The van Genuchten–Mualem parameters (n and a) were
first adjusted using the PEST package, which has unique nonlinear
parameter estimation capability (Doherty, 2002). When the differ-
ences between simulated and measured soil water contents were
larger than the standard deviation, other three parameters were
also optimized. After calibration, soil moisture data from the
Table 3
Main crop parameters specified for SWAP model at the LC, TZ and YC sites.

Parameter LC

Winter wheat Summer m

Length of crop cycle (d) 244 96
Extinction coefficient for diffuse visible light, jdif (–) 0.7 0.55
Extinction coefficient for direct visible light, jdir (–) 0.9 0.75
Maximum rooting depth (cm) 105 65
Minimum canopy resistance, rcrop (sm�1) 65 70

Limiting pressure heads, h (cm)
h1 �0.1 �15
h2 �1.0 �30

hh
3

�400 �325

hl
3

�1200 �600

h4 �8500 �8000

Salinity
Critical level, ECmax (dSm�1) 6.0 1.8
Decline per unit EC, ECslope (%dSm�1) 7.1 7.4
remaining treatments (T2 treatment in LC, T2 and T3 treatments
in TZ and YC) (Table 2) were used for model validation. Two quan-
titative performance criteria including root mean square error
(RMSE) and Nash–Sutcliffe model efficiency (NSME) were used to
quantify the deviation of the modeling results from the observed
data.

3.4. Model application

The validated SWAP model was applied to search optimal irri-
gation scheduling and estimate groundwater recharge at the three
sites in different hydrological years during 1961–2009.

3.4.1. Determination of hydrological years
Rainfall frequencies during the whole year, winter wheat sea-

son and summer maize season were analyzed using the
log-Pearson III type distribution method to determine the hydro-
logical years at the three sites. The long sequences of climate data
at the three sites were obtained from the local Meteorological
Administration Bureau. The results showed that precipitation at
25%, 50%, and 75% precipitation exceedance probabilities (PEPs)
for the whole year was 630, 510, and 400 mm for the LC site,
680, 540, and 420 mm for the TZ site, and 670, 532, and 420 mm
for the YC site, respectively. In this study, we chose the most typ-
ical hydrologic years with the same PEPs for the whole year and
two crop seasons, which were commonly used in previous studies
to determine hydrological years. The typical year for 25%, 50%, and
75% PEP was 1987–1988, 1984–1985, and 2005–2006 in LC, 1977–
1978,1991–1992, and 1980–1981 in TZ, 1993–1994,1978–1979,
and 2005–2006 in YC, respectively.

3.4.2. Design of irrigation scenarios
The irrigation scheduling scenarios of winter wheat and sum-

mer maize were designed according to previous experimental data
and literatures in the NCP (Zhang et al., 2003, 2006; Shang et al.,
2009; Li et al., 2005). Moreover, the differences of the precipitation
amount at each crop season among the three sites were also con-
sidered for designing irrigation scenarios. The amount of each irri-
gation was recommended to be 60–80 mm in the NCP. As the
water deficit in winter wheat season increased in turn at the TZ,
LC and YC sites, each irrigation amount of 75, 70 and 60 mm was
correspondingly set for the three sites. During the summer maize
season, 60 mm of irrigation water was applied each time at the
three sites. The timing of irrigation was designed to roughly match
the key development stages of wheat and maize. The reference
TZ YC

aize Winter wheat Summer maize Winter wheat Summer maize

252 93 236 103
0.65 0.6 0.6 0.5
1.0 0.75 0.9 0.75
100 60 100 80
50 70 55 80

�0.1 �15 �0.1 �15
�1.0 �30 �1.0 �30
�500 �350 �300 �400

�900 �700 �800 �650

�16,000 �14,000 �11,000 �9000

6.0 1.8 6.0 1.8
7.1 7.4 7.1 7.4



Table 4
Irrigation scenarios of winter wheat and summer maize for searching the optimal irrigation scheduling at the LC, TZ and YC sites.

Site Scenario Winter wheat Summer maize

Winter-dormancy
(mm)

Greening
(mm)

Jointing
(mm)

Heading
(mm)

Filling
(mm)

Pre-sowing
(mm)

Jointing
(mm)

Heading
(mm)

Filling
(mm)

LC S1 – – – 70 – 60 – – –
S2 – – 70 70 – 60 – 60 –
S3 – 70 70 70 – 60 – 60 60
S4 – 70 70 70 70 60 60 60 60
S5 70 70 70 70 70 60 60 60 60

TZ S1 75 – – – – – – – –
S2 75 – – 75 – 60 – – –
S3 75 – 75 75 – 60 – 60 –
S4 75 – 75 75 75 60 – 60 60
S5 75 75 75 75 75 60 60 60 60

YC S1 – – – 60 – 60 – – –
S2 – – 60 60 – 60 – 60 –
S3 – 60 60 60 – 60 – 60 60
S4 – 60 60 60 60 60 60 60 60
S5 60 60 60 60 60 60 60 60 60

Note: ‘‘–’’ shows no irrigation applied.
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irrigation scheduling was defined with 5 irrigation times (at the
stages of winter dormancy, greening, jointing, heading and filling)
for winter wheat and 4 irrigation times (at the stages of
pre-sowing, jointing, heading and filling) for summer maize at
the three sites, which could sufficiently meet the water require-
ments during the full growing season (Zhang et al., 2006).
According to the above principles, five irrigation scenarios were
designed for each hydrological year at every site (Table 4).
Scenario 5 (S5) in Table 4 represented the reference irrigation
scenario.
3.4.3. Determination of optimal irrigation scheduling and groundwater
recharge

The optimal irrigation scheduling and groundwater recharge of
the different hydrological years at the three sites were simulated
with the validated crop and soil parameters. The initial condition
for each soil compartment in LC and TZ was defined as the nodal
pressure heads corresponding to 0.7 times of the field capacity
(Shang et al., 2009). An equilibrium profile of pressure head with
the water table was specified at the sowing date of winter wheat
in YC. The water tables of the specific hydrological years in YC were
obtained from the Chinese Ecosystem Research Network.

The water use efficiency (WUE) was generally used to search
optimal irrigation scheduling. However, only the relative yield
could be obtained by the simple crop model in SWAP. Therefore,
the relative water use efficiency (WUEr) was introduced to
Table 5
Calibrated soil hydraulic parameters in the SWAP model at the LC, TZ and YC sites.

Site Soil depth (cm) hr (cm3 cm�3) hs (cm3 cm�3)

LC 0–20 0.01 0.49
20–80 0.02 0.47
80–120 0.02 0.46
120–160 0.03 0.42
160–200 0.01 0.44

TZ 0–40 0.10 0.41
40–80 0.06 0.42
80–120 0.10 0.40
120–150 0.08 0.41
150–200 0.05 0.43

YC 0–20 0.02 0.32
20–60 0.12 0.37
60–100 0.13 0.42
100–500 0.14 0.45
compare each irrigation scenario with the reference irrigation sce-

nario. The WUEr for the ith irrigation scenario (WUEi
r) was calcu-

lated as:

WUEi
r ¼

WUEi

WUEt ¼
Yi

rYp=ETi

Yt
rYp=ETt ¼

Yi
r

Yt
r

ETt

ETi
ð5Þ

where the superscript i and t indicated the ith and reference irriga-
tion scenario, respectively, Yr was the relative yield, Yp was the
potential yield under sufficient irrigation, ET was the actual evapo-
transpiration. This indicator could clearly show the advantages of
the optimal irrigation scheduling with respect to other scenarios.
The highest WUEr was used as the principal evaluation criterion
of the optimal irrigation scheduling at different hydrological years.

Meanwhile, the water balance components including soil water
storage change (DW) and actual evapotranspiration (ET) were also
determined under different irrigation scenarios. The simulated
drainage at the bottom of the soil profile in YC and TZ and that
at the groundwater level in YC was assumed to be the groundwater
recharge (R) at each site.
4. Results

4.1. Model evaluation

The optimized hydraulic parameters from the calibration proce-
dure were shown in Table 5. As typical examples, Fig. 3 showed the
Ks (cm d�1) a (cm�1) k (–) n (–)

100.0 0.0500 �0.8 1.18
58.0 0.0250 �2.3 1.20

2.0 0.0200 �3.0 1.14
0.3 0.0300 �3.5 1.15
1.6 0.0200 �2.0 1.08

18.1 0.0025 0.5 1.90
14.8 0.0040 0.5 1.41
20.8 0.0096 0.5 1.49
22.9 0.0110 0.5 1.46
10.1 0.0105 0.5 1.34

154.0 0.0120 0.3 1.30
60.6 0.0235 0.3 1.31
22.6 0.0308 0.7 1.30
15.7 0.0411 0.9 1.28
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Fig. 3. Comparison between measured and simulated soil water contents of different depths at the (a) LC, (b) TZ and (c) YC sites.
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observed and simulated soil water contents of T3 (in LC) and T4 (in
TZ and YC) during the experimental seasons at the three sites. It
could be found that the simulated soil water contents agreed well
with the observed values. Furthermore, the average RMSE was
0.047, 0.022 and 0.013 cm3 cm�3 for the LC, TZ and YC site, respec-
tively. The total variability of measured soil water content was
16.53%, 14.63%, and 12.84% for the LC, TZ, and YC site, respectively.
The average NSME was 0.70, 0.77 and 0.74 for the LC, TZ and YC
site, respectively. All the NMSE values were higher than 0.70.

To compare the simulated and observed crop yields of different
treatments during the experimental years, the simulated crop yield
was derived by the product of the relative crop yield and the crop
yield of the treatment with sufficient irrigation. Fig. 4 showed that
the simulated grain yields of winter wheat and summer maize
matched well with the measured ones. The RMSE values of grain
yield simulation for winter wheat and summer maize were
349.15 kg hm�2 and 88.40 kg hm�2 in LC, 390.54 kg hm�2 and
225.77 kg hm�2 in TZ, 315.24 kg hm�2 and 327.17 kg hm�2 in YC,
respectively. The NSME values for winter wheat and summer
maize were 0.85 and 0.80 in LC, 0.83 and 0.76 in TZ, 0.83 and
0.81 in YC, respectively.

The above model evaluation results indicated that the SWAP
with calibrated parameters could be applied to evaluate field water
balance and crop response for the local crop rotation of winter
wheat and summer maize. It could be used as an irrigation man-
agement tool to evaluate the optimal irrigation scheduling and
groundwater recharge.

4.2. Comparison of optimal irrigation scheduling among the three sites

Table 6 showed the WUEr for winter wheat and summer maize
under different irrigation scenarios with 25%, 50% and 75% PEPs at
the LC, TZ and YC sites. The optimal irrigation scenario at 25%, 50%
and 75% PEP was S1, S2 and S3 in LC, S2, S3 and S4 in TZ, and S1, S2
and S2 in YC, respectively (Table 6).

The optimal irrigation amount for winter wheat at 25%, 50% and
75% PEPs was 70, 140 and 210 mm at the LC site, respectively. The
irrigation times were one at heading stage, two at jointing and
heading stages, and three at greening, jointing and heading stages
for 25%, 50% and 75% PEPs in this area, respectively. For summer
maize, the optimal irrigation amount at 25%, 50% and 75% PEPs
was 60, 120 and 180 mm, respectively. The irrigation at
pre-sowing stage was applied at 25% PEP, whereas one more irriga-
tion at heading stage and two more irrigations at heading and fill-
ing stages were required at 50% and 75% PEPs, respectively. The
water use efficiency of optimal irrigation scheduling for winter
wheat was improved by 23% on average compared to the reference
irrigation scheduling. The WUEr of the optimal irrigation scenario
for summer maize was 1.12 and 1.04 at the 25% and 50% PEPs in
LC, respectively. These WUEr values were within the range
between 0.94 and 1.27 obtained by Zhang et al. (2006) from field
experiments during 1997–2005.

For the TZ site, the optimal irrigation amount for winter wheat
at 25%, 50% and 75% PEPs was 150, 225 and 300 mm, while the
amount for summer maize at the corresponding year was 60, 120
and 180 mm, respectively. The optimal irrigation times were spec-
ified at winter-dormancy and heading stages for winter wheat, and
pre-sowing stage for summer maize at 25% PEP. Additional irriga-
tion was needed for winter wheat at jointing stage and at heading
stage for summer maize at 50% PEP. The best choice of irrigation
time in 75% PEP was applied at winter-dormancy, jointing, heading
and filling stages for winter wheat, and at pre-sowing, heading and
filling stages for summer maize.

As shown in Table 6, the optimal irrigation scheduling at 25%
PEP in YC was one irrigation of 60 mm at heading stage for winter
wheat and one irrigation of 60 mm at pre-sowing stage for summer
maize. While at 50% PEP, the optimal irrigation amounts
was120 mm for both winter wheat and summer maize. The corre-
sponding irrigation time was two at jointing and heading stages for
winter wheat, and two at pre-sowing and heading stages for sum-
mer maize. The optimal irrigation scheduling at 75% PEP was same
to that at 50% PEP. This may be due to that the water table at the
75% PEP (an average of 2.24 m) was shallower than that at 50%
PEP (an average of 3.03 m). The groundwater contribution to crop
water consumption compensated the negative effects of smaller
rainfall at 75% PEP.



0

2000

4000

6000

8000

10000

T1 T2 T3 T1 T2 T3 T1 T2 T3 T1 T2 T3

G
ra

in
 y

ie
ld

 (k
g 

ha
-1

)

Measured

Simulated

0

2000

4000

6000

8000

10000

T1 T2 T3 T4 T1 T2 T3 T4 T1 T2 T3 T4

G
ra

in
 y

ie
ld

 (k
g 

ha
-1

)

Measured

Simulated

0

2000

4000

6000

8000

10000

T1 T2 T3 T4 T1 T2 T3 T4 T1 T2 T3 T4 T1 T2 T3 T4

G
ra

in
 y

ie
ld

 (k
g 

ha
-1

)

Measured

Simulated

(a) 

(b)

(c) 

1998-1999
Winter wheat

1999
Summer maize

1999-2000
Winter wheat

2000
Summer maize

2007-2008

Winter wheat

2008

Summer maize

2008-2009

Winter wheat

2001-2002
Winter wheat

2002
Summer maize

2002-2003
Winter wheat

2003
Summer maize

Fig. 4. Comparison between measured and simulated grain yield of different
treatments for winter wheat and summer maize in experimental seasons at the (a)
LC, (b) TZ and (c) YC sites. The simulated grain yield was derived by the product of
the relative crop yield and the actual crop yield of the sufficient irrigation
treatment.

Table 6
The relative water use efficiency (WUEr) for winter wheat and summer maize under differ
(PEPs) at the LC, TZ and YC sites (unit: –).

Site Treatment 25% PEP 50% P

Winter wheat Summer maize Wint

LC S1 1.39 4.89 1.15
S2 1.22 4.69 1.21
S3 1.11 4.37 1.16
S4 1.03 2.99 1.04
S5 1.00 1.00 1.00

TZ S1 1.02 1.00 0.98
S2 1.03 1.01 1.02
S3 1.01 0.99 1.04
S4 1.01 0.99 1.02
S5 1.00 1.00 1.00

YC S1 1.17 1.06 1.02
S2 1.11 1.03 1.06
S3 1.06 1.00 1.02
S4 1.01 1.00 1.01
S5 1.00 1.00 1.00
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Comparison of the optimal irrigation schedulings among the
three sites indicated that the largest irrigation amount for winter
wheat was needed for the TZ site whereas the amount was least
for the YC site at each hydrologic year. The optimal irrigation times
in winter wheat season were same for the LC and YC sites at 25%
and 50% PEPs. However, additional irrigation at greening stage
for winter wheat was specified at the LC site with respect to the
YC site at 75% PEP. Compared to the LC and YC sites, additional irri-
gation at winter-dormancy stage was necessary for the TZ site at
each hydrologic year. Furthermore, irrigation at filling stage was
needed for the TZ site at 75% PEP. For summer maize, the optimal
irrigation amounts and times were same among the three sites at
25% and 50% PEPs. At 75% PEP, irrigation was needed at filling stage
in LC and TZ and this irrigation was not required in YC (S3 for the
LC site, S4 for the TZ site, and S2 for the YC site in Tables 4 and 6).

4.3. Comparison of evapotranspiration and groundwater recharge
among the three sites

The water balance components during winter wheat-summer
maize growth period for optimal and reference irrigation schedul-
ing at the three sites were given in Table 7. The variations of cumu-
lative ET and R were presented in Figs. 5–7 for the LC, TZ, and YC
site, respectively.

The DW and ET during the rotation period under optimal irriga-
tion scheduling reduced compared to the reference irrigation
scheduling. The reduction values were 112.0 and 141.0 mm in LC,
23.1 and 44.3 mm in TZ, and 65.7 and 88.5 mm in YC, respectively.
This result indicated that using the optimal irrigation scheduling
could make the best of soil water storage at the three sites, which
was critical for growth of winter wheat. The reduction of cumula-
tive ET under optimal irrigation with respect to reference irrigation
increased with growth time from greening to harvest during win-
ter wheat season in both LC and YC. This reduction was not evident
in TZ, especially at 75% PEP. There was little difference between
cumulative ET during summer maize season under optimal and
reference irrigation schedulings for most of PEPs at the three sites.
However, the total ET of optimal irrigation scheduling increased by
about 45 mm at 25% PEP with respect to reference irrigation
scheduling in LC. The water logging caused by combination of
heavy rainfall and irrigation at the heading stage under reference
irrigation scheduling restricted the root water uptake, which
resulted in the significant decrease of actual evapotranspiration
at 25% PEP.
ent irrigation scenarios with 25%, 50% and 75% precipitation exceedance probabilities

EP 75% PEP

er wheat Summer maize Winter wheat Summer maize

0.97 1.00 0.91
1.12 1.02 1.03
1.07 1.08 1.04
1.06 1.00 1.00
1.00 1.00 1.00

0.95 0.94 0.95
0.98 0.97 0.97
1.00 1.00 0.98
0.98 1.02 1.01
1.00 1.00 1.00

0.97 1.06 0.63
1.06 1.08 1.06
1.02 1.04 1.05
1.00 1.03 1.00
1.00 1.00 1.00



Table 7
Water balance components for winter wheat and summer maize under optimal and reference irrigation scheduling (abbreviated as ‘‘O’’ and ‘‘T’’) at the LC, TZ and YC sites (unit:
mm).

Site PEP (%) Irrigation
scheduling

Winter wheat Summer maize Total irrigation
amount

I P Pi DW ET R I P Pi DW ET R

LC 25 O 70 193.8 8.3 �72.3 327.5 0.3 60 490.8 15.1 186.9 348.7 0.1 130
T 350 193.8 8.3 �8.6 543.9 0.2 240 490.8 15.1 193.5 293.3 228.9 590

50 O 140 130.7 10.6 �94.8 354.6 0.3 120 386.1 15.9 128.5 361.6 0.1 260
T 350 130.7 10.6 �47.7 517.5 0.3 240 386.1 15.9 248.1 362.0 0.1 590

75 O 210 100.6 10.6 �90.5 390.3 0.2 180 286.1 8.2 129.3 328.5 0.1 390
T 350 100.6 10.6 �54.9 494.7 0.2 240 286.1 8.2 192.8 322.8 2.3 590

TZ 25 O 150 172.5 7.8 �47.4 334.9 27.2 60 591.1 18.0 235.8 306.0 91.3 210
T 375 172.5 7.8 100.6 401.5 37.6 240 591.1 18.0 88.8 309.2 415.1 615

50 O 225 99.3 9.6 �45.3 356.0 4.0 120 404.5 18.0 135.8 342.2 28.5 345
T 375 99.3 9.6 71.4 388.3 5.0 240 404.5 18.0 69.5 346.4 210.6 615

75 O 300 68.3 6.7 �34.9 390.4 6.1 180 341.0 14.6 136.0 336.1 34.3 480
T 375 68.3 6.7 17.6 411.5 7.5 240 341.0 14.6 101.5 341.6 123.3 615

YC 25 O 60 219.8 7.4 �122.9 332.5 62.8 60 487.3 14.3 114.1 324.1 94.8 120
T 300 219.8 7.4 �89.8 447.2 155.0 240 487.3 14.3 110.1 327.1 275.8 540

50 O 120 141.0 10.9 �144.9 338.9 56.1 120 381.0 17.0 202.5 319.0 �37.5 240
T 300 141.0 10.9 �38.7 397.8 71.0 240 381.0 17.0 172.5 318.0 113.5 540

75 O 120 101.4 11.6 �293.4 369.7 133.5 120 266.0 14.0 71.7 284.8 15.5 240
T 300 101.4 11.6 �244.5 428.2 206.1 240 266.0 14.0 66.3 316.2 109.5 540

Note: I: irrigation, P: precipitation, Pi: rainfall interception, DW: change of soil water storage, ET: actual evapotranspiration, R: groundwater recharge.
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The R during the rotation period under optimal irrigation
scheduling reduced with respect to reference irrigation scheduling.
The reduction value was 77.0 mm, 202.6 mm and 210.9 mm in LC,
TZ and YC, respectively. The reduction of R was uneven during
growing season and demonstrated different behaviors among the
three sites. For the LC site, the reduction of R only occurred during
maize season at 25% PEP (228.8 mm), as evident in Fig. 5a. The
reduction of R in TZ was significant during maize season at all
PEPs (with an average value of 198.4 mm), whereas the reduction
was not evident during winter wheat season (Fig. 6). In contrast to
LC and TZ sites, the reduction of R in YC occurred throughout the
double cropping seasons (Fig. 7). The average reduction of R during
winter wheat and summer maize season was 59.9 and 142 mm,
respectively. Furthermore, groundwater even contributed
37.5 mm to crop water consumption in summer maize season
under optimal irrigation scheduling for the YC site at 50% PEP.

It was expected that high evapotranspiration, low soil water
storage change and low groundwater recharge usually occurred
at the groundwater-affected area (YC site), which was somewhat
different from the comparison results among the three sites in
Table 7. This was due to that the water balance components were
also affected by the soil hydraulic properties, crop varieties and
root growth, and evaporative demand.
5. Discussion

5.1. Impacts of precipitation, soil and water table depth on
evapotranspiration

The amount of precipitation and its seasonal distribution
directly affected the variation of ET. During the growing period of
winter wheat, precipitation could meet 37.9%, 30.1% and 42.2% of
ET under optimal irrigation scheduling at the LC, TZ and YC site,
respectively. The water deficit was so significant in the winter
wheat season that precipitation had a positive effect on ET. For
example, the precipitation contributed most (63.9%) to ET at 25%
PEP for the YC site but least (15.8%) at 75% PEP for the TZ site. In
contrast, precipitation during summer maize season was greater
than crop water demand except in dry years. Although precipita-
tion was a major source of ET, excessive rainfall would have nega-
tive effects on ET.
Water table depth also plays an important role in variations of
ET, especially in shallow water table area. Soil moisture in the root
zone could be recharged by capillary flux from shallow groundwa-
ter, which sped up the groundwater evaporation. The capillary rise
even reached 46.2% of ET under optimal irrigation practice in the
summer maize season at 50% PEP for the YC site. The ratio of sea-
sonal groundwater evaporation to potential evapotranspiration
could be described by an exponential function of water table depth
at the YC site (Luo and Sophocleous, 2010). However, the contribu-
tion of groundwater to ET gradually reduced with decreasing water
table depth (Cooper et al., 2006). This was evident at both the LC
and TZ sites. Even though there was not enough precipitation at
the critical growing stages, groundwater contributed little to ET
(see Figs. 5 and 6).

The extinction water table depth of groundwater evaporation is
approximately 4 m in the NCP, with slight differences among dif-
ferent irrigations, climates and vegetation (Lei et al., 1992; Luo
and Sophocleous, 2010). Shah et al. (2007) indicated that the
extinction depth varied significantly from 0.50 m to 8.20 m for
12 soil-land cover combinations. The approximately extinction
depth of 4 m in the NCP was very close to that for the combination
of the shallow rooted grass and loam soil (3.7 m) in Shah et al.
(2007). If the thickness of unsaturated zone is out of this range,
there is no direct evaporation from the groundwater table.
Instead, unsaturated flow occurs and soil water storage in the root
zone is crucial for ET.

The storage capacity is significantly affected by soil texture.
Compared to coarse textured soil, medium and fine textured soil
could retain more soil moisture for ET by root water uptake. For
example, the contribution of soil water storage to ET at the LC site
was found to be 12% larger than that at the TZ site during winter
wheat season. This was due to that there was higher proportion
of silt and clay contents in the soil layers of the LC site with respect
to that of the TZ site.
5.2. Impacts of precipitation, soil and water table depth on
groundwater recharge

The amount of groundwater recharge depended mostly on the
local precipitation and irrigation. The more precipitation usually
resulted in greater groundwater recharge in each representative
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Fig. 5. Temporal variations of cumulative actual evapotranspiration (ET) and
groundwater recharge (R), daily precipitation (P) and irrigation (I) for the optimal
and reference irrigation scheduling (abbreviated as (O) and (T)) at (a) 25%, (b) 50%
and (c) 75% precipitation exceedance probabilities (PEPs) at the LC site.
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Fig. 6. Temporal variations of cumulative actual evapotranspiration (ET) and
groundwater recharge (R), daily precipitation (P) and irrigation (I) for the optimal
and reference irrigation scheduling (abbreviated as (O) and (T)) at (a) 25%, (b) 50%
and (c) 75% precipitation exceedance probabilities (PEPs) at the TZ site.
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site. According to the reports of Kendy et al. (2004), the fraction of
recharge accounting for precipitation plus irrigation increased with
water input. Furthermore, the relationship between precipitation
and groundwater recharge was also affected by the variation of
water table depth, especially in shallow water table area. The YC
site had deeper water table depth (varying between 2.6 and
3.7 m) at 50% PEP with respect to that at 75% PEP (varying between
0.7 and 3.1 m). Same irrigation amount was applied at the two
years and precipitation in the normal year (522.0 mm) was more
than that in the dry year (367.4 mm). However, the groundwater
recharge under optimal irrigation scheduling at 50% PEP
(18.6 cm) was significantly less than that at 75% PEP (149.0 cm).

The water table depth and soil texture mainly influenced the
time delays of groundwater recharge relative to the precipitation
and irrigation events (Ma et al., 2010). The infiltrated water
reached the water table very quickly in shallow water table area.
The time-lag between the individual rainfall events and infiltration
recharges was short at the YC site. As the water table depth
increased, the delay of groundwater recharge relative to the rain-
fall and irrigation events was great at the LC and TZ sites. It was
reported that the peak time-lags were about 18–35 days in the
piedmont plain and 3–5 days in the central alluvial and lacustrine
plains, but only 1 or 2 days in the coastal plain within the NCP (Lu
et al., 2011).

In the deep water table area such as the LC and TZ sites, several
separate rainfalls needed to be merged into one single infiltration
process to produce groundwater recharge. At the TZ site, recharge
generally followed by intensive or continuous rainfall events, and
most of recharge occurred in summer maize season. However, little
recharge was simulated at the LC site. This was due to that infil-
trated water in the root zone with finer textured soils had much
more residence time before evapotranspiration. Furthermore, the
water table was too deep that the pathway for percolated water
was noticeably tortuous.

5.3. Implications for water resources management

The water saving under optimal irrigation scheduling mainly
occurred in winter wheat season from the results of this study.
The irrigated area of winter wheat was about 1.2 � 106 ha in the
NCP according to statistical database of Chinese economic and
social development in 2006. Compared to traditional irrigation
water use, the optimal irrigation scheduling for the LC, TZ and YC
sites would reduce the irrigation amount of 2.2 � 109, 2.7 � 109

and 1.3 � 109 m3 in the NCP, respectively. All of the irrigation
water savings exceeded the goal of 9.8 � 108 m3 for wheat in
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Fig. 7. Temporal variations of cumulative actual evapotranspiration (ET) and
groundwater recharge (R), daily precipitation (P) and irrigation (I) for the optimal
and reference irrigation scheduling (abbreviated as (O) and (T)) at (a) 25%, (b) 50%
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2010. In the NCP, about 82.5% of the irrigation water was from
groundwater, and the average overexploitation of groundwater
was about 2.4 � 109 m3 yr�1 since 2000 (Zhang et al., 2012). The
amount of exploited groundwater could be averagely reduced by
1.7 � 109 m3 with application of the optimal irrigation scheduling.
This reduction reached about 70.1% of the overexploited amount,
which could play an important role in protecting the limited
groundwater resources in the NCP.

However, groundwater level still declined under the optimal
irrigation scheduling due to the reduction of recharge. For exam-
ple, assuming that the specific yield of the aquifer was 0.2
(Kendy et al., 2004) and all the irrigation came from groundwater,
potential decline in water table under the optimal irrigation
scheduling was about 1.30 m yr�1 in LC. This result roughly
matched the calculated groundwater level decline of about 1–
1.5 m yr�1 in LC by the other studies (Chen et al., 2010; Kendy
et al., 2004; Zhang et al., 2003).
5.4. Further scopes of this study

The differences of optimal irrigation scheduling and groundwa-
ter recharge at three representative sites were thoroughly
compared in this study. This is very important for the water
resources sustainable use and food safety in the NCP. However,
there were several issues still needing further studies. Firstly, the
same PEP of 25%, 50% and 75% was selected for the double crops
in this study. This choice had highest frequency in certain hydro-
logical year. Moreover, it was commonly used in previous studies
considering the availability of data. However, the winter wheat
and summer maize in the double cropping system definitely had
the interaction. This interaction of the PEP for the summer maize
and winter wheat would affect the ET and R. To accurately evaluate
the effect of the different combined PEP years on the water bal-
ance, the remaining scenarios of any two PEPs combination
between winter wheat and summer maize should also be taken
into account for further simulation.

Secondly, long-term simulations were needed to fully investi-
gate the effects of variation in climate on irrigation scheduling
and groundwater recharge as well as nutrient cycle (Qi et al.,
2012). The simulation was conducted at three typical hydrological
years in this study. Due to inter-annual climatic variability, the var-
ied vegetation parameters would result in variation of the vegeta-
tion water-use. The vegetation dynamics affected by climate
variability exerted significant controls on simulated annual
groundwater recharge.

Thirdly, recent versions of the model SWAP with the Wofost
model for crop growth (van Dam et al., 2008; Kroes and Supit,
2011) should be used in future studies. It can simulate the actual
yield, and the water use efficiency can be obtained for optimizing
the irrigation practices.

Finally, more sites in the NCP should be chosen for water bal-
ance and crop response coupling simulation to obtained a plain
overview. Three representative sites in different geomorphologic
zones of the NCP were selected in this study. To fully account for
the spatial variability of climate, soil and groundwater conditions
in the NCP, the irrigation scheduling and groundwater recharge
simulations should be expanded to more sites if the data is avail-
able. This is very useful for water resources management on the
regional scale.

6. Conclusion

In this study, the SWAP model was established at three distinct
sites (LC, TZ and YC) in the NCP to evaluate the optimal irrigation
scheduling and groundwater recharge for winter wheat-summer
maize double cropping system. The effects of precipitation, soil
texture and water table depth on evapotranspiration and ground-
water recharge were explored. The following conclusions could
be drawn from this study:

1. The optimal irrigation amount for the double cropping system
was 130, 260 and 390 mm in hydrological years of 25%, 50%
and 75% PEPs at the LC site, 210, 345 and 480 mm at the TZ site,
and 120, 240 and 240 mm at the YC site, respectively. More irri-
gation amount and additional irrigation at the
winter-dormancy stage of winter wheat was needed in TZ at
each year. For summer maize, the optimal irrigation schedul-
ings at the three sites were nearly same, except that no irriga-
tion was needed at filling stage at 75% PEP in YC.

2. The optimal irrigation scheduling made the best of soil water
storage and reduced the groundwater recharge from irrigation,
which decreased the exploitation from groundwater reservoir
for irrigation. With respect to the reference irrigation practice,
the groundwater recharge under optimal irrigation scheduling
reduced by 77.0 mm, 202.6 mm and 201.9 mm at the LC, TZ
and YC sites, respectively. The groundwater recharge occurred
throughout the double cropping seasons at the YC site, but it
occurred only in summer maize season at the LC and TZ sites.
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3. The precipitation, soil texture and water table depth jointly
affected the amount of groundwater recharge and time-lag
between water input and groundwater recharge. Fine textured
soil and deep water table in LC facilitated to make full use of
precipitation and soil water storage. Intensive rainfall and coar-
ser textured soils promoted groundwater recharge in TZ during
summer maize season. Shallow water table in YC resulted in
rapid groundwater recharge process and evident contribution
of groundwater to crop evapotranspiration.
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