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Abstract The North China Plain (NCP) is a major grain
production area in China, but the current winter wheat-
summer maize system has resulted in a large water deficit.
This water-shortage necessitates the improvement of crop
water productivity in the NCP. A crop water model,
AquaCrop, was adopted to investigate yield and water
productivity (WP) for rain-fed summer maize on the
piedmont of the NCP. The data sets to calibrate and
validate the model were obtained from a 3-year (2011–
2013) field experiment conducted on the Yanshan
piedmont of the NCP. The range of root mean square
error (RMSE) between the simulated and measured
biomass was 0.67–1.25 t$hm–2, and that of relative error
(RE) was 9.4%–15.4%, the coefficient of determination
(R2) ranged from 0.992 to 0.994. The RMSE between the
simulated and measured soil water storage at depth of 0–
100 cm ranged from 4.09 to 4.39 mm; and RE and R2 in the
range of 1.07%–1.20% and 0.880–0.997, respectively. The
WP as measured by crop yield per unit evapotranspiration
was 2.50–2.66 kg$m–3. The simulated impact of long-term
climate (i.e., 1980–2010) and groundwater depth on crop
yield and WP revealed that the higher yield and WP could
be obtained in dry years in areas with capillary recharge
from groundwater, and much lower values elsewhere. The
simulation also suggested that supplementary irrigation in
areas without capillary groundwater would not result in
groundwater over-tapping since the precipitation can meet
the water required by both maize and ecosystem, thus a
beneficial outcome for both food and ecosystem security
can be assured.
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water productivity

1 Introduction

The North China Plain (NCP) is one of the most important
grain production areas in China and home to more than 300
million people[1–5]. It produces approximately one-fourth
of the country’s grain output with only 5.57% of national
water resources, and is currently experiencing intense
water shortages and related environmental problems[6,7].
Water and crop production interact with each other: grain
production consumes enormous amounts of water while
water limits crop production[8–11]. The double-cropping
winter wheat (Triticum aestivum) and maize (Zea mays) is
the dominant farming system in most parts of the NCP,
with these cereals accounting for the vast majority of the
gross crop output (i.e., more than 90%)[1,12]. Crop growth
relies heavily on irrigation because both the amount (400–
600 mm) and the timing (mostly occurring in summer
monsoons) of annual precipitation are not appropriate to
support the winter wheat-summer maize (WW-SM)
cropping system. Current groundwater withdrawn for
irrigation far exceeds the natural recharge rates of the
aquifers, resulting in a rapid fall in the groundwater
table[13]. Therefore, developing a water-efficient cropping
system is the key to improving crop water productivity and
developing water-saving agriculture in this region[7]. Much
evidence suggests that the changes in rainfall regimes are
the most direct and important factor responsible for water
shortage and necessitate irrigation. More specifically, the
annual rainfall, days of rainfall and daily rainfall in the
NCP have all declined since the 1950s[6,14–16]. In light of
these findings, it is vital to further investigate the
relationships between crop growth, yield, and water
consumption of summer maize that is primarily relied on
rain-fed, with the objective of obtaining beneficial out-
comes for improving crop water productivity (WP), gross
crop outputs and feeding a growing population.
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In contrast to field experimental studies, crop models
require fewer resources and can provide information
faster. Crop modeling can also complement field experi-
ments[17–20]. As an alternative to crop water production
functions, by considering various environment conditions
and management practices, crop models can provide rapid
estimates of water-limited crop growth and yield[19].
However, most of these models require detailed parameters
(which are usually difficult to obtain) which describe plant
growth behavior (APSIM[21]; CERES[22]), or make use of
empirical functions (CROPWAT[23]), or tend to be
technically demanding and input-intensive and not easily
adopted by practitioners[24,25]. Thus the wide applications
of these models are limited.
To resolve these limitations, the Food and Agriculture

Organization of the United Nations (FAO) has developed
AquaCrop[26] as a model that seeks a balance between
simplicity, accuracy and robustness, which is user-friendly
and practitioner-oriented and requires a relatively small
number of input parameters[27]. AquaCrop, as a crop water
productivity simulation model, was first released in
January 2009 (Version 3)[28–30] and the current version
4.0 was released in August 2012[31]. The global applica-
bility of AquaCrop is dependent on its being tested in a
diverse environment under differing soil conditions, crops,
agronomic practices, and climatic conditions[32,33]. For
example, the calibration and evaluation of the performance
of AquaCrop has been carried out for quinoa[34],
wheat[35–39], sorghum[40], maize[28,41–46], potato[32,47], and
cabbage[48,49].
Previous studies have demonstrated that AquaCrop is

able to accurately simulate crop canopy cover, biomass
yield and grain yield in diverse environments and under a
variety of meteorological conditions and management
practices. However, the quantification of soil water balance
and rain-fed crop evapotranspiration in soil-plant-atmo-
sphere continuum has rarely been reported with AquaCrop.
Therefore, the objectives of the current study are (1) to test
the performance and applicability of AquaCrop for the
rain-fed summer maize through calibrating and validating
a data set obtained from a three-year field experiment
conducted in the piedmont of the NCP, and (2) to
investigate responses of crop yield and WP to long-term
climatic factors and groundwater depth. The study will
provide guidelines to explore and evaluate alternative
management practices that may improve WP and achieve
more efficient water use for summer maize crops in the
NCP piedmont.

2 Materials and methods

2.1 Experimental site

The field experiments were conducted in three consecutive
years (2011, 2012, and 2013) in the piedmont of Yanshan

Mountain, Shangzhuang Experimental Station (116°10′E,
40°08′N) of China Agricultural University, Beijing,
China. The depth of groundwater table is relatively shallow
(1.0–1.5 m). The soil type at the study site is a calcareous
alluvial fluvo-aquic soil with a loamy silt texture. The site
belongs to warm temperate zone with a continental
monsoon climate, which typically has a cold, dry winter
and hot, humid summer. Annual mean precipitation is
596 mm, with more than 82% occurring in three monsoon
months from June to August. The annual mean tempera-
ture is 12.2°C, with the maximum 41.9°C recorded in July
and the minimum of -27.4°C in January (1951–2010). The
typical cropping system is WW-SM, with October to June
for winter wheat and June to October for summer maize.

2.2 AquaCrop model description

The AquaCrop model[26,50] was established on the basic
relationship of yield response to water, which was first
developed by Doorenbos and Kassam[51] and has evolved
to a daily-step, process-based crop growth model with
limited complexity (Eq. 1),

Yx – Ya
Yx

� �
¼ ky

ETx –ETa
ETx

� �
(1)

where Yx and Ya are the maximum and actual yield, ETx
and ETa are the maximum and actual evapotranspiration,
and ky is the proportionality factor between relative yield
loss and relative reduction in evapotranspiration.
AquaCrop is based on a water-driven growth module, in

which plant transpiration is converted into biomass
through a water productivity parameter. Hence, the
conceptual equation at the core of the AquaCrop growth
module is,

B ¼ WP � ΣT (2)

where T is the crop transpiration (mm); B is crop biomass;
WP is the water productivity (kg$m–3) (biomass per unit of
cumulative transpiration), which tends to be constant for a
given climatic condition[52–54]. Details of the simulated
processes of AquaCrop are provided in a series of three
papers[28–30,50], in the Irrigation and Drainage Paper No.
66[55], and in the reference manual[31] that is updated
regularly.

2.3 Soil water balance parameters description

The AquaCrop model is a water-driven dynamic model
that ties biomass production to transpiration, so soil water
balance is a critical component[31]. To accurately describe
the retention, movement, and uptake of water in the soil
profile throughout the growing season, AquaCrop divides
a soil profile into small fractions. A soil profile is divided
into soil compartments with thickness Δz (10 cm by default
for each layer)[29]. The water balance[31,56] for a given soil
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profile with certain depth in AquaCrop can be expressed
as,

ΔSW ¼ P þ U þ I –R –D –E – T (3)

where ΔSW is the change in the soil water storage from 0 to
100 cm during a given period (mm); I is irrigation (mm)
(I = 0 because the summer maize in this study is rain-fed);
P is precipitation (mm); R is runoff (mm); D is drainage
(mm); U is capillary rise (mm); E is evaporation (mm); T is
transpiration (mm).
Soil water content was measured by the oven dry

method. Three replications of soil samples from different
layers (0–5, 5–10, 10–20, 20–40, 40–60, 60–80, and 80–
100 cm each) were collected during seedling (Jul. 18, 2012
and Jul. 4, 2013), jointing (Jul. 24, 2012 and Jul. 17, 2013),
silking (Aug. 2, 2011, Aug. 14, 2012, and Aug. 7, 2013),
grain filling (Aug. 29, 2011, Aug. 31, 2012, and Aug. 22,
2013), milky ripeness (Sep. 22, 2011, Sep. 12, 2012, and
Sep. 12, 2013), and maturity (Oct. 10, 2011, Oct. 5, 2012,
and Oct. 5, 2013). The soil water storage (ΔSW) within a
given depth of soil profile was calculated using soil water
content. Precipitation (P) was obtained from the China
meteorological data sharing service system (http://www.
cams.cma.gov.cn/cams_kxsy/qky_kxsy_index.htm). The
current version 4.0 of the AquaCrop model estimates the
amount of rainfall lost by surface runoff (R) with the Curve
Number (CN) method by the US Soil Conservation

Service[57–59]. The specified daily CN values in AquaCrop
was determined by the antecedent moisture class (AMC)
which was derived from the rainfall of the preceding 5
days, and the CN value varied with the land use,
management practices, and saturated hydraulic conducti-
vity of the top soil layer[31]. The drainage (D) was
calculated following[60–62],

D ¼ 1000
Δ�
Δt

ΔzΔt (4)

where Δq/Δt denotes changes in soil water content during
time step Δt (m3$m–3$d–1); Δt, the time step (1 d); Δz, the
thickness of the draining soil profile (m).
Capillary rise (U) is calculated following Janssens[63].

The relationship between capillary rise and the depth of the
groundwater table is given by the exponential equation,

U ¼ exp
lnðzÞ – b

a

� �
(5)

where U is the expected capillary rise (mm$d–1), z is the
depth (m) of the water table below the soil surface; a and b
are parameters specific for the soil type and its hydraulic
characteristics, and they are estimated based on the data
listed in Table 1 and Table 2.
AquaCrop partitioned evapotranspiration (ET) into crop

transpiration (T) and soil evaporation (E) based on a simple
canopy growth and senescence module to estimate T and

Table 1 Basic soil physical and chemical properties at experimental site (Shangzhuang Experimental Station, 116°10′E, 40°08′N)

Depth/cm Texture
Particle size composition/%

BD/(g$cm–3) pH
Sand Silt Clay

0–5 Sandy loam 54.63 34.29 11.08 1.48 8.07

5–10 Sandy loam 60.19 28.60 11.21 1.47 8.05

10–20 Sandy loam 56.90 32.85 10.25 1.49 8.00

20–40 Loam 52.13 38.18 9.69 1.62 8.02

40–60 Sandy loam 61.56 31.75 6.69 1.62 8.02

60–80 Loam 52.86 39.11 8.03 1.59 7.68

80–100 Loam 50.99 41.27 7.73 1.53 7.49

Note: BD, bulk density; pH (soil: water = 1: 2.5); classification of soil texture accorded to USDA.

Table 2 Soil hydraulic parameters

Depth/cm qr/(cm3$cm–3) qf/ (cm3$cm–3) qs/ (cm3$cm–3) a n Ks/(cm$d–1)

0–5 0.093 0.261 0.458 0.09 1.29 55.034

5–10 0.073 0.236 0.418 0.08 1.33 53.892

10–20 0.070 0.252 0.440 0.10 1.32 61.318

20–40 0.077 0.259 0.393 0.04 1.40 65.938

40–60 0.069 0.249 0.390 0.02 1.56 99.382

60–80 0.073 0.279 0.440 0.03 1.37 81.022

80–100 0.064 0.245 0.437 0.01 1.84 83.606

Note: qr, the residual water content; qf, field capacity; qs, the saturated water content; Ks, the saturated hydraulic conductivity; a and n are the parameters of the soil
water retention curve in the Van Genuchten Eq. 1980.
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distinguish it from ET[30]. The partitioning of ET into T and
E rules out the confounding effect of the nonproductive
water consumption because E is a significant factor during
incomplete ground cover. AquaCrop uses canopy cover
(CC) instead of leaf area index (LAI) to separate E from ET
according to the extent of green CC, aboveground biomass
production in relation to T. T is given by,

T ¼ Σbottom
top 1000ðKsiSx,iÞdzi£Ksroot  zoneKcTrET0 (6)

where Ksi is water stress factor (dimensionless) for soil
water content qi (m3$m–3) at soil depth i; Sx,i

[64–66] is
maximum root extraction rate (m3$m–3$d–1) at soil depth i;
dzi is the thickness of the soil compartment (m); Ksroot  zone
is the average soil water stress in the root zone induced by a
shortage or an excess of water and/or aeration stress; KcTr
is the coefficient for crop transpiration; ET0 is reference
crop evapotranspiration (mm$d–1). If the crop is free from
any biotic and abiotic stress T will achieve the maximum
T0.
E from soils takes place in two stages[67], and the

algorithm was based on Ritchie Method[68],

Estage  I ¼ ð1 –CC*ÞKexET0 (7)

Estage  II ¼ Krð1 –CC*ÞKexET0 (8)

0£Kr ¼ expfkWrel – 1

expfk – 1
£1 (9)

where CC is canopy cover, (1–CC*) is the adjusted
fraction of the non-covered soil surface[69,70]; Kex is
maximum soil evaporation coefficient for fully wet and
non-shaded soil surface, the default value is 1.10[71]; Kr is
the evaporation reduction coefficient; fK is a decline factor,
the value of fK depends on the hydraulic properties of soil
and can be used to calibrate Kr (Table 2), which takes a
value of 4[68]; Wrel is the relative water content of the soil
layer through which water moves to the evaporating soil
surface layer. When CC* = 0, Estage I = E0.

2.4 AquaCrop model inputs

The required parameters for maize growth simulation by
five major modules of AquaCrop (i.e., climate, crop,
management, soil and initial conditions) were obtained first
from Hsiao[28] and FAO[26]. Then, the measured data
obtained from field experiment of summer maize at
Shangzhuang Experimental Station of China Agricultural
University in 2012 were incorporated into the model for
the purpose of calibration. The simulation was run under
conditions of no fertility or heat stress. Upon calibration,
the experimental data obtained from 2011 and 2013 were
used to validate the model.

2.5 Climate data collection and analysis

AquaCrop requires daily values of minimum and maxi-
mum air temperature, precipitation, reference evapotran-
spiration (ET0), and the mean annual CO2 concentration in
the atmosphere[29,30]. Meteorological variables, including
temperature, humidity, wind speed, sunshine hours and net
solar radiation, were obtained from the China meteorolo-
gical data sharing service system (http://www.cams.cma.
gov.cn/cams_kxsy/qky_kxsy_index.htm). Beijing Weather
Station was selected to represent the weather conditions at
Shangzhuang Experimental Station of China Agricultural
University.
The daily ET0 at Shangzhuang experimental station for

the growing season from 2011 to 2013 were computed
using a full set of data based on the FAO Penman-Monteith
method as described in Allen[71] with the help of the ET0
calculator[26]. Daily weather data of sunshine hours, wind
speed, relative humidity, and temperature and rainfall were
obtained from BWS. Distributions for the daily precipita-
tion, temperature variations and ET0 during the maize
growing seasons (planting through physiological maturity)
from 2011 to 2013 are shown in Fig. 1.

2.6 Crop data collection and analysis

The days after planting (DAP) at emergence, maximum
canopy cover, start of senescence, and physiological
maturity were recorded. Plant samples from three plots
were collected, mixed and oven-dried at 75°C to determine
the aboveground biomass. Maize yield was determined by
sampling an area of 5 m � 2 m at the maturity stage. The
yields were reported at 14% moisture content.
Most of the crop parameters were either measured or

estimated using the experiment data in 2012 (Table 3,
Table 4). The normalized biomass water productivity
(WP*) is one of the most important parameters in
AquaCrop, the values of which are set as 13–18 g$m–2

for C3 species and 28–33 g$m–2 for C4 species like
maize[30,72]. The local values were determined as
30.7 g$m–2 (Table 4) based on experimental data in 2012,
following the procedure of Hsiao[28] and Heng[42]. In this
study, the fertility levels, mulching and soil bunds were not
considered in the management module.

2.7 Soil data analysis

Three replications of soil samples at five different layers
(0–20, 20–40, 40–60, 60–80, and 80–100 cm) were
collected on October 7, 2012. The AquaCrop soil
component allows up to five different horizons of variable
depth and soil texture. For each horizon within the
soil profile, AquaCrop requires saturated hydraulic
conductivity (Ksat) and volumetric water content at the
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permanent wilting point (qPWP), field capacity (qFC), and
saturation (qsat)[29].
Soil properties including bulk density, soil texture, soil

water content, saturated hydraulic conductivity and pH at
different depths were measured. Bulk density was
measured with the oven dry method, using a sample size
of 100 cm3. The saturated hydraulic conductivities (Ksat)
were measured with the constant-head method in the
laboratory[73]. Soil water retention curves were developed

for the soil samples by the pressure plate method[74], with
the sand box apparatus for lower suctions (0, 0.5, 1.0, 2.0,
4.0, 6.0, and 8.0 kPa) and the pressure membrane-plate
system for higher suctions (10, 30, 50, 100, 300, 500, and
1500 kPa) (Soil moisture Equipment Corp, Santa Barbara,
CA). Major soil parameters were measured in 2012,
including soil physical and chemical properties (Table 1)
and soil hydraulic parameters (Table 2). The experimental
site did not have any impervious or restrictive soil layer

Fig. 1 Daily trends in environmental conditions at the experimental site from 2011 to 2013. Meteorological data includes daily
precipitation (P); mean day time air temperature (T); daily potential evapotranspiration (ET0).

Table 3 Crop parameters used in AquaCrop model for summer maize simulation

Year Planting date
Emergence Max canopy Senescence Maturity

CC0/% CCx/% CGC/% CDC/%
DAP

2011 June 25 6 54 86 108 0.39 92 16.6 13.7

2012 June 23 6 54 84 105 0.39 92 16.7 12

2013 July 1 6 59 80 97 0.36 92 15.2 13.8

Note: CC0, canopy cover per seedling at 90% emergence; CCx, maximum canopy cover; CGC, canopy growth coefficient per day; CDC, canopy decline coefficient per
day; DAP, days after planting.
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influencing root expansion.

2.8 Water productivity

Crop water productivity was defined from a physiological
perspective as the ratio of biomass to consumed
water[75–78]. Thus, for maize water use efficiency is
described by the following equation,

WP ¼ Y

ET
(10)

where Y is grain yield (kg$hm–2), and ET (mm) is the
evaporation of water from the soil surface plus transpira-
tion from the crop.

2.9 Date analysis

Summer maize aboveground biomass, yield and soil water
storage in AquaCrop were calibrated using the measured
data set of 2012, and validated using the 2011 and 2013
measured data sets. The root mean square error (RMSE),
coefficient of determination (R2), and the range of relative
error (RE)[79] were used as the error statistics to evaluate
both calibration and validation results were calculated as,

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Σn
i¼1ðSi –OiÞ2

n

s
(11)

where Si and Oi refer to simulated and measured values in
the same units of the study variables, respectively, and n is
the number of observations. The unit for RMSE is the same

as that for Si and Oi, and a model’s fit improves as RMSE
approaches zero.
R2 was calculated using the following equation,

R2 ¼ ΣðOi –OÞðSi – SÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΣðOi –OÞ2

q
ΣðSi – SÞ2

2
64

3
75
2

(12)

where Si and Oi are simulated and measured values,
respectively, S is the mean of S and O is the mean of O.
RE[80] between a simulated (S) and measured (O) value

is simple and when expressed as a percentage easy to
interpret,

RE% ¼ S –O

O

����
����� 100 (13)

3 Results

3.1 Above-ground biomass and yield

In AquaCrop, the crop response to environmental condi-
tions and to root-zone water balance is captured through
water stress indices. The plentiful growing-season rainfall
in 2011, 2012, and 2013 met the maize requirement for
water. Hence, the simulated biomass and yield matched
fairly well with the actual values in all three years. The
cumulative biomass production increased linearly with the

Table 4 Some relevant crop parameters used in the AquaCrop model for summer maize simulation

Parameters Value Units Way of determination

Plant density 60606 Plants per hectare M

Maximum effective rooting depth (Zx) 1.00 m E

Base temperature 8 °C E

Cut–off temperature 30 °C E

Crop coefficient when canopy is complete but prior to senescence (KcTrx) 1.03 – D

Normalized crop water productivity (WP*) 30.70 g$m–2 C

Reference harvest index (HI0) 40 % C

Leaf growth threshold (Pexp, upper) 0.14 – D

Leaf growth threshold (Pexp, lower) 0.72 – D

Leaf growth stress coefficient curve shape 2.90 – D

Stomatal conductance threshold (Psto, upper) 0.69 – D

Stomata stress coefficient curve shape 6.00 – D

Senescence stress coefficient (Psen, upper) 0.69 – D

Senescence stress coefficient curve shape 2.70 – D

Curve number (CN) 65 – C

Readily evaporable water (REW) 8 mm C

Note: C, calibrated; D, default; E, estimated; M, measured.
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development and growth of maize (Fig. 2). The calibrated
RMSE, RE, and R2 were 0.68 t$hm–2, 9.39% and 0.994,
respectively. The data in the year 2011 and the year 2013
were used to validate the model, with the RMSE being
1.25 and 0.67 t$hm–2, respectively; RE being 15.38% and
13.37%, respectively; R2 being 0.994 and 0.992, respec-
tively. The RE of the simulated yield for the two individual
years was below 9% (Table 5). In general, the simulated
biomass and yield corresponded well with the measured
ones.

3.2 Soil water content and water storage

Water content in the soil profile varied considerably due to
variations in precipitation, ET and the capillary recharge
from ground water. The soil volumetric water contents
during the summer maize growing season are presented in
Fig. 3. The majority of precipitation occurred from late
June to early August during the growth seasons, with the
most the intense rainfall events concentrated between mid-
July and early-August, hence the soil volumetric water
content increased with soil depth for the years 2011–2013.
The time-series changes of soil volumetric water content
were due largely to rainfall events. This was further

illustrated by the case in 2012, when there were six heavy
rains from 6 to 22 July, 2012 (13 to 29 DAP). For instance,
the high rainfall on 21 and 22 July (200 mm), which was a
60-year record, led to a remarkable increase of soil
volumetric water content in the 0–40 cm layer. However,
during the hot and dry period from 15 to 31 August (50
to 70 DAP), soil volumetric water content decreased

Fig. 2 Simulated and measured above ground biomass dynamics summer maize in 2011, 2012, and 2013

Table 5 Comparison of the simulated and measured maize yields from

2011 to 2013

Year Comparison Yield/( t$hm–2)

2011 Simulated 9.19

Measured 9.54

RE/% 3.67

2012 Simulated 8.14

Measured 8.78

RE/% 7.29

2013 Simulated 6.94

Measured 6.38

RE/% 8.78

Note: RE is the relative error.

Fig. 3 Contour map of soil water content in 0–100 cm soil profile in 2011, 2012, and 2013
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markedly, especially in the upper 20 cm. There was no
obvious change in the lower 40 cm of soil depth due to less
E and more capillary recharge at such depths. Similar
situation also occurred in the years 2011 and 2013.
The simulated soil water storage values at each 10 cm

layer down to 100 cm were aggregated into 0–20 cm, 20–
40 cm, and 0–100 cm layers, and agreed well with the
measured values (Fig. 4, Table 6). The relative larger
deviation from field measurement of simulated water
storage in the upper layers (i.e., 0–20 cm and 20–40 cm)
may be attributed to the upper layer effect (Table 6). Like
biomass and yield, the measured soil water storage in 2012
was used to calibrate, and in 2011 and 2013 to validate, the
model. The modeling performance indicators, i.e., RMSE,

RE, and R2 (Table 6), suggested that the simulation results
were acceptable.

3.3 Soil water balance and water productivity

The daily potential and actual E, T, and ET were compared
for 2011, 2012, and 2013 (Fig. 5). During the seedling
stage, the actual E was smaller than potential E, and there
were no differences between actual T and potential T. Since
maize has strong drought tolerance at the seedling stage,
and soil water content was greater than 60% of field
capacity in the 0–20 cm soil layer, no water stress was
observed. Water requirements increased at the jointing and
anthesis stages. The roots of maize were distributed mainly

Fig. 4 Comparison of modeled with observed soil water storage in 0–20 cm, 20–40 cm, and 0–100 cm for summer maize cropping
seasons in 2011, 2012, and 2013
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in the 0–40 cm soil layer. This was probably due to high-
intensity rainfall, relative coarse soil texture (sandy loam),
and the fact that water deficit occurred at the soil surface.
The soil water content in the 10–40 cm soil layer was
greater than 70% of field capacity, therefore, there was no

water stress during these stages. From grain filling to
maturity, T was the dominant component in water
consumption. There was no water stress observed because
water content was larger than 75% of field capacity in the
10–40 cm soil layer.

Table 6 Comparison of the simulated and measured the soil water storage in the 0–20 cm, 20–40 cm, and 0–100 cm layers for the years from 2011 to

2013

Depth/cm
2011 2012 2013

RMSE/mm RE/% R2 RMSE/mm RE/% R2 RMSE/mm RE/% R2

0–20 7.56 15.88 0.651 7.04 13.56 0.853 4.93 8.03 0.714

20–40 6.08 12.40 0.823 5.47 9.40 0.881 2.86 4.47 0.609

0–100 4.38 1.20 0.986 4.09 1.07 0.997 4.39 1.14 0.880

Note: RMSE, the root mean square error; RE, the relative error; R2, the coefficient of determination.

Fig. 5 Daily potential evaporation (E0) and actual evaporation (EC), daily potential transpiration (T0) and actual transpiration (TC), daily
potential evapotranspiration (ET0) and actual evapotranspiration (ETC) in 2011, 2012, and 2013
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Figure 6 shows the relationship between the ratio of
actual daily ET to the potential daily ET (ETC/ET0) and the
precipitation for the years 2011 to 2013. During the early
growth period, the maize canopy was not yet well
established, and large areas of soil surface were left bare,
resulting in a high proportion of E in ET. ETC/ET0
fluctuated greatly in the case of low rainfall. With maize
growth, the canopy covered much of the soil surfaces and
consequently T became the major component of actual ET.
There was no water stress during the middle and later

periods as could be seen by comparing actual crop TC and
potential T0 (Fig. 5). During these periods, ETC/ET0 was
relatively stable and close to 1. In the later stages, the
canopy cover area decreased gradually with the senescence
and abscission of leaves. ETC/ET0 decreased because of the
lower rainfall in 2011 and 2012, but ETC/ET0 remained
stable in 2013 due to the higher rainfall.
The daily water balance, including soil water storage,

runoff, deep percolation, upward capillary movement, E
and T, was also simulated (Table 7). Most of the rainfall

Fig. 6 Relationship between the ratio of actual daily evapotranspiration to the potential daily evapotranspiration (ETC/ET0) and the
precipitation in 2011, 2012, and 2013

Table 7 The soil water balance calculated for the entire summer maize growth period in 0–100 cm soil profile in 2011, 2012, and 2013

Year Date ΔSW/mm P/mm R/mm D/mm U/mm ET/mm E/mm T/mm

2011 (6.25–8.02) 123.80 266.70 43.30 0.00 14.30 113.90 88.40 25.50

(8.02–8.29) -33.40 83.10 0.00 0.00 0.00 116.50 8.00 108.50

(8.29–9.22) -19.60 64.00 0.00 0.00 0.00 83.60 4.10 79.50

(9.22–10.10) -31.10 0.20 0.00 0.00 0.00 31.30 0.20 31.10

Whole growth period 39.70 414.00 43.30 0.00 14.30 345.30 100.70 244.60

2012 (6.23–7.18) 86.40 202.50 30.40 7.90 0.00 77.80 72.60 5.20

(7.18–7.24) 94.60 238.60 100.30 27.90 0.00 15.80 10.90 4.90

(7.24–8.14) -25.60 126.10 23.70 56.70 0.00 71.30 12.40 58.90

(8.14–8-27) -66.20 1.30 0.00 15.50 0.00 52.00 1.10 50.90

(8.27–9.12) 64.10 84.60 8.10 0.00 37.90 50.30 1.40 48.90

(9.12–10.05) -58.80 10.70 0.00 11.70 0.00 57.80 3.40 54.40

Whole growth period 94.50 663.80 162.50 119.70 37.90 325.00 101.80 223.20

2013 (7.01–7.04) 13.00 11.60 0.00 0.00 14.90 13.50 13.50 0.00

(7.04–7.17) 18.90 84.40 12.50 10.20 0.00 42.80 42.40 0.40

(7.17–8.07) -37.60 36.70 0.00 17.20 0.00 57.10 41.40 15.70

(8.07–8.22) 1.10 28.80 0.00 0.00 22.00 49.70 7.90 41.80

(8.22–9.12) -4.40 67.80 1.30 5.00 0.00 65.90 4.60 61.30

(9.12–10.05) 19.30 43.10 0.30 0.00 15.20 38.70 5.40 33.30

Whole growth period 10.30 272.40 14.10 32.40 52.10 267.70 115.20 152.50

Note: ΔSW, the change in the soil water storage during a given period (mm); P, precipitation (mm); R, runoff (mm); D, deep percolation beyond the root zone (mm);
U, upward capillary rise into the root zone (mm); ET, evapotranspiration (mm); E, evaporation (mm); T, transpiration (mm).
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was concentrated during the maize growth period, which
was in the order of 2012> 2011> 2013. Similarly, surface
runoff was in descending order 2012> 2011> 2013, and
deep percolation also followed the same order. The
maximum growth-season ET (345 mm) and T (245 mm)
occurred in 2011, while their minimum counterparts (i.e.,
ET, 268 mm; T, 153 mm) were recorded in 2013. The
overall results showed that E differed slightly during 2011
to 2013, but T in 2013 was 80 mm lower than that in 2011
and 2012. Consequently, ET in 2013 was the smallest of
the three years.
WP (Hussain and Al-Jaloud, 1995) was calculated as the

ratio of crop yield to actual ET, which was 2.66, 2.50, and
2.59 kg$m–3 for 2011, 2012, and 2013, respectively.

4 Discussion

4.1 Water consumption, yield and water productivity

ET in 2013 was the lowest for the three years investigated
and it was apparent that T is intimately associated with
aboveground biomass and yield of maize (Fig. 2, Table 5).
The results suggested that the lowest T in 2013 might be
due to the lowest aboveground biomass and yield.
Meanwhile, DAP in 2013 was the latest, hence the length
of the growing period was the shortest for the three years
(Table 3). As a result, water and heat required by maize
growth decreased, and consequently the grain number and
weight of maize decreased. T also decreased accordingly.
These results were consistent with those of previous
studies[52,81,82].
Under non-irrigated conditions, water consumption may

vary with yield and rainfall, but the linear relationship
between consumptive water and crop yield remains
unchanged. This conclusion was supported by Guo[83].
In spite of the fact that the lowest yield and water
consumption was observed in 2013, WP was not the
lowest. The delayed sowing date and shorter DAP may
result in lower yield and ET, but the smaller yet more
uniformly distributed rainfall and the consequent higher
soil infiltration (effective rainfall) coincided more closely
with water-required stages, leading to only a moderately
low WP.

4.2 Climatic factors, depth of groundwater table and water
productivity

Zhang[84] found that the average WP of maize for a long-
term irrigation experiment during a 30-year period (1979–
2009) in NCP was 1.72 kg$m–3. However, our simulation
results showed that the average WP of rain-fed summer
maize was 2.58 kg$m–3 from 2011 to 2013 under non-
irrigated conditions. The difference may be attributed to
our field experiments on the piedmont plain of Yanshan
Mountain, which has relatively plentiful groundwater and

a relatively shallow groundwater depth (1.0–1.5 m).
Childs[85] and Yang[86] showed that crop water consump-
tion and yield were very sensitive to change in ground-
water depths, especially capillary rise during water-stress
periods.
To investigate crop responses to long-term climatic

factors, we also conducted a simulation by using a 30-year
(1980–2010) historical climatic data set. In this long-term
simulation, the required parameters by crop, soil, manage-
ment, and initial water conditions by AquaCrop were set as
the same as those in the three calibrated and validated years
(2011–2013). We set two groundwater depths (i.e., one at
1.5 m where groundwater in our field experiments can
recharge the crop in periods of water shortage, and the
other where groundwater is deep enough so that capillary
recharge is impossible in water shortage periods in most
parts of the NCP) to examine the responses of crop yield
and WP to differed water conditions, i.e., water-stress
(Fig. 7), and no water-stress (Fig. 8).
Large variations in maize growth-season precipitation

were observed over the 30 years, ranging from 163 mm to
712 mm. The results showed that soil moisture was
replenished by timely capillary groundwater recharge
received in dry years (e.g., 1999 and 2003, in which the
growth-seasons rainfall were less than 200 mm) (Fig. 7).
However, in cases of no capillary groundwater recharge
(Fig. 8), soil water deficit led to the declining crop yield
andWP. This can be further illustrated by theWP achieved
in 1999 and 2003 under no water stress conditions, which
was 2.49 and 2.24 kg$m–3, respectively (Fig. 7). In
contrast, the WP under water stress conditions was only
1.92 and 1.97 kg$m–3 (Fig. 8). Therefore, in dry years
supplementary irrigation must be applied if a higher yield
and WP is desired. It should also be noted that the above
results of high yield and WP were achieved under the
special condition of shallow groundwater depth. However,
only part of the piedmont NCP has such favorable
conditions, so irrigation will be necessary. Such irrigation,
however, can be supplementary and relatively small
compared to the growing-season rainfall, and would not
affect the water balance of the region nor result in over-
tapping groundwater. The analysis over a 30-year (1980–
2010) of the water balance for rain-fed summer maize
revealed that growing-season precipitation, ET, runoff
and deep percolation were 379, 346, 35, and 79 mm,
respectively, while the annual precipitation was 543 mm,
suggesting that the annual precipitation can meet the water
requirement of summer maize. Even in dry years, the
rainfall also met most of the crop water requirement.
However, if higher yield and WP was needed, supplemen-
tary irrigation would be necessary.

5 Conclusions

AquaCrop was calibrated and validated for summer maize
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in the piedmont of NCP and the results suggested that it
was appropriate for investigating crop biomass and yield,
soil water storage in the root zone and the soil water
balance. This research also indicated that rain-fed summer
maize was a water-efficient crop and multiple-year WP
could be as high as 2.58 kg$m–3, which was a fairly high
WP for maize. Achievement of such a high level of WP in

this study may be partly attributed to capillary rise of water
as a result of the shallow groundwater depth, which can
also account for the sound ecosystem service functions
maintained in the study area. More significantly, the results
obtained from a long-term climate and varying ground-
water depths (i.e., shallow, 1.0–1.5 m, and deeper)
simulation suggested that a high WP might be achieved

Fig. 7 The growth season precipitation, effective accumulated temperature, sunshine hours over the simulated period (1980–2010), and
the simulated maize water productivity and yield under no water stress conditions (groundwater table = 1.5 m)
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in monsoonal dry years in areas with capillary groundwater
as a result of shallow groundwater depths, however, in
areas without such shallow groundwater depth, irrigation
would be necessary. However, this kind of irrigation would
not affect the water balance of NCP and not result in
groundwater over-pumping if a single summer maize
cropping system were adopted. The 30-year water balance
on rain-fed summer maize suggested that the annual

precipitation can meet the water requirement of summer
maize and even in dry years, the rainfall also met most of
the crop water requirement. However, a higher yield and
WP would also necessitate supplementary irrigation.
Hence, the annual precipitation can meet both the
consumptive water requirement of maize crop (i.e., rain-
fed or rain-fed plus supplementary irrigation) and
ecosystem services, thus a beneficial outcome for both

Fig. 8 The growth season precipitation, effective accumulated temperature, sunshine hours over the simulated period (1980–2010), and
the simulated maize water productivity and yield under water stress conditions (groundwater table was as deep as possible)
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food security and ecosystem services can be assured.
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