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Abstract Grain yields of wheat and maize were obtained
from national statistics and simulated with an agricultural
system model to investigate the effects of historical climate
variability and irrigation on crop yield in the North China
Plain (NCP). Both observed and simulated yields showed
large temporal and spatial variability due to variations in
climate and irrigation supply. Wheat yield under full
irrigation (FI) was 8 tha−1 or higher in 80% of seasons in
the north, it ranged from 7 to 10 tha−1 in 90% of seasons in
central NCP, and less than 9 tha−1 in 85% of seasons in the
south. Reduced irrigation resulted in increased crop yield
variability. Wheat yield under supplemental irrigation, i.e.,
to meet only 50% of irrigation water requirement [supplemental irrigation (SI)] ranged from 2.7 to 8.8 tha−1 with the
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maximum frequency of seasons having the range of 4–6 t
ha−1 in the north, 4–7 tha−1 in central NCP, and 5–8 tha−1
in the south. Wheat yield under no irrigation (NI) was lower
than 1 tha−1 in about 50% of seasons. Considering the NCP
as a whole, simulated maize yield under FI ranged from 3.9
to 11.8 tha−1 with similar frequency distribution in the
range of 6–11.8 tha−1 with the interval of 2 tha−1. It ranged
from 0 to 11.8 tha−1, uniformly distributed into the range of
4–10 tha−1 under SI, and NI. The results give an insight
into the levels of regional crop production affected by
climate and water management strategies.

1 Introduction
The North China Plain (NCP), located in the eastern
coastal region of China (114–121° E and 32–40° N), is
the most important agricultural production area in China
(Fig. 1). The region covers a total area of about
320,000 km2 and a population of more than 200 million.
A wheat–maize double cropping system is currently
dominant, and in 2005, this region provided 58% of the
wheat and 33% of the maize produced in China (Lu et al.
2008). Climate in the NCP is affected by a continental
monsoon with annual rainfall ranging from 300 to
1,000 mm. Most of the rainfall occurs in the summer
months (June to September). Mean annual rainfall declines
from 910 mm in the south to 470 mm in the northern part
of the NCP. Annual average temperature is about 12.0°C,
with a monthly mean maximum of 27.2°C in July and a
minimum of 3.5°C in January. There is large spatial and
temporal variability of crop yield, and crop productivity in
the NCP is very low in dry years when no irrigation is

366

C. Chen et al.

Fig. 1 The North China Plain
and the locations of meteorological
stations used in this study

applied. In the last few decades, an increased irrigation in
the region has largely reduced spatial and temporal yield
variability and led to higher and more stable crop
production (Wang et al. 2008). However, the high water
consumption has posed a serious threat to the long-term
agricultural development and sustainable use of water
resources in the region (Liu and He 1996).
Under these circumstances, it is essential to regulate
the optimal allocation of the limited water resources and
develop management strategies to promote efficient use
of irrigation water. This can help to mitigate the decline

in the groundwater table and ensure sustainable agricultural production in the NCP. To achieve this target, there
is a need for better understanding of the spatial and
temporal response of crop yield variability as influenced
by climate and irrigation management. The stability of
crop yield is of great importance because large year to
year variations in crop yield constrain overall productivity and farmers’ net benefits (Sombroek and Bazzaz
1996).
Numerous studies have been conducted in the NCP
to evaluate the impacts of climate and/or irrigation on

Table 1 Irrigation times and irrigation amount for wheat and maize in the set of SI scenario
The amount of irrigation water supply Irrigation norm for each time Irrigation time
(Ia) (mm)
Wheat
I≤80
80<I≤160
160<I≤250

Ib
Half of Ic
A third of Id

I>250

A fourth of Ie

Sowing time
Sowing, stem extension
Sowing, stem extension, and
grain filling
Sowing, winter dormancy, stem
extension, and grain filling

Maize
Sowing time
Sowing, stem extension
Sowing, stem extension, and grain filling
Sowing, flowering, stem
extension, and grain filling

a

Irrigation amount applied to wheat and maize, determined by the difference of seasonal ET between full irrigation and no irrigation

b

If total irrigation amount was less than 80 mm, it was applied at sowing time for wheat and maize

c

If total irrigation amount was between 80 and 160 mm, it was equally divided into two applications: at sowing and at stem extension for wheat and maize

d

If total irrigation amount was between 160 and 250 mm, it was equally divided into three applications: at sowing, at stem extension, and at grain filling for
wheat and maize
e
If total irrigation amount was larger than 250 mm, it was equally divided into four applications: at sowing, during winter dormancy, at stem extension and
at grain filling for wheat, and at sowing, flowering, stem extension, and grain filling for maize
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Fig. 2 Observed wheat and maize yields in Beijing (a) and in the
NCP (b) from 1962 to 2003 (data were collected from Statistical
Bureau of China)
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Fig. 3 Observed relative yield deviations for wheat in Beijing (a) and
the NCP (b) from 1962 to 2003
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Fig. 4 Observed relative yield deviations for maize in Beijing (a) and
the NCP (b) from 1962 to 2003

crop production. Some studies explored crop production
potential and the spatial and temporal yield variability
caused by climate (Wu et al. 2006, 2008; Wang et al.
2008; Binder et al. 2008). They reported large variations
of crop yield due to the effects of climate factors,
especially rainfall. Some studies focused on the optimal
water management for crop production under variable
climate (Yang et al. 2006; Chen et al. 2010a; Fang et al.
2010). These studies have been proven valuable to help
us understand how climate affects crop production and
have been oriented to identify agronomic management
practices to better cope with a variable climate. However,
they mainly provided a general overview of spatial and
temporal patterns in crop yield and agricultural water
management strategies based on site-specific conclusions. The year to year variability of climate variables such
as temperature and precipitation causes uncertainty in regional
crop yield. Water availability also affects this uncertainty. A
systematic analysis of the relationship among climate, water
supply, and crop yield is essential to assess crop production
risks and resource allocation.
In this study, we investigated the spatial and temporal
characteristics of the variability in climate variables and
wheat and maize yield for the entire NCP. Our research
intends to provide the magnitude of crop yield variability
at regional scale through linking location-specific infor-
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mation on climate and water availability. This type of
study can help farmers and decision-making agencies
develop management strategies to reduce climate risk and
to use the increasingly limited water resources more
efficiently for agricultural development in the NCP. The
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objectives of this paper are to: (1) characterize the spatial
and temporal distribution of winter wheat and maize
yields, and (2) identify the effects of climate variability
and irrigation supply on crop yields, using a modeling
approach.

Precipitation
(mm)
< 100

100~200

200~300

Fig. 5 Frequency distributions of accumulated temperature, solar radiation, and rainfall during wheat-growing season in the NCP
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2 Materials and methods
2.1 Study sites, climate, and soil data
In order to capture the spatiotemporal variability of crop
yields, 45 years (1961–2005) of daily climate data from 32
weather stations (Fig. 1) uniformly distributed in the NCP
were used, together with an agricultural systems model, to
simulate wheat and maize yields across NCP. The weather
data include maximum and minimum temperature, sunshine
hours, and precipitation. These data were obtained from
China Meteorological Administration. The Ångström–Prescott equation (Allen et al. 1998) was used to convert

sunshine hours into global solar radiation since the latter
was not available for most of the stations.
Physical characteristics of soil required for the Agricultural Production Systems Simulator (APSIM) model were
obtained from the State Soil Survey Office of China (1998).
The plant available water content in soil down to the
potential rooting depth (150 cm) across the soil types
ranged from 145 to 350 mm, which was estimated based on
soil texture from a 1:14,000,000 scale map (Institute of Soil
Science, 1986). The nutrient properties were estimated
based on either available publications (Xiong and Xi 1965;
Li 1990; Yan and Xu 1994) or local expert knowledge in
the NCP.
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2.2 The agricultural system model
The APSIM was used in this simulation study. APSIM is a
modular modeling framework developed by the Agricultural Production Systems Research Unit in Australia
(McCown et al. 1996; Keating et al. 2003). The APSIM
model simulates daily crop development, growth, biomass
production, soil water, and nitrogen dynamics as affected
by climate, irrigation management, and nitrogen supply.
Input parameters required by the model include daily
climate data (maximum and minimum temperature, solar
radiation, and rainfall); soil properties by layer (saturated,
drained upper limit and lower limit water content, bulk
density, and carbon and nitrogen content); and management
options, such as rotation type, planting date, fertilizer, and
irrigation management.
The crop processes in APSIM are simulated with a
generic crop module template (Wang et al. 2003). The
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Global radiation
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duration of crop phenological stages is determined by
daily temperature and photoperiod. Leaf area development
is simulated using leaf initiation rate, leaf appearance,
expansion, and senescence rate, which are all affected by
temperature. Potential above ground biomass production is
calculated based on light interception and crop radiation
use efficiency, and it can be limited by suboptimal
temperatures, soil water, and/or nitrogen stress. Grain
yield is a function of grain number, grain filling rate, and
translocation of stem dry matter accumulated before the
start of grain filling. Evaporation from the surface soil
layer is calculated based on the concept of first and second
stage evaporation (Ritchie 1972). Evapotranspiration (ET)
is calculated based on daily radiation and maximum and
minimum temperatures. Detailed descriptions of APSIM
structure, its crop and soil modules can be found in
Keating et al. (2003) and at the APSIM website: http://
www.apsim.info/apsim/.
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Fig. 6 Frequency distributions of accumulated temperature, solar radiation, and rainfall during maize-growing season in the NCP
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This study used the APSIM model version 5.3 to
simulate grain yield of wheat and maize in the double
cropping system. The following main built-in modules were
included: wheat (WHEAT), maize (MAIZE), soil water
(SOILWAT2), soil nitrogen (SOILN2), residue (RESIDUE),
and management specification (MANAGER).
The APSIM model has been widely validated for crop
production at numerous locations under a wide range of
conditions (Asseng et al. 1998, 2000; Nelson et al. 1998;
Lyon et al. 2003; Chen et al. 2004; Heng et al. 2007),
including the NCP (Sun and Feng 2005; Wang et al. 2007).
In a previous paper (Chen et al. 2010b), we evaluated the
capability of the APSIM model for simulating grain yield
and water use of wheat–maize double cropping system with

field experimental data at three sites in the NCP. The results
showed that the model was able to simulate response of plant
growth and yield of the two crops to climate and irrigation in
the NCP. The root mean squared error (RMSE) values of grain
yield, biomass, and LAI for wheat were 0.83, 1.40, and
1.66 tha−1, respectively; while the corresponding values
for maize were 1.07, 1.70, and 0.60 tha−1, respectively. The
model predictions of soil water content and daily ET in the
double cropping system were also acceptable, with the
RMSE of 24.33 mm for soil water to 150 cm depth
(maximum rooting depth) and 1.49 mm day−1 for daily ET.
The calibrated APSIM model was used here to simulate
grain yield and water use of wheat–maize double cropping
system in the NCP.
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Fig. 7 Frequency distributions of simulated wheat yield under FI, supplemental irrigation with 50% of irrigation water requirement (SI) and NI
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2.3 Simulation scenarios
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Fig. 8 Histograms of simulated wheat yield under FI (a), SI (b), and
NI (c) at 32 sites in the NCP from 1961 to 2005

To better assess the impact of climate and irrigation on
crop growth, the same wheat (Zhixuan 1) and maize
(Yedan 22) cultivars, calibrated using the field experimental data at Yucheng site in Chen et al. (2010b), were
used to simulate wheat and maize production throughout
the NCP. Based on past and local experiences, sowing
dates of winter wheat were assumed to range from October
5 in the north to November 10 in the south of the NCP;
while maize was sown from June 1 in the south to June 15
in the north. Crop growth stops when physiological
maturity is obtained.
Three irrigation scenarios were simulated to investigate the effects of irrigation management on wheat and
maize yields under variable climate. The treatments were
full irrigation (FI), supplemental irrigation (SI), and no
irrigation (NI, rainfed), representing future situations with
full water supply, reduced, and non-irrigation, respectively. For the FI scenario, it was assumed that water
demand of wheat and maize was fully met during the
entire growth period. This was achieved using the
automatic irrigation facility of the APSIM model. APSIM
automatic irrigation was set up in such a way that if soil
water content within the potential rooting depth is below
a certain percentage of field capacity (100%), water will
be added into the soil to bring the water content within
the potential rooting depth to field capacity. The amount
of water added is equal to the difference between field
capacity and the actual soil water content before
irrigation, assuming irrigation efficiency of 1.0. For the
NI scenario, no irrigation water was applied during crop
growth season, which was used to evaluate the wheat and
maize yields under rainfed conditions. Under the SI
scenario, 50% of irrigation water requirement of both
wheat and maize was applied to during the growth
season. The total water demand (ET) of wheat and maize
under FI and NI scenarios were calculated from the
simulations first. Then, 50% of irrigation water requirement was calculated as half of the difference in ET
between FI and NI for wheat and maize, respectively.
Irrigation time and amount per application were determined based on crop development stage, its sensitivity to
water stress, and irrigation water supply. The distribution
of irrigation time and irrigation amount under SI scenario
was shown in Table 1.
2.4 Variation in regional crops yields caused by climate
variability
Changes in observed wheat and maize yields in the
NCP are the result of the variability in climate and the
change in technology including irrigation. In order to
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eliminate the effect of climate variability on crop yield,
we detrended the time series of observed yields of
wheat and maize in Beijing and in the whole NCP
during 1962–2003. We applied an 11-year movingaverage procedure (Xue et al. 2003) to estimate
“expected” yield for each year as affected by technology.
We then calculated the difference between observed and
expected yield for each year, and the ratio of the residual
(between observed and expected yield) to the expected
yield was defined as relative deviation to represent the
impact of climate variability (Wang et al. 2000; Li et al.
2009):
RDi ð%Þ ¼

ðOyi  Eyi Þ  100
Eyi

where Oyi is the observed yield for year i, Eyi is the
expected yield for year i, and RDi is the relative deviation
between observed and expected yield for year i.

3 Results
3.1 Observed wheat and maize yield and relative deviation
of crop yield
Wheat and maize yields have been increased greatly during
1962–2003 in Beijing and in the NCP (Fig. 2). Such
increase is mainly attributed to better adapted cultivars,
increased inputs (irrigation and fertilization), and improved
agronomic practices (Chameides et al. 1999; Mellouli et al.
2000; Zhu and Chen 2002; Evenson and Gollin 2003; Qaim
and Zilberman 2003; Zhang et al. 2005).
The calculated relative deviation (RD) of wheat and
maize yields at Beijing and in the NCP are shown in
Figs. 3 and 4, respectively. RD of yield for wheat showed
two clearly different stages. Before the 1980s, RD of
wheat yield showed large variability, and thereafter, it
became relatively stable. For the maize, the RD of yield
showed variability throughout the entire study period
(Fig. 3), although the interannual variations were smaller
in recent decades.
The results showed that although tremendous
improvements were achieved in technology, interannual
climate variability had significant effects on both wheat
and maize yield in the NCP. The reduction in RD in the
past two decades was mainly due to the increased inputs
such as irrigation and fertilization in addition to the
improved varieties. If future water resource supply
cannot meet the full irrigation demand, the interannual
yield variation caused by climate variability will increase
significantly. It is therefore essential to characterize
climate variability during wheat- and maize-growing
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seasons and its effects on grain yield at different
irrigation input levels.
3.2 Characterizing the spatial variability of climate during
the wheat- and maize-growing seasons
The spatial variability of climate variables (temperature,
radiation, and precipitation) in the NCP during wheatand maize-growing seasons from 1961 to 2005 is shown
in Figs. 5 and 6, respectively. During winter, wheatgrowing seasons (October–May), accumulated temperature (≥0°C) ranged from 1,410°C/day to 2,710°C/day with
a total seasonal average of 2,140°C/day (Fig. 5). Over the
whole region, the accumulated temperature in about 21%
of seasons fell in the range of 1,700°C/day to 2,000°C/day,
in about 43% varied between 2,000°C/day and 2,300°C/
day and in 28% of seasons ranged from 2,300°C/day to
2,600°C/day. Accumulated temperature showed evidently
temporal and spatial distribution patterns, and there was an
increasing trend from north to south. In the northern part,
the accumulated temperature in about 46% of seasons
ranged from 1,700°C/day to 2,000°C/day. In the central of
the plain, the accumulated temperature varied between
2,000°C/day and 2,300°C/day in about 62% of the
seasons, while in the southern part, more than 78% of
the seasons had accumulated temperature ranging from
2,300°C/day to 2,600°C/day.
During maize-growing seasons (June–September), accumulated temperature varied between 2,410°C/day and
3,190°C/day with a general average of 2,800°C/day
(Fig. 6). The accumulated temperature during maizegrowing season showed a general increasing trend from
north to south. In the north, accumulated temperature in about
50% of seasons ranged from 2,600°C/day to 2,800°C/day and
in about 30% of seasons, it fell in the range of 2,800°C/day to
3,000°C/day. In the central NCP, accumulated temperature
varied between 2,600°C/day and 3,000°C/day in 95% of
seasons and between 2,800°C/day and 3,000°C/day in 40% of
seasons. In the south, the frequency of accumulated temperature that fell into those same ranges was 25% and 60%,
respectively. The frequency of accumulated temperature
falling into the lowest range (2,410–2,600°C/day) in the north
was 17%, similar to that (15%) falling into the highest range
(3,000–3,190°C/day) in the south.
Solar radiation during wheat-growing seasons ranged from
1,980 to 3,960 MJ m−2 with a general average of
3,050 MJ m−2 over the NCP (Fig. 5). For the entire region,
the frequency of seasons in which solar radiation fell into the
range of 2,300–3,910 MJ m−2 with a 400-MJ m−2 interval
was similar. Solar radiation was higher in the north where
77% of seasons showed values larger than 3,100 MJ m−2. In
the central plain, it varied between 2,700 and 3,500 MJ m−2
in 77% of seasons, while solar radiation mainly ranged from
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2,300 to 3,100 MJ m−2 in the south. During the maizegrowing seasons, radiation in about 85% of seasons ranged
from 1,500 to 2,100 MJ m−2 over the NCP (Fig. 6). In more
than 50% of seasons, solar radiation ranged from 1,800 to
2,100 MJ m−2 in the northern part, and from 1,500 to
2,100 MJ m−2 in the south.
Precipitation showed largest variability in both temporal
and spatial scales (Figs. 5 and 6). During wheat-growing
seasons, it ranged from 20 to 620 mm with a total average
of 190 mm over the plain (Fig. 5). Some seasons (about
20%) experienced very low precipitation (less than 100 mm),
while about 10% of seasons had relatively high precipitation
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(>300 mm). Over the whole region, precipitation in 47% of
seasons fell between 100 and 200 mm and in 25% of seasons
fell into the range of 200–300 mm. Precipitation evidenced an
increasing trend from north to south. Eighty percent of
seasons had less than 200 mm in the northern and central
regions, while less than 400 mm in the south. During maizegrowing seasons, precipitation ranged from 90 to 1,090 mm
with a general average of 420 mm (Fig. 6). The spatial
variability was less than that during wheat-growing season.
Although precipitation in the NCP was mainly concentrated
during maize-growing season, it was less than 600 mm in
more than 80% of seasons.
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Fig. 9 Frequency distributions of simulated maize yield under FI, SI, and NI
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3.3 Characterizing the response of wheat and maize yield
to climate variability
Temporal and spatial variations of simulated yield under
three irrigation scenarios in the NCP are shown in Figs. 7
and 8 for wheat and Figs. 9 and 10 for maize. Significant
variations of simulated crop yield were found, and they
show different patterns for different areas and different
water supply scenarios.
3.3.1 Wheat yield
Simulated wheat yield showed large temporal and spatial
variations even when crop water demand was fully met
with irrigation. Considering the overall NCP results,

wheat yields under FI presented an average value of
6.8 tha−1 and values ranging from 5.6 to 11.7 tha−1
(Fig. 7, Table 2), with 85% of the seasons showing values
of 7–10 tha−1. In the northern NCP, simulated wheat
yields under FI mainly ranged from 8 to 10 tha−1 with
85% of seasons. In the central part, yield values ranged
from 7 to 9 tha−1 in 70% of seasons and 95% of seasons
presented yields of less than 10 tha−1. In the south part of
NCP, wheat yield higher than 9 tha−1 was less frequent
than in the north, while the frequency of seasons with
wheat yield less than 7 tha−1 was higher. Simulated yield
in the south were in the range of 7–9 tha−1 in 70% of
seasons. There was a reduction in the frequency of high
yields and an increase in that of low yields from north to
south. Lower wheat yield in the south was a consequence
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R Fig. 10

Histograms of simulated maize yield under FI (a), SI (b), and
NI (c) in 32 stations in the NCP from 1961 to 2005
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of shorter growth period caused by higher temperature and
subsequent lower total solar radiation.
The decrease of irrigation resulted in increased wheat
yield variability. Under SI scenario, simulated wheat yield
ranged from a minimum value of 2.7 tha−1 to a maximum
value of 8.8 tha−1 for all simulated seasons over the NCP,
with an average of 5.5 tha−1 (Fig. 7, Table 2). The
frequency of seasons in which wheat yield fell into the
range of 3–8 tha−1 with the interval of 1 tha−1 was similar,
showing the large temporal variations in yield. Simulated
wheat yield under SI also showed large spatial variations.
In the north, the simulated wheat yield in about 84% of
seasons ranged from 3 to 6 tha−1, while in the south, it
ranged from 5 to 8 tha−1 in about 90% of seasons. Contrary
to the results under FI, wheat yield showed a gradual
increase from north to south.
Under NI scenario, simulated wheat yield varied greatly
due to rainfall variations, ranging from 0 to 7.8 tha−1 with a
general average of 2.2 tha−1 (Fig. 7, Table 2). Due to sparse
precipitation in most wheat-growing seasons, simulated
yield values were slightly lower than 1 tha−1 in more than
40% of seasons and lower than 3 tha−1 in about 70% of
seasons over the NCP. These results indicated the importance of supplemental irrigation for wheat production in the
region, especially in the northern part. Wheat yield values
were less than 1 tha−1 in more than 65% of seasons and less
than 2 tha−1 in about 80% of seasons. In the south, wheat
yield was larger than 5 tha−1 in some seasons due to higher
precipitation.
Figure 8 shows the frequency distribution of simulated
wheat yield for all simulated seasons under three irrigation
scenarios at 32 selected locations in the NCP. Wheat yield
showed interesting distributions under all three scenarios.
The maximum frequency occurred around 8.4 tha−1 under
FI (Fig. 8a), 5.1 tha−1 under SI (Fig. 8b), and 0.1 tha−1
under NI (Fig. 8c). The unimodal distribution showed the
strong temporal and spatial variability of wheat yield due to
the variations in climate and irrigation. The high proportion
of seasons with very low grain yield under NI indicates that
wheat crop yield in the NCP can be significantly reduced
from the current level if future water shortage leads to
insufficient water for irrigation.
3.3.2 Maize yield
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Maize yield under FI ranged from 3.9 to 11.8 tha−1 with a
general average of 8.7 tha−1 for all simulated seasons over
the NCP (Fig. 9, Table 2). In 70% of seasons, maize yield
was higher than 8 tha−1, and in 25% of seasons, they

Spatial and temporal variability in North China Plain
Table 2 Summary of simulated
wheat and maize yields under
FI, SI, and NI scenarios

FI full irrigation, SI supplemental irrigation, NI no irrigation

Yield (t ha−1)
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Irrigation scenario
FI

Maximum
Minimum
Mean

SI

NI

Wheat

Maize

Wheat

Maize

Wheat

Maize

11.7
5.6
6.8

11.8
3.9
8.7

8.8
2.7
5.5

11.8
0
6.8

7.8
0
2.2

11.8
0
4.7

ranged from 6 to 8 tha−1. In the north, maize yield was
higher than 10 tha−1 in about 30% of seasons and larger
than 8 tha−1 in 75% of seasons. In the central and southern
NCP, the frequency distribution of maize yield was similar.
It mainly varied between 6 and 10 tha−1 with 50% of
seasons falling into the range of 8–10 tha−1 and 30% of
seasons ranging from 6 to 8 tha−1. A gradual decreasing
trend was obvious from north to south as a result of lower
solar radiation and shorter growing season caused by higher
temperature and in total intercepted solar radiation.
Under SI, simulated maize yield ranged from 0 to 11.8 t
ha−1 with an average of 6.8 tha−1 (Fig. 9, Table 2). Over the
region, maize yield ranged from 6 to 8 tha−1 in 40% of
seasons, from 4 to 6 tha−1 in 27% of seasons, and from 8 to
10 tha−1 in 24% of seasons. Even with summer rainfall,
irrigation is still required to increase maize yield in some
drier years, while in wet seasons, irrigation would not
increase maize yield due to the water demand of the crop
being met by rainfall. From north to south, the variations of
simulated maize yield were similar with the largest
frequency at the range of 6–8 tha−1. Generally, maize yield
increased from west to east along the same latitude
following similar gradient observed in rainfall (Fig. 6).
Under NI, simulated maize yield ranged from 0 to 11.8 tha−1
with a general average of 4.7 tha−1 (Fig. 9, Table 2). The
frequencies of yield values falling into the ranges of 0–8 tha−1
with the interval of 2 tha−1 were all close to 20%. The large
variation of maize yield was mainly attributed to the variation
in precipitation. Only in a few seasons, maize yield under NI
was larger than 8 tha−1. The temporal variation of maize yield
in the north was larger than that in the south due to larger
variability in precipitation. The frequencies of maize yield
values falling into the range of 4–8 tha−1 were 64% in the
south and 44% in the north, respectively.
Figure 10 shows the distribution of maize yields for all
simulated seasons under three irrigation scenarios at 32 selected
locations in the NCP. The maximum frequency occurred
around 8.1 tha−1 under FI (Fig. 10a), 6.9 tha−1 under SI
(Fig. 10b), and 1.2 tha−1 under NI (Fig. 10c). Under NI, there
were still some seasons in which maize yield was low (less
than 0.1 tha−1) due to the low soil water at sowing time. The
distribution of maize yield showed the strong temporal and
spatial variability of maize yield in the NCP.

4 Discussions
A major source of agricultural production risk is climate
variability. Therefore, an assessment of the impact of
historical climate variability on the variability and the
distribution of crop yield is helpful for effective planning
and efficient use of limited water resources. Such understanding is also important for assessing the possible impacts
of future climate change on agricultural production. An
agricultural system model is an effective tool to investigate
the relationship among crop yield, climate, and resources
management. Information on crop yield and its variation is
important for developing agricultural management strategies oriented to reduce production risk.
This study used the APSIM model to characterize the
response of grain yield in wheat–maize double cropping
system to climate variability and irrigation supply in the
NCP. The spatial and temporal variability of wheat and
maize yields were simulated and analyzed over a 45-year
period using daily historical climate data from meteorological stations uniformly distributed throughout the NCP. The
sustainability of agricultural production in the NCP has
recently received considerable attention due to serious
water resources shortage. The simulated effect of climate
variability and water supply on simulated crop yield of
wheat and maize can be used to assist in water management
and development of future sustainable cropping systems.
This study also demonstrates the effectiveness of using
agricultural systems modeling to understand cropping
systems–climate interactions.
Despite the improvements in technology and consequent
increases in wheat and maize yields since the 1960s in the
NCP, climate variability was shown to have large impacts on
crop yields in the region, particularly in a situation with
possible reduction in irrigation water. For all simulated years
over the region, wheat yield under full irrigation ranged from
5.6 to 11.7 tha−1 (8–10 tha−1 in north and 8–9 tha−1 in the
central and southern regions in most of seasons). Wheat
yield under a reduced irrigation (SI) ranged from 2.7 to 8.8 t
ha−1 with the maximum frequency of seasons falling into the
range of 4–8 t ha−1 in the north, 5–6 tha−1 in the central
region, and 6–8 tha−1 in the south. Wheat yields under no
irrigation ranged from 0 to 7.8 tha−1, and were lower than
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1 tha−1 in 50% of seasons in the north. Simulated maize
yield under full irrigation ranged from 3.9 to 11.8 tha−1 with
8–10 tha−1 in about 50% of seasons. Maize yield distribution
was relatively uniform in the range of 6–11.8 tha−1 with an
interval of 2 tha−1. Under treatments of both, half water
supply and no irrigation maize yields ranged from 0 to 11.8 t
ha−1 with 50% of seasons showing a range of 6–8 tha−1.
Although full irrigation application reduced crop yield
variability, the variations in solar radiation and temperature
greatly affected the distribution of crop yields over time and
space. Precipitation variability under no irrigation and half
irrigation conditions increased the variations of crop yield.
The simulated results in this study provide insights into the
magnitude of changes in crop performance as affected by
climate. In general, crop yield under full irrigation decreased
from north to south, and increased from north to south under
no irrigation, as a result of the spatial variation of climate
variables (radiation, temperature, and rainfall).
The results presented here can assist in long-term policymaking for agriculture and water resource management.
The increased irrigation water supply particularly for wheat
crop in the NCP since the early 1980 has largely reduced
the variability of crop yield. If global warming results in
increased climate variability then the frequency distribution
of yields is likely to widen and a sequences of low yields
can become more likely (Semenov and Porter 1995). The
projected warmer and drier trends in most part of the NCP
(Wang and Lin 1996; Xu et al. 2006), together with the
reduced water resource availability for irrigation, imply that
crop yield targets may need to be adjusted to a lower level,
as shown in the simulated yields under SI and NI scenarios.
In addition, sustainable management of water resources in
different scales (field, regions, and whole area) should be
considered in the future, which may include water allocations
to different industries and agricultural production, water
pricing, water harvesting techniques, and water use efficiency
of different irrigation systems. These topics are beyond the
scope of the present study.
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