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Wheat is the second primary crop in China. Wheat production in China is an important component for
national food security. The combination of high-resolution Global Climate Model (GCM) and WheatGrow
model was used to assess the effects of climate change on wheat yields in the main wheat production
regions of China. With the application of many techniques including the downscaling of meteorological
data, rasterizing of sowing date, parameterization of region cultivar and vectorization of soil data, the
spatial data in study area is divided into homogeneous grids with the resolution of 0.1° x 0.1°. The grid
is taken as the basic simulation unit, and each grid has a complete set of input data (meteorological,
soil, management and varieties). Regional productivities are simulated with WheatGrow for each grid
cell under scenarios of climate-change. There is an advance in flowering date in future climate compare
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Wheat yield to 2000s, but with a more homogeneous pattern for the whole producing region. The changes in grain
IWUE filling period are relatively stable. Under rain-fed conditions, wheat yield is reduced in the north regions
ET of China in three future periods, while wheat yield increases in the south regions of China. Under full-

irrigation conditions, irrigated wheat yields will increase in almost all regions of whole producing region.
The spatial pattern of evapotranspiration change is quite similar to that of yield change under rain-fed
and full-irrigation conditions. The correlation between wheat yield and evapotranspiration (ET) increases
to 0.96 and 0.51 (p <0.01) under rain-fed and full-irrigation conditions, respectively. The irrigation water
use efficiency (IWUE) will decrease under three time slices in 2030s, 2050s and 2070s in western Shan-
dong, southern Sichuan, as well as northern Henan, Shanxi and Shaanxi, while IWUE will increase under
scenarios of climate-change in other areas. The results revealed that the increase in effective irrigation
in the future would help to increase the ET and further improve the wheat yield in the northern regions
of China, and the limited water should be mad full use of in the regions with relatively high IWUE under
scenarios of climate-change.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The impact of future climate change on crop production has
been widely studied by using crop models and climate change sce-
narios (Cantelaube and Terres, 2005; Challinor and Wheeler, 2008;
Guo et al., 2010; Tao et al., 2008). Future climate scenarios may
be beneficial for wheat in some regions, but could reduce produc-
tivity in zones where optimal temperatures already exist (Ortiz
et al., 2008). The tendency of wheat yield in American Northern
Plains will increase 25% in 2030 and 36% in 2095 (Izaurralde et al.,
2003). Zhang et al. (2004) indicated that the average wheat pro-
duction will increase by 9.8% in the North China Plain in the 2090s’
B2A scenarios (local sustainability) (Nakicenovic and Swart, 2000).
Zhang and Liu (2005) indicated that the future wheat yields will
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increase 7-58% in the Loess Plateau of China. Winter wheat pro-
duction in southern Sweden was predicted to increase by 10-20%
in 2050 (Eckersten et al., 2001). England wheat production is likely
to increase 15-23% in 2050 (Richter and Semenov, 2005). How-
ever, wheat yield in southern Australia will decrease about from
13.5% to 32% under most climate change scenarios (Luo et al.,
2005).

Evaluation of future climate change research is divided into two
groups. The first one is the research for the crop response to the
historical climate change (Egli, 2008; Malone et al., 2009; Tao et al.,
2006) and the results derived from this group can be used as the
basis for making a prediction for crop yields in the future. While the
second is, the use of atmospheric circulation model output to drive
crop models and can be further subdivided as follows: (1) direct use
outputs of GCM or RCM (regional climate model) as the crop model
input data (Lin et al., 2005); (2) adjust historical daily meteorolog-
ical data according to the GCM or RCM outputs results (Daccachea
et al,, 2011; Liu et al, 2010); (3) adjust the weather generator
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parameters downscaling of GCM or RCM data to generate daily
meteorological data (Semenov and Stratonovitch, 2010; Tao and
Zhang, 2011; Trnka et al., 2004; Zhang et al., 2004). 221 papers that
used crop simulation models to examine diverse aspects of how
climate change might affect agricultural systems were reviewed by
White et al. (2011). Only six direct GCM or RCM output was taken
as the input of the crop model. 141 papers adjusted historical daily
data with outputs of the circulation models. 68 papers adjusted
parameters of weather generators such as WGEN or LARS-WG to
provide daily weather data which could represent future climates.

The first method has some limitations. Global and regional cli-
mate model results cannot directly be used as input for crop models
because the output is typically available as monthly means or
changes in monthly means of climatic variables (Semenov and
Stratonovitch, 2010), but daily time series are needed as input in
most crop models. Even if daily output is available, the coarse spa-
tial resolution and large biases, in particular for precipitation is
unsuitable for direct use in crop models (Supit et al., 2012). The
second method only considers the mean for temperature, rainfall,
and radiation, but the standard deviation of these meteorologi-
cal elements in the future cannot be incorporated. In recent years,
the third method has become the most important method for the
evaluation of future climate change research. In addition, although
GCMs can effectively assess climate change caused by increasing of
greenhouse gas emissions, coarse spatial resolution does not reflect
reliable regional details. Therefore, downscaled GCMs (Cantelaube
and Terres, 2005; Wang et al., 2011) or RCM (Xiong et al., 2007)
combined with crop models was used to study the impact of future
climate change on crop production in many efforts.

Impact assessment of climate change using crop models can be
conducted at either the site or regional scale. At present, evalua-
tion studies at site scale and regional scale are mainly based on
the results of several representative agricultural experimental eco-
sites (Guo et al., 2010; Zhang et al., 2004). Although it is easy to
implement and less time consuming to couple the growing process
with environmental variables, the method of using a representative
site for a large area or area that has complex spatial heterogene-
ity can lead to significant simulation errors (Wang et al., 2011).
Therefore, the evaluation results with only a few eco-sites can-
not represent the characteristics of the region. Comparatively little
investigation is based on high-resolution raster data for regional
scale evaluation studies (Cantelaube and Terres, 2005; Ramirez-
Villegasa et al., 2011; Supit et al., 2012), and mainly for foreign
areas.

Many studies have assessed wheat phenology, yield and water
use in response to climatic changes in China. Guo et al. (2010)
explored the responses of wheat yield and water use efficiency to
climate change in the North China Plain, and indicated that wheat
yield will increase 9.8% without CO, fertilization in 2090s. Liu and
Tao (2012) made a probabilistic assessment of changes in wheat
yield (based on 5 different climate scenarios) and found that wheat
yield would decrease with a probability of more than 69% and 54%
under rain-fed and full-irrigation condition with the temperature
rising 3°Cwithout CO, fertilization. Ju et al. (2005) found that wheat
yield would decrease 20% in ten agro-ecological zones of China
without CO, fertilization in 2070. Tao et al. (2006) explored trends
in phenology and yields of wheat in China from 1981 to 2000. Wang
et al. (2008) investigated phenological trends in winter wheat in
response to climatic changes from 1981 to 2004 in northwest
China. Zhang et al. (2011) evaluated changes in evapotranspira-
tion over irrigated winter wheat in North China Plain from 1979 to
2009 and provide references for assessing future ET change. Stud-
ies of climate change impacts on wheat in China showed conflicting
results and uncertainties primarily relating to differences of sites,
crop models, GCM scenarios and managements (Xiong et al., 2009),
and above studied mainly explored the responses of wheat yield

and water use efficiency to climate change based on site-specific
conclusions. A systematic analysis of the relationship between cli-
mate change and wheat phenology, yield and water use is essential
to assess wheat production risks and water resource allocation at
regional scale in the future.

The aim of this paper is to explore the responses of winter wheat
phenology, spatial variation of potential and rain-fed production,
actual evapotranspiration and IWUE to climate change with the
WheatGrow model in China’s main wheat production regions and
further analyze the reason affecting wheat yield under climate
change projections of A2, A1 and B1 in each province, which pro-
vides a scientific basis of the future production strategy formulation
and the redistribution of agricultural water resources in the wheat
producing provinces.

2. Materials and methods
2.1. Study region

Based on the wheat sowing area in 2005 of each county in China
obtained from the statistical yearbook, the sowing-area-weighted
method (Jagtap and Jones, 2002) was used to aggregate the data
of county-level wheat sowing area in 2005 to 0.5° x 0.5° resolu-
tion grid-level wheat sowing area, then the ratio of wheat sowing
area to total area in each grid was calculated and exhibited in
Fig. 1 with ARCGIS 9.2. Ten major production provinces, Jiangsu,
Hebei, Henan, Shandong, Shanxi, Shaanxi, Gansu, Hubei, Sichuan
and Anhui provinces inside the blue line in Fig. 1A, which have
the relatively largest wheat sowing fraction were chosen as study
provinces.

The black line in Fig. 1A is the dividing line between winter and
spring wheat in Chinese wheat producing regions (Jin, 1996). The
regions above the black line are planted to spring wheat, while
areas below the black line are planted to winter wheat and were
the primary regions for this study. Fig. 1B shows average wheat
sowing date (Day of Year, DOY) for the 1998-2003 study regions.

2.2. Data

2.2.1. Generating daily weather

Three GCM models providing the necessary weather vari-
ables for WheatGrow model were used in this study. There
are the CSIRO-Mk3.5 (Commonwealth Scientific and Indus-
trial Research Organisation Atmospheric Research, Australia,
1.9° x 1.9°), ECHam5 (Max Planck Institute for Meteorology,
Germany, 1.9° x 1.9°) and MIROC3.2 (Center for Climate Sys-
tem Research, National Institute for Environmental Studies, and
Frontier Research Center for Global Change, University of Tokyo,
Japan, 2.8°x 2.8°). GCM generally has a lower spatial resolu-
tion. Such a coarse spatial resolution cannot reflect reliable
regional detail (Cantelaube and Terres, 2005), therefore it is
required to be downscaled in spatial scale for assessing region-
ally site-specific climatic impacts of climate change on winter
wheat. The high-resolution monthly average meteorological data
of three GCMs in this study were come from the CIAT database
(http://www.ccafs-climate.org/data/) (Ramirez and Jarvis, 2008).
The time slices 1990-2010, 2020-2040, 2040-2060 and 2060-2080
were chosen from the GCM data. Three scenarios of A2 (a high-
greenhouse-gas-emission scenario), A1 (a low-emissions scenario)
and B1 (a medium-emission scenario) are chosen as climate change
projections (Nakicenovic and Swart, 2000).

Jones and Thornton (2013) describe a generalized downscal-
ing and data generation method that takes the outputs of a GCM
and allows the stochastic generation of daily weather data that
are to some extent characteristic of future climatologies. Future
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Fig. 1. (A) Distribution map of wheat planting area proportion, main wheat production regions and dividing line between winter and spring wheat. (B) Average sowing date
from 1998 to 2003. (For interpretation of references to colour in text, the reader is referred to the web version of this article.)

daily weather data for a total 14,212 grids in our research regions
were generated based on Jones’s works. The stochastic weather
generator MarkSim was used to produce daily weather for each
grid cell from the monthly climate data, including maximum
and minimum temperature, precipitation, wet days, and solar
radiation (Jones and Thornton, 2013). MarkSim is a third-order
Markov rainfall generator (Jones and Thornton, 1999, 2000) that
has been developed over 20 years. MarkSim divides the world
into 720 clusters of climate distinct from one another using 36
values of monthly precipitation and monthly maximum and min-
imum temperatures, and some of the parameters of the MarkSim
model calculated by regression from the cluster most represen-
tative of the climate point to be simulated. Jones et al. (2009)
generated global regression coefficients of three scenarios for
CSIRO-MKk3.5, ECHam5 and MIROC3.2, which can be used to deter-
mine to which cluster it belongs and generate daily meteorological
data for each grid. The standalone version called MarkSim_alone
constructed by Jones is designed for computer users that need
to process large amount of data (Jones et al., 2009). The detail
for generating daily meteorological data for each grid can be
found at (http://www.ccafs-climate.org/media/ccafs_climate/docs/
MarkSim_Standalone_Documentation.pdf). 20 set of daily meteo-
rological data, including daily maximum temperature, minimum
temperature, solar radiation, rainfall in each gird for the time slices
2000s, 2030s, 2050s, 2070s of GCMs were generated using 20 ran-
dom seeds.

Due to the regional high-resolution raster data in this study,
inconsistency of the meteorological data between adjacent grids
may cause a larger spatial variability. However, the current method
to generate a downscaling daily meteorological data did not take
the spatial correlation between two adjacent grid cells into account
(Semenov and Brooks, 1999). In order to ensure the consistency of
spatial grid cells on the monthly scale, a bias correction method
was used to correct the generated daily meteorological data by
calculating the difference between the average of the generated
daily meteorological data and raw monthly averages of the climate
model.

Corrected daily maximum temperature = daily maximum tem-
perature — (monthly average of generated daily maximum temper-
ature — GCM monthly average maximum temperature)

Corrected daily minimum temperature = daily minimum tem-
perature — (monthly average of generated daily minimum temper-
ature — GCM monthly average minimum temperature)

Corrected daily solar radiation = daily solar radiation — (monthly
average of generated daily solar radiation — GCM monthly average
solar radiation)

Corrected daily rainfall=daily rainfall/monthly total rainfall
(monthly sum of generated daily rainfall/GCM raw monthly total
rainfall)

After correction, variation of the generated daily meteorological
data by MarkSim does not change, while minimizes the difference
between the monthly average of the generated daily meteoro-
logical data and the raw GCM monthly meteorological elements.
Corrected daily meteorological data in two adjacent grid cells are
consistent on monthly scale, which ensure the simulated growth
period yield are consistent in two adjacent grid cells as much as
possible.

2.2.2. Soil data

The soil data was mainly derived from the Harmonized World
Soil Database (HWSD), which was developed and maintained by
the International Institute for Applied Systems Analysis (IIASA).
Soil textural data of two layers, for 0-30cm and 30-100 cm, was
included in HWSD. The spatial soil information was derived from
the ISRIC-WISE (Batjes, 2006) database (5’ x 5’), which provided
most of the soil parameters (organic Carbon, pH, water storage
capacity, soil depth, cation exchange capacity of the soil and the clay
fraction, total exchangeable nutrients, lime and gypsum contents,
sodium exchange percentage, salinity, textural class and granu-
lometry) required by WheatGrow model within a 100 cm deep soil
profile. Wilting point (WP), field capacity (FC) and saturated mois-
ture content (SAT) were estimated by texture and organic matter
(Saxton and Rawls, 2006).

2.2.3. Cropping management

WheatGrow model assumes that weeds, diseases, and pests are
controlled. The basic carbon dioxide concentrations were 334 ppm
when model was constructed. In this research, carbon dioxide
concentrations were held constant at 370 ppm which represented
the current CO, levels for all simulations. Fertilizer was optimally
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available in this research. No information about future wheat vari-
eties is available and therefore we assume that wheat types do
not change over time. This will show the effects of the changing
weather patterns on wheat growth and production.

Irrigation in WheatGrow is applied in 2 ways: (1) automatic
irrigation that provides the optimal amount of water to cover the
estimated soil water deficiency. During the simulation, irrigation
was applied when soil moisture was lower than 65% of field capac-
ity. This implies that water is always available when needed. (2)
Rain-fed conditions that no irrigation to supply. For the rain-fed
conditions, crops may incur water-stress during long droughts. In
this paper we compare rain-fed and irrigated conditions separately.
However it can at least direct us to know if the water requirement
of crops is fully satisfied and how crops will be affected by climate
change. Irrigated and rain-fed conditions are known to influence
crop yield differently (Liu et al., 2010), and both are considered in
the present study.

Irrigation water use efficiency can be expressed by IWUE (Sun
et al., 2010), which can be defined as follows:

(GYi — GYd)

IWUE = - (1)

where GYi is the potential production (kgha~1), GYd is the rain-fed
production (kgha~1), I'is the irrigation amount (mm) in automatic
irrigation scenario.

2.2.4. Sowing date

A recent comparison of the thin plate smoothing spline with the
geostatistical method (Kriging) showed the close formal connection
of both methods (Hutchinson and Gessler, 1994). The main advan-
tage of the splines over geostatistical methods is that the splines do
not require prior estimation of the spatial auto-covariance struc-
ture, which can be difficult to obtain. In addition, Kriging method
requires the data to fit the normal distribution, the sowing date
data in this study is not completely accord with the normal distri-
bution. The spline method does not require a regular distribution
of data points. A second-order spline using latitude and longitude
as independent variables was fitted to interpolate the surfaces of
sowing date with the resolution of 0.1° x 0.1°. The regional aver-
age wheat sowing date of 1998-2003 is shown in Fig. 1B, and the
value of each grid is considered as the day of the year (DOY) of
wheat sowing. Wheat sowing dates at 148 eco-sites from 2003 to
2005 are use to validate the regional average wheat sowing date
of 1998-2003, and the coefficient of determination (R?) and root
mean square error (RMSE) are 0.90 and 4.97 days, respectively
(Fig. 2).
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Fig. 2. Validation of the sowing date.

2.3. WheatGrow model description

WheatGrow is mainly composed of five submodels: apical
development and phenological development (Yan et al., 2000,
2001); photosynthesis and dry matter production (Liu et al.,
2001b); dynamic partitioning (Liu et al., 2001a); organ growth and
yield formation (Pan et al., 2007, 2006); soil water balance (Hu et al.,
2004a,b, 2005) and N, P, K dynamics (Zhuang et al., 2004). Actual
evapotranspiration of winter wheat field was computed by means
of the Priestley-Taylor formula. Many studies have made some pre-
dictions and evaluations using WheatGrow model at site or regional
scale (Huang et al., 2011; Shi et al., 2009; Zhao et al., 2010), and the
results showed that the model was able to simulate response of
wheat growth and yield to climate and irrigation in China.

2.4. Calibration and validation of the WheatGrow model

When the crop growth model is extended from site to regional
scale, the performance of a specific cultivar is of less concerned.
Instead, the characteristics of all the cultivars under certain sce-
narios in the entire region are comprehensively considered as a
representative ecotype cultivar for predicting the regional produc-
tivity (lizumi et al., 2009; Shi et al., 2009; Tao et al., 2009). Since the
model parameters of the ecotype cultivar are not cultivar-specific
but region-specific, the differences between the cultivars within
a region could be ignored, and a set of region-specific parameters
should be optimized.

In the study region, ten representative eco-sites (Green stars
in Fig. 1A), Weifang, Shijiazhuang, Zhengzhou, Huai’an, Hefei, Lin-
fen, Wugong, Xifeng, Bazhong and Zhongxiang, were selected in
the province of Shandong, Hebei, Henan, Jiangsu, Anhui, Shanxi,
Shaanxi, Gansu, Sichuan, Hubei, to estimate the region-specific
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Fig. 3. Validation of the flowering date (A) and yield (B) in regional scale.
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Table 1

Cultivar parameters in WheatGrow model.
Provinces PVT IE PS TS FDF SLA LT GW HI TA
Anhui 30 1.33 0.0060 0.69 0.79 0.0028 46.3 37.02 0.4 0.52
Hebei 37 1.61 0.0068 0.84 0.69 0.0027 63.31 40.5 0.38 0.61
Jiangsu 25 1.68 0.0062 0.67 0.57 0.0026 48.32 44.01 0.38 0.65
Henan 33 1.46 0.0055 1.01 0.82 0.0031 52.27 39.69 0.37 0.46
Gansu 39 1.41 0.0054 0.81 0.69 0.0026 71.94 39.76 0.44 0.47
Shandong 40 1.50 0.0066 0.86 0.74 0.0031 63.69 42.97 0.41 0.54
Hubei 24 1.46 0.0053 1.05 0.70 0.0027 41.42 42.66 0.37 0.63
Sichuan 16 1.03 0.0036 0.40 0.54 0.0024 46.6 373 0.39 0.55
Shanxi 37 1.65 0.0072 1.24 0.68 0.0026 82.43 47.06 0.38 0.54
Shaanxi 38 1.64 0.0069 0.96 0.66 0.0032 47.64 31.52 0.36 0.45

PVT: physiological vernalization time/d.

IE: intrinsic earliness.

TS: temperature sensitivity.

PS: photoperiod sensitivity.

FDF: filling duration factor.

SLA: specific leaf area under optimum conditions/ha kg~
LT: the max thermal time between two leaves/°Cd.

HI: harvest index.

GW: 1000-grain weight/g.

TA: tilling ability.

cultivar parameters (Table 1) with the MCMC-based method
(lizumi et al., 2009) from 1998 to 2003, and 148 other eco-sites
were used for validation of the MCMC-based method for estimating
region-specific cultivar parameters from 2003 to 2005.

Daily meteorological data was selected for each eco-sites. The
soil data including soil physical and chemical properties was
selected according to latitude and longitude of eco-sites using GIS.
The calibrated regional cultivar parameters at 10 eco-sites above
represent the ecotype cultivar of ten provinces respectively. Crop-
ping management was consistent with the actual situation in the
field. The R? and RMSE between observed and estimated flowering
date were 0.87 and 6.65 days, and R? and RMSE between observed
and estimated yield were 0.65 and 954kgha~! (Fig. 3). The esti-
mated values agreed well with the observed values. Therefore,
WheatGrow model can be extended to regional scale for accurately
predicting the regional wheat production.

2.5. Regional wheat model

This study developed a regional wheat model and decision sup-
port system by combining the WheatGrow model with Geographic
Information System (GIS) to scale up crop model from site to
regional levels. The spatial data in study area is divided into homo-
geneous grids. The grid is taken as the basic simulation unit, and
each grid has a complete set of input data (meteorological, soil, cul-
tivar and management). A total of 14,212 grid cells in main wheat
producing regions are simulated under four time slices in 2000s,
2030s,2050s and 2070s, and then all grid results in one province are
aggregated to aregional value. The spatial distribution of flowering
date, wheat yield, ET and IWUE are the average of three climate
change projections of A2, A1 and B1 of three GCMs.

3. Results
3.1. Projected regional climate changes

Daily average solar radiation, temperature and rainfall were
calculated in each grid cell using three GCM models under three
different emission scenarios for four time slices. Probability distri-
butions of daily average solar radiation, temperature and rainfall
with a total of 14,212 grid cells during the wheat growing sea-
son (November to next may) are shown in Fig. 4A-C respectively.
Daily average solar radiation in main wheat producing region dur-
ing the wheat growing season was 9.26 MJ m—2 d~1. The probability

distributions of accumulated solar radiation during the wheat
growing season showed a consistent increased solar radiation from
2000s to 2070s. Daily average temperature in main wheat pro-
ducing region during the wheat growing season was 7.14°C. The
probability distributions of daily average temperature during the
wheat growing season showed a consistent warming trend from
2000s to 2070s. Daily average precipitation in main wheat pro-
ducing region during the wheat growing season was 1.13 mm.
The probability distributions of daily average precipitation during
the wheat growing season showed a decreased precipitation from
2000s to 2030s and a consistent increased precipitation from 2030s
to 2070s. The probability distributions of daily average solar radi-
ation, temperature and precipitation are highest in A2 scenario,
followed by A1 scenario, then B1 scenario.

3.2. Effects on phenology

3.2.1. Flowering date

Wheat flowering date shows an advance trend from north to
south and from east to west in main production regions in 2000s.
The earliest flowering date was found in Sichuan, followed by
Hubei, whereas the latest flowering date was found in the north-
ern part of Gansu, Shanxi, Shaanxi, Hebei (Fig. 5). There was an
advance in flowering date in future climate compare to 2000s due
to gradually increasing temperature in the future, but with a more
homogeneous pattern for the whole producing region. The flower-
ing dates were 3-6, 6-9, and >9 earlier for 2030s, 2050s and 2070s.
Wheat flowering date was compared among three different emis-
sion scenarios. The earliest flowering date was found from the A2
scenario, followed by A1 scenario, then B1 scenario (Fig. 6). Because
the highest rising temperature was found from the A2 scenario,
followed by A1 scenario, then B1 scenario.

3.2.2. Grain-filling period

Despite the advance in flowering date, the changes in the repro-
duction phase (periods after flowering) are relatively stable (Fig. 7).
The grain filling period gets slightly shorten in each province. Due to
direct correlation between the grain filling stage and wheat produc-
tion, the shortened grain-filling period may cause the reduction in
yield. Yield in the province of Anhui, Jiangsu, Hubei and Sichuan get
increased in the future under rain-fed or automatic irrigating con-
ditions, while grain filling period in these provinces did not shorten
significantly in the three time slices. Therefore, the slight change of
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grain-filling period will not result in lowering amounts of radiation
being intercepted, and lowering biomass production.

3.3. Impacts on yield

3.3.1. Impacts on rain-fed yield

Rain-fed yield first increase and then decrease from north to
south in 2000s (Fig. 8), due to rainfall and the shorter growing sea-
son caused by higher temperatures in the south. Compared with the
2000s, Rain-fed yield of winter wheat get reduced in 2030s, 2050s
and 2070s in the north regions of China (in the north of Qinling
Mountains and the Huaihe River), while yield increases of winter
wheat are predicted in three future periods in the south region of
China. Rain-fed yields showed a constantly increased trend in the
province of Sichuan, Hubei, Anhui and Jiangsu, while they will con-
tinuously decrease in the province of Shaanxi, Gansu, Shanxi and
Hebei (Fig. 9). The simulated yield trends in the province of Shan-
dong and Henan decreased slightly. The simulated yields under
three scenarios of climate-change were found to be different. The
highest projected yields were found from the A2 scenario in the
northern provinces of China, such as Shaanxi, Gansu, Shandong,

Hebei, Shanxi and Henan provinces, while the highest projected
yield were found from the A1 scenario in the northern provinces of
China, such as Jiangsu, Anhui and Sichuan provinces (Fig. 9).

3.3.2. Impacts on full-irrigation yield

Generally, potential yields decrease from north to south, due to
lower radiation and the shorter growing season caused by higher
temperatures in the south. Assuming enough water is available
for irrigation, our results suggest that yields of irrigated winter
wheat will increase in almost all regions of the country including
those where losses have been predicted under rain-fed conditions
(Fig. 10). Due to gradually increasing solar radiation in the future,
the higher amounts of solar radiation are intercepted, then the
higher amounts of dry matter biomass are produced. The increased
winter wheat yields are more obvious in the provinces of Shaanxi,
Hebei, Shanxi and Shandong (Fig. 11). The simulated yield trends
among three slice times of 2030s, 2050s and 2070s are either not
significant or unclear. The simulated yields under three scenarios
of climate-change are found to be different. The highest projected
yields were found from the A2 scenario, followed by A1 scenario,
then B1 scenario.
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3.4. Impacts on cumulative ET

3.4.1. Impacts on cumulative ET in rain-fed conditions

Cumulative ET in winter wheat decreases from south to north
in 2000s under rain-fed condition. The cumulative ET during the
growing period in winter wheat will decrease in three future
periods in response to the warming condition in the north region
of China, and increase in the southern region of China (Fig. 12).
The spatial pattern of cumulative ET changes is quite similar to
that of yield changes (Fig. 12) under rain-fed conditions, suggest-
ing that the factors affecting ET could play a key role in changing
wheat yield. The cumulative ET increases with the increasing of
temperature and solar radiation, while it decreases due to shorten
the phenology of winter wheat and reduced rainfall. The cumula-
tive ET is comprehensively controlled by several climate variables
such as temperature, precipitation and solar radiation, which also
comprehensively control the wheat yield.

3.4.2. Impacts on cumulative ET in full-irrigation conditions

The cumulative ET in Shandong and Henan province is higher
than other provinces under full-irrigation condition in 2000s. The
cumulative ET during growing period in winter wheat will increase
in three future periods in almost all the provinces. The spatial pat-
tern of cumulative ET changes is also quite similar to that of yield
changes (Fig. 13) under full-irrigation condition, suggesting that
the factors affecting ET could also play a key role in changing wheat
yield. Without considering the effect of water, the cumulative ET
increase with the increasing of temperature and solar radiation
under full-irrigation conditions.

3.4.3. Relationship between cumulative ET and yield

The largest increases of wheat yield under rain-fed conditions
will register in Hubei province. Compared to 2000s, wheat yield will
increase by 9.30%, 11.80% and 12.81% in the 2030s,2050s and 2070s,
respectively (Table 2). The corresponding cumulative ET is also the
largest, and increases by 1.65%, 3.23% and 5.05% under above three

time slices (Table 2). The largest increases of wheat yield under
rain-fed conditions will register in Shanxi province. Compared to
2000s, wheat yield will decrease by 18.71%, 24.11% and 31.87%
in the 2030s, 2050s and 2070s, respectively. The corresponding
cumulative ET is also the largest, and decreases by 9.30%, 11.80%
and 12.81% in the 2030s, 2050s and 2070s, respectively. Besides,
wheat yield will increase under scenarios of climate-change in all
the provinces under full-irrigation condition. The largest increases
of wheat yield will register in Hebei province. Compared to 2000s,
wheatyield will increase by 17.25%,21.37% and 26.02% in the 2030s,
2050s and 2070s, respectively. The corresponding cumulative ET is
also the largest, and decreases by 3.59%, 5.39% and 8.59% in the
2030s, 2050s and 2070s, respectively.

3.5. Impacts on IWUE

The 2000s’ spatial distribution map of wheat irrigation water
use efficiency (IWUE) is shown in Fig. 14. Relatively high IWUE is in
western Shandong, southern Sichuan, as well as northern Henan,
Shanxi and Shaanxi. The IWUE are more than 2.07 kgha~! mm™!
in most parts of those areas. The change of IWUE further decreases
under three time slices in 2030s, 2050s and 2070s in western Shan-
dong, southern Sichuan, as well as northern Henan, Shanxi and
Shaanxi. IWUE increases under scenarios of climate-change in other
areas, especially obvious in central Shaanxi, Gansu and Shandong
peninsula. Rainfall haves basically met the water demand for the
wheat growth in the most regions of southern China. There are no
differences of wheat yield between rain-fed and full-irrigation con-
ditions. Therefore, the IWUE is close to zero. As a result, the limited
water should be mad full use of in the regions with relatively high
IWUE under scenarios of climate-change.

4. Discussion

The impact of early flowering on potential grain yield is par-
ticularly sensitive to changes in temperature (Ludwig and Asseng,
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2010). Because flowering date is governed primarily by temper- temperatures (Hu et al., 2005). In addition, an early flowering date
ature, the earlier flowering date indicates warming temperatures results in the advance of the grain filling period, which shifts the
in the spring. Further analysis of temperatures by Hu showed that grain filling period to a cooler part of the season (Ludwig and
this flowering date shift to earlier time was significantly correlated Asseng, 2010) and less temperature rise in the entire grain fill-
with the increase in spring season (March-May) daily minimum ing period. Therefore, the changes in the grain filling period are

Table 2
Average yield (kgka~') and cumulative evapotranspiration (mm) changes in 2030s, 2050s and 2070s compare to 2000s in each province under two irrigation conditions.
Negative values in table means the reduced yield or ET compare to 2000s.

Province 2030s 2050s 2070s

No irrigation Irrigation No irrigation Irrigation No irrigation Irrigation

Yield ET Yield ET Yield ET Yield ET Yield ET Yield ET
Henan -11.3 -6.9 8.3 -0.3 -9.8 -54 10.0 13 -89 -34 8.6 2.5
Shaanxi-Gansu -8.1 -71 15.3 0.3 -7.6 -6.3 15.8 1.0 -11.2 -5.7 17.0 2.7
Shandong -5.7 -4.3 16.6 3.0 -5.1 -33 204 5.0 -2.7 -3.5 20.3 5.1
Shanxi -18.7 -11.7 8.9 -0.4 -241 -12.5 9.2 0.8 -31.9 -13.7 10.6 2.8
Hebei -5.1 -5.1 173 3.6 -15.0 -7.1 214 5.4 -16.5 -5.5 26.0 8.6
Jiangsu -27.7 -15.3 15.2 -1.4 -238 -13.0 15.6 -0.6 -26.8 -13.7 19.9 0.9
Sichuan -29 =27 6.0 0.2 -0.3 -0.7 9.1 24 -0.2 34 7.5 6.0
Anhui -2.1 -2.1 6.8 0.3 0.7 0.0 10.0 2.5 5.1 0.9 13.0 2.8

Hubei 0.3 -0.3 7.5 14 34 1.5 10.5 3.1 5.7 3.2 10.1 4.0
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relatively stable (Richter and Semenov, 2005) and the negative
impact of high temperature on wheat grow in grain filling period
have been alleviated to some extent. The advance in flowering
dates contributes to most of the changes in wheat phenology.
Although an increase in temperature shortens wheat phenology,
which will result in lower amounts of radiation being intercepted
and lower biomass production, smaller changes in grain filling
period may not be the mainly reason for reduction in yield. While
some researches (Tao et al., 2009; Wang et al., 2011) were made
in other crops show that the great shortened grain-filling period
may be the mainly reason for reduction in yield. Besides, full-
irrigated winter wheat yields would increase in almost all regions
of the country as a result of the increased solar radiation in the
future. Rain-fed winter wheat yields showed obvious differences
between northern and southern China as a result of the water is the
most important limiting factor for wheat production in most parts
of northern China but not in the southern China. The decreased
precipitation result in the decrease in wheat production in the
northern China, while the increased solar radiation during wheat
growth periods offsets the decrease in wheat production which is

caused by the reason of decreased precipitation in the southern
China.

Many studies have reported that the linear relationship exists
between wheat yield and cumulative ET (Zhang and Oweis, 1999;
Zhang et al., 1999, 2004). The winter wheat yield had a linear
relationship with ET, and the correlation coefficient 0.96 and 0.51
(p<0.01) under rain-fed and full-irrigation condition respectively
in our research. The results also showed that the change in crop
yield was not in proportion to the change in wheat water use. The
former was much greater than the latter (Table 2), which means
that wheat yield could be significantly improved without much
increase in water use (Zhang et al., 2011) and wheat yield could
be significantly reduced with less decrease in water use. Therefore,
irrigation will improve water use efficiency in the northern areas
of China where ET decrease in the future under rain-fall condition.
Enough irrigation will make ET keep an increasing tendency, and
the wheat yield will be significantly improved in the northern areas
of China. If no irrigation or less irrigation, ET may have a decreasing
tendency and the wheat yield will be significantly reduced (Chen
et al,, 2011).
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Wheat production was compared among different provinces
under full-irrigation conditions. Wheat yield in the northern
provinces has increase markedly, which illustrates that wheat pro-
duction is affected severely by a deficient water supply in the
northern China. In addition, IWUE is relatively higher in northern
provinces than southern ones. Meanwhile, the changes of IWUE
further increase under scenarios of climate-change in most regions
of China. Therefore, irrigation water is still the most important fac-
tors for China’s wheat production. Due to the lack of surface water
in northern China, the groundwater has become the main source
of irrigation water. To meet the irrigation requirement, groundwa-
ter has been over-pumped (Xu et al., 2005). As a consequence, the
water table has continuously fallen over the last several decades,
creating the so-called “groundwater funnel” in some northern parts
which has considerably deteriorated the agricultural sustainability
and environmental conditions (Liu et al., 2010). Deficient water
supply will reduce the wheat yield significantly. Under future cli-
mate conditions, seeking the balance of irrigation water and wheat
production requires further study.

5. Conclusions

In this study, the combination of high-resolution GCM models
and WheatGrow model were used to assess the effects of climate
change on wheat yields in the main wheat production regions of
China. Compared with the 2000s, there is an advance in flowering
date but with a more homogeneous pattern for the whole produc-
ing region. The changes in grain filling period are relatively stable.
Under rain-fed conditions, wheat yield gets reduced in the north
regions of China in three future periods, while wheat yield will
increase in the south regions of China. Under full-irrigation con-
ditions, yields of irrigated winter wheat will increase in almost all
areas of whole producing region. The spatial pattern of cumulative
ET change is quite similar to that of yield change under rain-fed and
full-irrigation conditions. The IWUE decreases under three time
slices in 2030s, 2050s and 2070s in western Shandong, southern
Sichuan, as well as northern Henan, Shanxi and Shaanxi, while
that increases under scenarios of climate-change in most other
areas.
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