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a b s t r a c t
Solar radiation has been declining across many parts of the world over the last 50 years as a consequence
of industrialization increasing atmospheric aerosols, known as ‘global dimming’. This study evaluates
the impact of ‘global dimming’ and climate change on wheat yield and water use in China during the
past decades using the Agricultural Production Systems Simulator. Three regions, Beijing, Chengdu and
Urumqi were selected to represent three different patterns of climate-light environments in China. The
decline in solar radiation was in conjunction with a warming trend during the past decades. Solar radiation
during the wheat season declined by 20, 27 and 10% at Beijing, Chengdu and Urumqi, respectively, during
the past four decades. Minimum temperature increased during the same period by 3.9, 1.5 and 2.3 ◦ C,
respectively. The reduction in solar radiation had no signiﬁcant impact on simulated wheat yields in the
Beijing region while simulated grain yields in the Chengdu region decreased by 32%. Variation of solar
radiation explained 74% of changes in grain yield at Chengdu. Simulated grain yields in the Urumqi region
increased by 24% during the last decades due to increasing minimum temperature and rainfall. Simulated
evapotranspiration declined with the decline of solar radiation. Water use efﬁciency increased at Beijing
and Urumqi, with no signiﬁcant change at Chengdu. Declining solar radiation from high radiation levels
had no effect on wheat yield but improved water use efﬁciency, while under low radiation levels grain
yields decreased signiﬁcantly.
© 2013 Elsevier B.V. All rights reserved.

1. Introduction
The amount of incident solar radiation governs the physiological
and biophysical processes of vegetation over land surface, such as
canopy photosynthesis, and evapotranspiration (ET), as well as the
energy balance over the diurnal/seasonal time frames. The global
solar radiation reaching the surface decreased 1.3% per decade on
average from 1960 to 2000 (IPCC, 2007). A signiﬁcant decline in
solar radiation together with an increase in the diffuse fraction
of light has been reported worldwide (Wild et al., 2005; Wild,
2009), especially across China since 1960 (Che et al., 2005, 2007;
Kaiser and Qian, 2002; Qian et al., 2006, 2007). The decline of
solar radiation in China was attributed to increased atmospheric
aerosols, which has been caused by a rapid economic growth. Solar
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radiation is absorbed, or reﬂected back into space, by aerosols and
other particulates.
Reductions in solar radiation and change in radiation composition could have signiﬁcant effects on plant growth, ET and
water use efﬁciency (WUE) (e.g., Choudhury, 2001; Rodriguez and
Sadras, 2007). Crop simulation models are useful tools to assess
the impacts of changing drivers on crop physiological and soil
processes, diagnose crop growth, and predict crop yield (Asseng
et al., 2004; Lawes et al., 2009). Some researchers have shown
crop yields would decrease with the declining solar radiation. For
example, Chameides et al. (1999) found a close correlation between
decrease in solar radiation and rice yield at Nanjing of China using
the CERES model. Chen et al. (2009) found that simulated potential
yield and crop water demand were signiﬁcantly reduced because
of the declining trend in solar radiation in the North China Plain.
These results were simulated under similar climate conditions over
eastern China, where solar radiation is at a medium level and the
climate is monsoonal.
Wheat is the dominant crop for food production in China. It
is grown across the Northeast, Northwest, North China Plain and
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Southwest, with diverse climate factors limiting wheat production.
In Northwest, solar radiation is high in the dry region, and may
not limit wheat yield, whereas it is lowest in the Southwest. When
the photosynthesis-light response curve is steep under low light,
crop growth is sensitive to light change in low light condition, but
is insensitive to light when light environment varies around light
saturation point (Yu et al., 2002). In addition, increasing temperature may have different impacts on wheat yield under different
temperature levels (Lobell and Ortiz-Monasterio, 2007).
The diverse effects of climate warming and dimming in the
wheat cultivation regions are complex and poorly understood
(Stanhill and Cohen, 2001). Therefore, there is a need to synthesize this knowledge and extend it beyond experimental sites and
testing years using agricultural system models, so that agricultural
resources can be used optimally under a changing climate across
sites and times, especially for determining the best response strategies for the future.
This study provides a mechanistic understanding of the interactive impacts of global dimming and climate warming under variable
rainfall on wheat production in China over the past decades. The
objective of this study is to evaluate the effect of solar radiation
decline on potential wheat yield, ET and WUE for some of the main
cropping regions in China. The aims of this study are to (1) validate
and calibrate a crop model, APSIM-Nwheat to simulate interactive impacts of changes in solar radiation and temperature; and
(2) to use the crop model to quantify wheat yields and water-use
in response to changes in solar radiation and temperature over the
past decades in China.
2. Materials and methods
2.1. Study sites and climate data
Representative climate stations were selected for three main
wheat production regions of China. These included Beijing (39.8◦
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N, 116.5◦ E) in the North China Plain with a temperate monsoon
climate, Chengdu (30.7◦ N, 104.0◦ E) in the Southwest with subtropical climate, and Urumqi (43.8◦ N, 87.6◦ E) in the Northwest with an
arid climate in the centre of the Eurasian continent. Solar radiation
and its decline differed at each location. Solar radiation declined in
the order from the highest to lowest decline from Urumqi to Beijing, and to Chengdu. These three sites were selected due to the
availability of complete daily climate records from 1961 to 2009
(climate data of Chengdu was from 1961 to 2003), including daily
solar radiation, diffuse radiation, maximum and minimum temperature and precipitation. Climate data were obtained from the China
Meteorological Administration.
Fig. 1 shows the mean values of maximum and minimum temperature, solar radiation and precipitation of each month at Urumqi
(1961–2009), Beijing (1961–2009) and Chengdu (1961–2003). The
maximum and minimum temperatures of Chengdu were higher
than Beijing and Urumqi except the months from May to September
when temperatures converged, and for which Beijing’s temperatures were higher than Urumqi’s. Reported solar radiations at
Urumqi were the highest recorded for the May to September period.
Precipitation at Beijing and Chengdu were higher than at Urumqi
especially from June to September.
2.2. APSIM-Nwheat model
The Agricultural Production Systems Simulator (APSIM)
(Keating et al., 2003) for wheat (APSIM-Nwheat version 1.55s) is
a crop simulation model, consisting of modules that incorporate
aspects of soil water, nitrogen, crop residues, crop growth and
development and their interactions within a wheat crop/soil system that is driven by daily weather data. Wheat crop (NWHEAT),
soil water (SOILWAT), soil N (SOILN) and residue (RESIDUE) are
most relevant to the simulation of wheat-based cropping systems.
NWHEAT, SOILWAT and SOILN have evolved from the CERES
models of Ritchie et al. (1985) and Jones and Kiniry (1986), and

Fig. 1. Monthly mean maximum and minimum temperature, solar radiation and precipitation at Urumiqi (1961–2009), Beijing (1961–2009) and Chengdu (1961–2003).
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2.3. Experimental data for model evaluation

Fig. 2. APSIM-Nwheat model functions for biomass growth (—) and RUE (—).

the PERFECT model (Littleboy et al., 1992), as modiﬁed by Probert
et al. (1995, 1998) and Keating et al. (2001). The main differences
between the APSIM-Nwheat model and the CERES-Wheat model
are described by Keating et al. (2001). The model is available
under a license agreement from Agricultural Production Systems
Research Unit (APSRU). APSIM-Nwheat has been extensively
tested against a range of ﬁeld measurements in particular in the
Mediterranean climatic regions of Western Australia (Probert
et al., 1995, 1998; Asseng et al., 1998a,b, 2001, 2004).
APSIM-Nwheat calculates potential daily biomass production
based on light interception and radiation-use efﬁciency (RUE). Daily
RUE is simulated using daily solar radiation (Fig. 2). RUE would
increase with the declining of solar radiation, especially when
solar radiation drops below 10 MJ m−2 . The growth function in
APSIM-Nwheat considers an increasing RUE with decreasing solar
radiation, following the CERES Wheat model approach (Ritchie
et al., 1985), based on wheat experiments by Spiertz and Van de
Haar (1978). Sub-optimal temperatures, water and N-deﬁcit can
reduce the potential growth. Potential water demand is a function of transpiration efﬁciency (TE) modiﬁed by vapour pressure
deﬁcit (Monteith, 1988). Simulated plant water uptake is a function of uptake demand, root length density distribution within the
soil proﬁle, and available soil water in different soil layers. The
rate of rooting depth advance is a function of air temperature,
crop water stress, and soil water content in the soil layer with
the deepest roots. Vertical soil water movement is simulated using
a multi-layered soil model primarily using a cascading approach,
with movement both upward and downward also occurring by
diffusive ﬂow (Probert et al., 1998). Water (deﬁcit) stress reduces
tillering, leaf area index (LAI) and photosynthesis, and enhances
senescence.
Grain yield is a function of grain number, grain ﬁlling and carbohydrate remobilization. In the model, the potential amount of
carbohydrates available for remobilization to grain is deﬁned as
75% of biomass growth between 150 ◦ C d before grain ﬁlling and
the commencement of grain ﬁlling. Crop phenology is a function of
accumulated degree-days, photoperiod and vernalization requirements.
In the model, critical and minimum crop N concentrations are a
function of growth stage. Crop N demand is the difference between
critical and actual N content and the N amount required for new
growth on a given day. Nitrogen uptake follows the approach of
the CERES-Wheat model and is a function of potential N uptake
capacity of the root systems and crop N demand. The potential N
uptake capacity is a function of root length density distribution, soil
nitrate and ammonium concentrations and soil water content.

Observed data on wheat phenological stages, leaf area index
(LAI), biomass, grain yield and evapotranspiration (ET) during
wheat growth seasons from three experimental stations were used
to calibrate and test the APSIM model. These three experimental
stations were Luancheng Agroecosystem Station (37.9◦ N, 114.7◦
E), Yanting Agroecosystem Station (31.3◦ N, 105.5◦ E), and Wulanwusu Agrometeorology Experimental Station (44.3◦ N, 85.8◦ E)
(Table 1). The soil characteristics of the three experimental sites
are shown in Table 2. The parameters of calibrated APSIM model
in Luancheng, Yanting and Wulanwusu were used for Beijing,
Chengdu and Urumqi, respectively.
Sowing date, fertilization and irrigation date and amount
(Table 3) were similar during three wheat growth seasons at
Luancheng, Yanting and Wulanwusu respectively. The sowing
dates of three sites were mainly determined by temperature. Wheat
was sown when average temperature declined around 10 ◦ C. Fertilizer N was applied twice during wheat growth; at sowing and
around jointing. Irrigation was applied when soil water content
was low; there was no irrigation at Yanting station.
Maximum and minimum temperature, solar radiation and rainfall at the three experimental sites were recorded with an automatic
meteorological station. The automatic meteorological instrument is
made by Vaisala, and the model is Milos520. Wheat varieties sown
were Gaoyou 503 (Luancheng), 01-3570 (Yanting) and Kuidong 4
(Wulanwusu). Ten plants of wheat were randomly selected from
the sampling area for measuring LAI. Dry matter was determined
after the harvested samples were oven-dried for 8–10 h. Actual ET
was measured daily with large-scale weighing lysimeters with a
0.02 mm precision at Luancheng.
2.4. Model calibration
Simulations were initialized with soil proﬁle measurements of
both soil water and soil N at three sites ﬁve days before sowing. As APSIM-Nwheat does not include a function for snow cover,
temperatures below 0 ◦ C will damage the simulated leaf area. In situations with prolonged periods of temperature below 0 ◦ C this will
lead to an unrealistic termination of the simulated crop. To avoid
such a simulated termination in cold winters, temperatures below
0 ◦ C at Wulanwusu were replaced with 0 ◦ C for the simulation
study. Crop parameters for three experimental stations (Table 4)
were established based on information from ﬁeld experiments at
Luancheng, Yanting and Wulanwusu. Two soil parameters which
affect evapotranspiration of crop were u (ﬁrst stage soil evaporation
coefﬁcient) and cona (second stage soil evaporation coefﬁcient),
the values of 7 and 3.5, used for similar soils in other studies were
used.
The APSIM-Nwheat model was evaluated by comparing the simulated results of all wheat seasons at three experimental stations
with measured data. The slope for a regression lines which had been
forced through the origin, the coefﬁcient of determination (r2 ) for
the 1:1 regression line and the root mean square deviation (RMSD)
were used to quantify the performance of the model.
2.5. Modelling the impacts of climate change on grain yield and
water use of wheat during past years
The APSIM-Nwheat model at Luancheng, Yanting and Wulanwusu experimental stations was used to simulate wheat growth
and water use of Beijing (1961–2009), Chengdu (1961–2003) and
Urumqi (1961–2009) respectively. Wheat cultivars were the same
as from the ﬁeld experiments.
Wheat was planted on the day of year 275 (Beijing), 300
(Chengdu) and 269 (Urumqi) according to the ﬁeld experiments
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Table 1
Experimental sites.
Location

Latitude

Longitude

Soil type

Yearly rainfalla
(mm)

Season rainfallb
(mm)

Years

Source

Corresponding
study sites

Luancheng
Yanting

37.9
31.3

114.7
105.5

Sandy loam
Silt loam

353
770

93
154

1998–2001
2004–2007

Beijing
Chengdu

Wulanwusu

44.3

85.8

Sandy loam

236

179

2000–2003

Chen et al. (2010)
Chinese Ecosystem
Research Network
Yang et al. (2011)

a
b

Urumqi

Average annual rainfall of four years.
Average rainfall of three wheat growth seasons.

Table 2
Soil characteristics at Luancheng (Beijing), Yanting (Chengdu) and Wulanwusu (Urumqi), with lower limit for bulk density (BD), saturation (SAT), drained upper limit (DUL),
and lower limit of plant available soil water (LL).
Luancheng (Beijing)
Soil depth (cm)
BD (g/cm3 )
SAT (mm/mm)
DUL (mm/mm)
LL (mm/mm)

0–10
1.37
0.44
0.36
0.1

10–20
1.37
0.46
0.35
0.11

30–50
1.32
0.43
0.33
0.14

50–70
1.31
0.43
0.34
0.14

70–90
1.34
0.44
0.34
0.14

Yanting (Chengdu)
Soil depth (cm)
BD (g/cm3 )
SAT (mm/mm)
DUL (mm/mm)
LL (mm/mm)

0–10
1.36
0.48
0.42
0.1

10–40
1.4
0.47
0.4
0.11

40–70
1.42
0.46
0.41
0.11

70–100
1.43
0.44
0.39
0.13

100–130
1.45
0.45
0.41
0.15

130–160
1.46
0.44
0.42
0.16

Wulanwusu (Urumqi)
Soil depth (cm)
BD (g/cm3 )
SAT (mm/mm)
DUL (mm/mm)
LL (mm/mm)

0–10
1.26
0.44
0.33
0.1

10–20
1.28
0.46
0.33
0.11

20–30
1.28
0.43
0.3
0.14

30–40
1.33
0.45
0.3
0.14

40–120
1.34
0.41
0.26
0.14

120–200
1.34
0.41
0.26
0.14

90–110
1.37
0.44
0.34
0.14

110–130
1.37
0.48
0.39
0.13

130–150
1.37
0.48
0.39
0.14

Table 3
Average sowing date, fertilizer application date and amount, irrigation date and amount at Luancheng (Beijing), Yanting (Chengdu) and Wulanwusu (Urumqi) during three
wheat growing seasons.
Location

Sowing date

Fertilize date

Fertilize amount (kg ha−1 NO3 N)

Irrigation date

Irrigation amount (mm)

Luancheng
(Beijing)

2 October

25 September
20 April

200
200

1 December
5 April
25 April
10 May
20 May

40
104
102
104
80

Yanting
(Chengdu)

27 October

25 October
21 March

200
200

Wulanwusu
(Urumqi)

26 September

25 September
12 April

300
300

27 September
16 October
10 November
15 April
8 May
25 May
12 June

105
90
130
90
105
105
105

Table 4
Wheat cultivar parameters (and represented locations in brackets) for cv Gaoyou 503 (Luancheng and Beijing), cv 01-3570 (Yanting and Chengdu) and cv Kuidong 4
(Wulanwusu and Urumqi).
Parameter

Gaoyou 503

01-3570

Kuidong 4

plv: Sensitivity to vernalization (1–5)
pld: Sensitivity to photoperiod (1–5)
p5: Thermal time (base 0 ◦ C) from end-ear growth to maturity (◦ C days)
Grno: Coefﬁcient of kernel number per stem weight at the ‘beginning of grain ﬁlling’ (kernel (g stem)−1 ).
Fillrate: Maximum kernel growth rate (mg kernel−1 days−1 )
stmwt: Potential ﬁnal dry weight of a single stem, excluding grain (g stem−1 ).
phylo: Phyllochron interval (◦ C days (leaf appearance)−1 )
sla: speciﬁc leaf area

3.5
2.8
560
20
2.0
3
95
225

3.0
3.2
680
25
2.5
3
95
245

3.3
2.5
650
27
2.5
3
95
300

which were representative of farmers practice in these regions.
Wheat was harvested at physiological maturity. The soil characteristics were used from the corresponding ﬁeld experimental
stations which are representative of the regions. Wheat yield and

water use were simulated under the full irrigation condition by
using the automatic irrigation facility in the APSIM-Nwheat model.
Stress factors such as nutrient deﬁcit, disease and pests were not
considered.
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Table 5
Summary of the APSIM-Nwheat model performance at Luancheng (Beijing), Yanting (Chengdu) and Wulanwusu (Urumqi), China.
Model attribute

Number of paired data points
d

Phenology (days)
LAI
Biomass (t ha−1 )
Yield (t ha−1 )
a
b
c
d

9
60
66
9

Observed range
196–277
0.2–6.6
0.02–16.6
4.97–6.3

r2 a

mb

RMSDc

0.99
0.84
0.93
0.37

1
0.95
1
0.99

2.30
0.83
1.41
0.39

r2 for the 1–1 line (r2 (1:1)).
Slop of linear regression (forced through origin).
Root mean squared deviation.
Days from sowing to maturity.

3. Results
3.1. Performance of APSIM-Nwheat model
The performance of the model compared with observations at
Luancheng, Yanting and Wulanwusu is summarized in Table 5.
The simulated LAI, biomass and grain yield are compared with
the corresponding experimental data at Luancheng, Yanting and
Wulanwusu (Fig. 3a–c). Simulated evapotranspiration (ET) is
compared with the measured ET during the wheat growing season at Luancheng (Fig. 3d). The coefﬁcients of determination of
1:1 regression lines were 0.84 and 0.93, indicating a satisfactory performance of the model to simulate LAI and biomass.
However the model tended to over-predict biomass at Yanting, and under-predict biomass at Wulanwusu near the end
stage of wheat growth. The model could not reproduce well the
biomass during grain ﬁlling stage in the different environments.
The grain yield simulated with a coefﬁcient of determination

r2 = 0.37. The low coefﬁcient of variation of observed grain yields
(5.0–6.3 t ha−1 ) was one reason for the relatively low r2 values. The RMSD of yield was 0.4 t ha−1 for an average yield of
5.4 t ha−1 .
Simulated cumulative ET during the wheat growing season corresponded well with the daily measured values (Fig. 3d), although
some periods were overestimated between 5 December 1998 and
2 April 1999.
3.2. Observed climate trends during the past years
Table 6 shows the average values and trends in solar radiation
(Ra), maximum temperature (Tmax ), minimum temperature (Tmin )
and rainfall in wheat season and each year at Beijing (1961–2009),
Chengdu (1961–2003) and Urumqi (1961–2009). Solar radiation
of Chengdu was less than Beijing and Urumqi. Solar radiation
of three stations was signiﬁcant decreasing by −0.061, −0.059
and −0.026 MJ m−2 a−1 during wheat growing seasons at Beijing,

Fig. 3. Observed vs. simulated LAI, biomass and yield of wheat (a–c) at Luancheng (Beijing) (), Yanting (Chengdu) () and Wulanwusu (Urumqi) () stations. The dotted
line is the 1:1 line. Comparison of observed and simulated data of cumulative ET (days) during the wheat growing season (1998–2001) at Luancheng.
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Table 6
Average observations and trends in solar radiation (Ra), maximum temperature (Tmax ), minimum temperature (Tmin ) and rainfall in wheat season and whole year at Beijing
(1961–2009), Chengdu (1961–2003) and Urumqi (1961–2009). The wheat season of Beijing, Chengdu and Urumqi were from 1st October to 15 June of next year, 1st November
to 15 May next year, and 1st October to 30 June of next year respectively according to experimental data.
Beijing

−2

Ra (MJ m

)

Tmax (◦ C)

Tmin (◦ C)

Rainfall (mm)

*
**

Average
Trend (a−1 )
r2
Average
Trend (a−1 )
r2
Average
Trend (a−1 )
r2
Average
Trend (a−1 )
r2

Chengdu

Urumqi

Wheat season

Annual

Wheat season

Annual

Wheat season

Annual

13.25
−0.061**
0.620
13.34
0.033**
0.323
2.21
0.080**
0.762
139
1.421*
0.084

14.37
−0.070**
0.673
18.02
0.025**
0.230
7.25
0.068**
0.730
621
−3.390
0.065

7.85
−0.059**
0.514
15.10
0.006
0.005
7.81
0.034**
0.308
164
−0.539
0.022

9.69
−0.068**
0.707
20.45
0.008
0.031
13.17
0.026**
0.386
968
−5.760**
0.214

12.34
−0.026**
0.191
7.88
0.019
0.058
−1.82
0.047**
0.282
199
4.190**
0.481

14.25
−0.034**
0.327
12.96
0.001
0.000
2.73
0.030**
0.180
281
5.570**
0.503

Signiﬁcant p < 0.05.
Signiﬁcant p < 0.01.

Fig. 4. Observed average solar radiations (—) and diffuse light fraction (—) (diffuse radiation/solar radiation) of each wheat growing season at Beijing (1961–2009),
Chengdu (1961–2003) and Urumqi (1961–2009). Lines show the linear trend, equation of each linear regression is shown in Table 7.

Chengdu and Urumqi respectively. Trends of average solar radiation and diffuse fraction (diffuse radiation/solar radiation) of each
wheat growing season at three sites during past years are shown
in Fig. 4. Linear regression and determination coefﬁcients of the

regression analysis are shown in Table 7. Solar radiation during the
wheat season decreased by 18.9, 27.9 and 9% relative to the values of 1961 at Beijing, Chengdu and Urumqi during the past years.
Diffuse fraction trends of Chengdu signiﬁcantly increased during

Table 7
Regression analysis of observed solar radiation and diffuse light fraction (diffuse radiation/solar radiation) of wheat growing seasons at Beijing (1961–2009), Chengdu
(1961–2003) and Urumqi (1961–2009).

Beijing
Chengdu
Urumqi

Solar radiation (MJ m−2 )

r2

Diffuse fraction (%)

r2

y = −0.061x + 135
y = −0.059x + 125
y = −0.026x + 64.9

0.620
0.514
0.191

y = 0.059x − 65.1
y = 0.179x − 269
y = 0.095x − 136

0.055
0.396
0.083
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Fig. 5. Simulated length of growing duration of wheat (a) and grain yields (b) at Beijing (—) (1961–2009), Chengdu (—) (1961–2003) and Urumqi (—) (1961–2009).
Lines show the linear trends, equation of each linear regression is shown in Table 8.

past years, while there was no signiﬁcant change at Beijing and
Urumqi.
For Chengdu, Beijing and Urumqi the mean temperature
decreased. The average temperature of the wheat season was
11.5, 7.8 and 3.0 ◦ C at Chengdu, Beijing and Urumqi respectively.
The maximum temperature at Beijing had signiﬁcantly increased,
with no signiﬁcant trend at Chengdu and Urumqi. The trends of
minimum temperature of the three stations were all signiﬁcantly
increased, with Beijing showing the largest increase.
The annual rainfall of Chengdu was the largest, followed by Beijing and Urumqi. Rainfall during the wheat season was the largest
at Urumqi, followed by Chengdu and Beijing. Rainfall during the
wheat season at Beijing and Urumqi had signiﬁcantly increased,
especially at Urumqi.
3.3. The impact of climate change on wheat growing duration
and grain yield

3.4. Effect of climate change on potential evapotranspiration and
water use of wheat

Simulated length of growing duration of wheat and grain
yield at Beijing (1961–2009), Chengdu (1961–2003) and Urumqi
(1961–2009) are shown in Fig. 5. Linear model and determination
coefﬁcients of the regression analysis are shown in Table 8. The
wheat growing duration of Urumqi was the greatest followed by
Beijing and Chengdu with an average of 270, 254 and 203 days

Table 8
Regression analysis of simulated wheat growth duration, grain yield, potential
evapotranspiration (ETpot ), evapotranspiration (ET) and water use efﬁciency (WUE)
at Beijing, Chengdu and Urumqi, respectively.
Linear model

r2

**

Wheat growth
duration (days)

Beijing
Chengdu
Urumqi

y = −0.28 x + 802
y = −0.10x + 405
y = 0.02x + 229

0.536
0.048
0.002

Grain yield (t ha−1 )

Beijing
Chengdu
Urumqi

y = −0.007x + 19.8
y = −0.050** x + 104
y = 0.032** x − 58.0

0.026
0.536
0.242

ETpot (mm)

Beijing
Chengdu
Urumqi

y = −2.88** x + 6294
y = −2.13** x + 4532
y = −0.57* x + 1705

0.654
0.541
0.098

ET (mm)

Beijing
Chengdu
Urumqi

y = −2.27** x + 4980
y = −2.08** x + 4386
y = −0.73** x + 1921

0.457
0.591
0.203

WUE
(kg ha−1 mm−1 )

Beijing
Chengdu
Urumqi

y = 0.035* x − 58.0
y = −0.039x + 97.5
y = 0.090** x − 165.9

0.115
0.057
0.424

*
**

Signiﬁcant p < 0.05.
Signiﬁcant p < 0.01.

respectively. The wheat growing duration at Beijing was signiﬁcantly shortened in the past 48 years by 0.28 days a−1 (Table 8) due
to a signiﬁcant increase in maximum and minimum temperature of
0.033 and 0.08 ◦ C a−1 during the wheat growing seasons. The wheat
growing duration of Chengdu and Urumqi had not changed signiﬁcantly as there were only small increases in minimum temperature
by 0.034 and 0.047 ◦ C a−1 , respectively, during the wheat growing
season.
Simulated grain yields of Urumqi were greater than Beijing and
Chengdu, with average values of 6.3, 5.2 and 5.3 t ha−1 at Urumqi,
Beijing and Chengdu respectively. The simulated grain yields at
Urumqi were signiﬁcantly increased by 0.032 t ha−1 a−1 during the
past decades. Simulated grain yields at Chengdu were signiﬁcantly
decreased by −0.05 t ha−1 a−1 . Simulated grain yields at Beijing
showed no signiﬁcant trend.

Cumulative potential evapotranspiration (ETpot ), evapotranspiration (ET) and water use efﬁciency (WUE) simulated by
APSIM-Nwheat at Beijing (1961–2009), Chengdu (1961–2003)
and Urumqi (1961–2009) are shown in Fig. 6. Linear regression and determination coefﬁcients of the regression analysis are
shown in Table 8. ETpot at Chengdu was lower than Urumqi
and Beijing, 312, 565 and 571 mm respectively. ETpot at these
locations had decreased signiﬁcantly; the trends at Beijing and
Chengdu were −2.82 and −2.25 mm a−1 and greater than at
Urumqi (−0.56 mm a−1 ), reﬂecting observed differences in solar
radiation decline at Beijing (−0.061 MJ m−2 a−1 ) and Chengdu
(−0.059 MJ m−2 a−1 ) and Urumqi (−0.026 MJ m−2 a−1 ).
Average simulated ET at Chengdu was 264 mm less than at Beijing (465 mm) and Urumqi (468 mm). The ET trends were similar
to the trends of ETpot .
The average simulated WUE at Beijing, Chengdu and Urumqi
were 11.2, 19.9 and 13.5 kg ha−1 mm−1 . WUE at Chengdu was the
highest as solar radiation was the least and the diffuse light fraction
was the greatest resulting in the highest RUE. WUE of Beijing and
Urumqi was similar due to similar solar radiation and diffuse light
fraction at these locations.
WUE of Chengdu showed no signiﬁcant change during the past
42 years (Fig. 6), although grain yields and ET had declined by 32.4%
and 28.2% respectively. WUE at Urumqi had signiﬁcantly increased
by 0.09 kg ha−1 mm−1 . Grain yields at Urumqi were increased by
24.2% and ET had decreased by 6.2%. WUE at Beijing had increased
signiﬁcantly during the past 48 years by 0.04 kg ha−1 mm−1 as ET
had decreased by 18.3% during the same period.
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Fig. 6. Simulated potential evapotranspiration (ETpot ) (a), evapotranspiration (ET) (b) and water use efﬁciency (WUE) (c) at Beijing (—) (1961–2009), Chengdu (—)
(1961–2003) and Urumqi (—) (1961–2009). Lines show the linear trend, equation of each linear regression is shown in Table 8.

3.5. Quantifying the impacts of solar radiation reduction on
wheat yield and ET
Table 9 shows the correlation studies between simulated wheat
growth duration, yield, ET, WUE and solar radiation (Ra), diffuse
fraction (DF), maximum temperature (Tmax ), minimum temperature (Tmin ) and rainfall at Beijing, Chengdu and Urumqi. The
relationship between Ra and other climate elements were different
at three sites. Ra was negatively related with DF at three sites. Ra
was negatively related with Tmax and Tmin at Beijing, while Ra was
positively related with Tmax at Chengdu and Urumqi. Rainfall was
negatively related with Ra and positively related with DF at Beijing

and Urumqi, while rainfall had no relationship with other climate
variables at Chengdu.
The wheat growing duration was negatively correlated to
Tmax and Tmin at three study sites, and the absolute correlation
coefﬁcients were greater than other climate variables. Wheat growing duration was mainly determined by temperature.
Simulated grain yields at Beijing had no signiﬁcant correlation
with any of the four climate drivers. Grain yields at Chengdu correlated positively with Ra, and negatively with DF and Tmin . The
simulated grain yields at Urumqi correlated positively with DF,
Tmin and rainfall. So the declining Ra and increasing DF had different effect on potential grain yield under different Ra, temperature

Table 9
Correlations between simulated wheat growth duration (Duration), yield, evapotranspiration (ET) and water use efﬁciency (WUE) and solar radiation (Ra), diffuse fraction
(DF), maximum temperature (Tmax ), minimum temperature (Tmin ), rainfall in wheat season at Beijing, Chengdu and Urumqi.
DF

Tmax

Tmin

Rainfall

Duration

Yield

ET

WUE

Beijing

Ra
DF
Tmax
Tmin
Rainfall

−0.58

−0.34
−0.22

−0.78
0.19
0.75**

−0.45
0.36**
0.03
0.29*

0.58
−0.06
−0.81**
−0.84**
−0.13

0.25
−0.13
−0.15
−0.10
0.12

0.85
−0.51**
−0.18
−0.67**
−0.32*

−0.39**
0.23
0.01
0.40**
0.36*

Chengdu

Ra
DF
Tmax
Tmin
Rainfall

−0.79**

0.31*
−0.47**

−0.30
0.17
0.65**

0.12
0.01
−0.10
0.10

−0.18
0.31*
−0.92**
−0.79**
0.03

0.86**
−0.63**
−0.01
−0.50**
0.17

0.87**
−0.77**
0.23
−0.41**
0.08

0.32*
−0.08
−0.31*
−0.32*
0.18

Urumqi

Ra
DF
Tmax
Tmin
Rainfall

−0.48**

0.39**
−0.36*

0.23
−0.20
0.91**

−0.51**
0.51**
−0.07
0.19

−0.60**
0.51**
−0.66**
−0.53**
0.46**

−0.15
0.43**
0.20
0.34*
0.56**

0.36*
0.15
−0.16
−0.33*
−0.11

−0.26
0.38**
0.26
0.45**
0.61**

*
**

Signiﬁcant p < 0.05.
Signiﬁcant p < 0.01.

**

**

**

**

**

**
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Table 10
Linear regression model results for simulated yield and ET at Beijing, Chengdu and Urumqi.
Dependent (y)
−1

Yield (t ha

)

ET (mm)

Study sites

Independent (x)

Linear regression model

r2

Beijing
Chengdu
Urumqi

–
Solar radiation (MJ m−2 )
Rainfall (mm)

–
y = 0.709x − 0.25
y = 0.006x + 5.15

–
0.736
0.312

Beijing
Chengdu
Urumqi

Solar radiation (MJ m−2 )
Solar radiation (MJ m−2 )
Solar radiation (MJ m−2 )

y = 36.7x − 17.50
y = 28.6x + 42.54
y = 9.7x + 355.5

0.723
0.759
0.133

and rainfall levels. Declining Ra under the radiation level of Beijing (13.25 MJ m−2 ) and Urumqi (12.34 MJ m−2 ) had no signiﬁcant
effect on grain yield, while the declining Ra under the radiation
level of Chengdu (7.85 MJ m−2 ) reduced the grain yield even with
the increase of DF.
Simulated ET at all three locations was positively correlated
with Ra and negatively correlated with Tmin . WUE at Beijing was
negatively correlated with Ra and positively correlated with Tmin
and rainfall. WUE of Chengdu was positively correlated with Ra
and negatively correlated with temperature. WUE of Urumqi was
positively correlated with DF, Tmin and rainfall.
The linear regression model results by using stepwise method
for simulated yield, ET and climate variables at Beijing, Chengdu
and Urumqi are shown in Table 10. The variation of solar radiation explained 73.6% of changes in grain yields at Chengdu. Grain
yield changes at Urumqi were mainly determined by rainfall, with
a determination coefﬁcient of 0.312.
Changes in simulated ET were mainly determined by solar radiation at all three locations. The variation of solar radiation explained
72.3, 75.9 and 13.3% of changes of ET at Beijing, Chengdu and
Urumqi respectively. When solar radiation declined by 1 MJ m−2
during the wheat growing seasons, ET decreased by 36.4, 28.3 and
9.7 mm at Beijing, Chengdu and Urumqi, respectively.
4. Discussion
Signiﬁcant declining trends of solar radiation were observed
during the past decades at Beijing, Chengdu and Urumqi as a result
of increased aerosol loading caused by anthropogenic activities
(Che et al., 2005; Liang and Xia, 2005). The declining trend in solar
radiation at Beijing and Urumqi was −0.44% a−1 and −0.23% a−1
from 1961 to 2009, at Chengdu is was −0.62% a−1 from 1961 to
2003. These trends are similar to reports by Liang and Xia (2005)
who showed trends of −0.52, −0.66 and −0.33% a−1 at Beijing,
Chengdu and Urumqi respectively for 1961–2000. All three stations
showed a warming trend mainly due to an increase in minimum
temperature during the past years, which corresponds well with
the global warming trend from 1956 to 2005 (IPCC, 2007). Seasonal
rainfall at Beijing and Urumqi had signiﬁcantly increased during the
same period but had not changed at Chengdu.
Lobell and Field (2007) had shown that crop yields (wheat, rice,
maize, barley, soybean, sorghum) decline globally by 0.6–8.9% per
1 ◦ C rise in temperature. Challinor et al. (2003) showed that 50%
of the variability in groundnut yield in India can be explained by
the variability in total seasonal rainfall from 1966 to 1995. The
empirical results of Zhang et al. (2010) indicated that rice yields
were positively correlated to solar radiation, which determined
yield variation at 20 experimental stations in China during a study
periods of 14–25 years. Swain et al. (2007) indicated a reduction in
rice grain yield by 12% with reductions in incident solar radiation
by 30% by using historical weather data (1983–2002) in India. Simulated results of our study at Beijing, Chengdu and Urumqi showed
that the effect of climate drivers on grain yield were different under
different climate environments. Simulated grain yields at Beijing
showed no signiﬁcant trend during the past 48 years. Chen et al.

(2009) reported that simulated potential yield of wheat was signiﬁcantly decreased due to the declining trend in solar radiation
at Beijing from 1961–2003 when using APSIM model version 5.3,
which employs a constant for RUE and ignores diffused light as a
component of light. Several studies have shown the importance
of light quality, especially diffuse radiation, for estimating RUE
(Choudhury, 2001; Gu et al., 2002; Roderick et al., 2001; Rodriguez
and Sadras, 2007). Our simulated results showed that grain yields
at Chengdu decreased signiﬁcantly by 32% during the past 42 years.
This decrease was mainly due to the decline in solar radiation,
which explained 74% of the change in grain yields. Grain yields at
Urumqi increased by 24% during past 48 years mainly due to the
increase in rainfall.
The simulated results were modelled on a daily base by the
APSIM-Nwheat model. Solar radiation reduction could inﬂuence
wheat growth on an hourly base in reality, and a shorter time-step
might be necessary to further improve such simulations. However,
this would require hourly measured solar radiation data which are
often not available.
In contrast to Lobell and Field (2007) our results showed that the
relationship between wheat yield and minimum temperature was
negative at Chengdu (mean wheat season minimum temperature
of 7.8 ◦ C) and positive at Urumqi (mean wheat season minimum
temperature of −1.8 ◦ C).
Some studies have evaluated the impact of climate trend
on evapotranspiration (ET). For example, Roderick and Farquhar
(2002) showed that the decrease in evaporation is consistent with
decreases in sunlight over the past 50 years. Xu et al. (2006) suggested that decreasing wind speed was responsible for the changes
of reference evapotranspiration in the Yangtze River basin of China.
Tao et al. (2008) reported that ET and irrigation water use would
decrease due to a shorter growing season as a result of increasing
temperature in China. Supit et al. (2010) indicated that declining
water requirement of wheat crops can be attributed to a lower
evaporative demand as a result of declining global solar radiation.
Our simulated ET at Beijing, Chengdu and Urumqi was signiﬁcantly decreased due to declining solar radiation and increasing
minimum temperatures, while the impact of changing wind was
not investigated due to a lack of wind speed measurements. 72,
76 and 13% of the decline in ET at Beijing, Chengdu and Urumqi,
respectively was due to the observed decline in solar radiation.
Rodriguez and Sadras (2007) found that WUE during anthesis of
wheat increased from North to South (vapor pressure deﬁcit and
temperature decreased and diffuse fraction increased from 0.41 to
0.61) in eastern Australia. Tong et al. (2009) found that WUE was
greater on cloudy days than on the sunny days in the North China
Plain due to an increased fraction of defuse light. This agrees with
the simulated increase in WUE during past 48 years at Beijing and
Urumqi with decreasing solar radiation and increasing diffuse radiation. The WUE at Chengdu was the greatest among these three
stations as Chengdu had the least solar radiation and the greatest
diffuse radiation.
Several studies indicated that global dimming would result in
crop yields declining (Stanhill and Cohen, 2001; Swain et al., 2007),
especially in China where atmospheric aerosols have increased
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due to industrialization (Zhang et al., 2010). Our studies revealed
that wheat yield signiﬁcantly decreased only when solar radiation levels were already low (mean wheat season solar radiation of
7.8 MJ m−2 ). It is notable that the solar radiation dimming effect is
more obvious around big cities where meteorological stations with
solar radiation observation are located. This study has just identiﬁed a ‘hot-spot’ for a dimming effect on wheat yield, although the
regional picture of the effect in the Southwest is still unclear due
to limited stations of solar radiation observations. The simulated
results reﬂected climate change effects on potential crop production during past years, while observed yield trends also include an
increase due to improved variety and cultivation during past years.
5. Conclusions
The impact of changes in solar radiation and temperature on
wheat yields is different depending on climate conditions. In dry
climates with high solar radiation, decreases in solar radiation,
especially if accompanied by an increase in the diffuse radiation
component, will either have less signiﬁcant impact on productivity (Beijing), or can even increase yields (Urumqi) (Stanhill and
Cohen, 2001). In wet climates with low solar radiation, a decrease in
solar radiation signiﬁcantly reduces wheat productivity (Chengdu).
The increase of minimum temperature resulted in wheat yields
to decrease at subtropical climate (Chengdu) and improved wheat
yield at a temperate continental climate (Urumqi). The simulated
results indicated that crop production in low solar radiation environments are particularly affected by global diming.
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