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ARTICLE INFO ABSTRACT

Keywords:

The Guanzhong Plain in China is particularly sensitive to climate change owing to its fragile ecological en-
vironment and geographic features. As a result, climate change is affecting the production of winter wheat in this
area. In this study, we used SimCLIM (climate model) with the CSM-CERES-Wheat model to determine the
impact of the climate change on the projected agricultural production of winter wheat in the Guanzhong Plain
for 2020, 2040, 2060, 2080 and 2100 projections. Scenarios for three global climate models (GCMs) (BCC-CSM-
1, CSIRO-MK3 - 6-0 and GFDL-CM3) and one greenhouse gas concentration pathway (RCP 4.5) were chosen.
The results showed a warming trend in the Guanzhong Plain for both maximum and minimum temperature for
the different GCMs. Although rainfall varied, the projected rainfall showed an increasing trend for February,
June and December, and a decreasing trend for April, September and October. The solar radiation for the Baoji
and Weinan area showed an upward trend, while the solar radiation in Wugong was greatly reduced. The
maturity date of winter wheat for the three locations was reduced by 2.3-14.9 days compared with the reference
year for different climate change scenarios. Water requirements of the winter wheat for the three locations under
different GCMs were all increased compared with the reference year. Overall, winter wheat yield in Wugong and

Winter wheat

Climate change

Yield

CSM-CERES-wheat model

Weinan increased for the different GCMs scenarios during the 21% century.

1. Introduction

Future climate change is projected to be one of the major challenges
for regional agricultural production worldwide. The global average
temperature has increased about 0.74 °C for the past century and it is
expected to increase further about 2.0 °C-5.4 °C by 2100 (IPCC, 2007;
Tao et al., 2008). Generally, the increase in both maximum and
minimum temperature might increase the water requirement for both
rainfed and irrigated crops and could also increase the risk of heat stress
during flowering for crops grown during the winter and spring, such as
wheat and barley (Sommer et al., 2013).

Wheat (Triticum aestivum L.) is the most widely grown crop and
cultivated on 220 million ha of farmland across the word (http://www.
fao.org). About 21 % of the world’s food depends on the wheat crop.
However, global wheat production is facing challenges from global
warming, water shortages, and other factors (Tao and Zhang, 2013). In
addition, as a crop that prefers a relatively cool temperature, wheat

growth and yield could be affected by climate change in many regions
of the world. Wheat production is projected to decrease due to climate
warming and changes in precipitation (Asseng et al., 2015, 2011). The
growing evidence from various regions in the world has shown marked
phenological changes in response to rising temperatures resulting in
accelerated developmental rate and a shortened spring wheat growing
season (Mo et al., 2016). Moreover, since both climate change and an
increase in atmospheric CO, concentration vary, impacts of these fac-
tors on wheat growth and yields are complex and diverse (Karimi et al.,
2018). Therefore, the vulnerability of wheat production in the future
has become of key concern, as some regions could experience an in-
crease in yield while other regions could experience a decrease in yield
(Kristensten et al., 2011; Olesen et al., 2011).

The effects of climatic change on crop growth and productivity have
been studied using data based on long-term historical field experiments
(Peng et al., 2004; Tao et al., 2006). Additionally, in order to assess the
effects of climate change on crop phenology, water demand, and
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production and to provide adaptation strategies, climate models have
been coupled with crop models (Yan et al., 2018; Yang and Mao, 2018).
Process-based models make it possible to predict crop growth and yields
under various weather conditions and crop management scenarios by
simulating the comprehensive interactions of genetics * environment *
management at a field scale (Cammarano et al., 2019; Chen et al., 2019;
Gu et al., 2017; Liang et al., 2018; Liu et al., 2017a, b; Darko et al.,
2016). The Cropping System Model (CSM)-CERES-Wheat, which is one
of the main crop simulation models of the Decision Support System for
Agrotechnology Transfer (DSSAT; Hoogenboom et al., 2019) has been
used in several climate change studies (Amin et al., 2018; Bao et al.,
2015a, b).

The Loess Plateau of China has a typical semi-arid to sub-humid
monsoon climate and is influenced by the summer and winter mon-
soons annually. Limited precipitation with uneven spatial and temporal
distribution, make the area vulnerable to climate change (Ding et al.,
2018; Wang et al., 2012). The Guanzhong Plain, in the southern part of
the Loess Plateua, is one of the three largest plains in the Loess Plateau.
It is extremely sensitive to environmental challenges, such as climate
variability and climate change (Zheng et al., 2016a). Air temperature in
this area has increased by 0.38 °C decade ™! from 1961 to 2010 (Ding
et al., 2016), which is about three times the global average of 0.13 °C
decade ™! (Flato et al., 2013). Although there are variations across
findings, different global climate models (GCMs) show that the region
has the potential for a higher increase in temperature and a greater
change in precipitation distribution (Liu et al., 2017a, b; He et al,,
2015).

For this study, the DSSAT-CSM-CERES-Wheat model and three
GCMs and one representative concentration pathways (RCP) scenarios
4.5 were used to simulate the potential long-term effects of future cli-
mate change on winter wheat phenology, water demand and grain
yields for different projections. The specific objectives of this study
were (1) to predict climate change based on different GCMs from
2020-2100, (2) to determine the potential impact of climate change for
the projected years on rainfed winter wheat phenology and grain yield
for three locations in the Guanzhong Plain, and (3) to determine the
relationship between climate variables and winter wheat yield.

2. Method and materials
2.1. Study area

Winter wheat is one of the major food crops in China, accounting for
90 % of total wheat production. The Guanzhong Plain, located in
Shaanxi province is one of the most ancient agricultural regions in
China. The double-cropping rotation of summer maize and winter
wheat is the dominant cropping system in the region. The study area is
located in a continental monsoon climate zone with uneven rainfall
distribution. Three different precipitation regions from west to east in
the Guanzhong Plain were selected as the study sites for this study
(Fig.1), Baoji (34.38°N, 107.15 °E), Wugong (34.38°N, 107.15 °E) and
Weinan (34.38°N, 107.15°E). The long-term mean annual rainfall
ranges from 330 to 620mm and the reference evapotranspiration
ranges from 400 to 550 mm, respectively, and more than 60 % of
rainfall is concentrated between July to September. The altitude of the
area ranges between 300 and 620 m above sea level.

2.2. Climate model

SimCLIM (http://www.climsystems.com/simclim) is an integrated
model that can be customized by users to examine the effects and
adaptations to climate variability and change, including extreme cli-
mate events. SimCLIM supports both spatial and site time-series ana-
lyses (Warrick, 2009). SimCLIM 2013 (Yin et al., 2013) relies mainly on
the IPCC CMIP5 datasets. The baseline period generally ranges from
1986 to 2005 (centered on 1995), although it can also use
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1961-1990 as the baseline period. In this study, we used 1961-1990 as
the baseline period. Most of the basic spatial dataset (baseline and fu-
ture) in SimCLIM 2013 is run at the global scale of 0.5°*0.5° resolution.
The climate projections for different spatial scales can be generated
from 1991 to 2100. The effects of greenhouse gas concentration (not
emissions) trajectories are analyzed using four RCPs: RCP 2.6, RCP 4.5,
RCP 6.0 and RC P8.5 as adopted by the IPCC for its Fifth Assessment
Report (AR5) (IPCC, 2014). The four RCPs are named after a possible
range of radiative forcing values in the year 2100 of 2.6, 4.5, 6.0 and
8.5 w/m?, respectively. SimCLIM 2013 can display climate change in-
formation either for a single GCM or an ensemble of multiple GCMs.
SimCLIM offers an easy and intuitive way to interpret the impacts of
changes to daily climate data on agriculture, water supply, food risk,
human health, energy demand, sea-level and ecosystem resilience
(Abuodha, 2009; Storey, 2009; Warrick, 2007).

2.3. Winter wheat yield prediction

The CSM-CERES-Wheat model simulates the growth and develop-
ment, productivity, water and nitrogen balances for wheat (Jones et al.,
2003) based on crop genetics, including cultivar-specific parameters or
cultivar coefficients. It is one of the most widely used crop models in-
cluded in the DSSAT (Hoogenboom et al., 2011, 2019; Jones et al.,
2003). The CSM-CERES-Wheat model has been evaluated extensively
for basic decision support management and yield or water use predic-
tions in China (He et al., 2013; Ji et al., 2014; Li et al., 2016; Zheng
et al.,, 2016b). In this study, DSSAT Version 4.6 (Hoogenboom et al.,
2011) was used to predict the number of days to maturity, water use,
and productivity of winter wheat for the climate projections for 2020,
2040, 2060, 2080 and 2100 for rainfed conditions for locations at Baoji,
Wugong and Weinan.

The minimum inputs for the CSM-CERES-Wheat model are daily
weather data, soil profile characteristics, cultivar genetics, and crop
management, such as planting date, plant population, row spacing,
planting depth etc. at each location (Hunt and Boote, 1998;
Hoogenboom et al., 2012). The weather inputs for the CERES-Wheat
model include daily precipitation, maximum temperature (Tmax),
minimum temperature (Tmin), and solar radiation. Long-term
(1984-2013) daily records of rainfall, Tmax, Tmin and sunshine hours
for the three locations were obtained from China Meteorological Data
Service Center (CMDC) (http://data.cma.cn/) as reference years; daily
solar radiation was determined based on a multivariate stochastic
process using the observed daylight sunshine hours through WGEN
(weather generator) in the DSSAT version 4.6 crop systems model
(Garcia et al., 2008).

The weather inputs for simulating future projections were the re-
ference weather data that modified based on SimCLIM. All of the four
scenarios have different path shapes and emission targets, and both RCP
4.5 and RCP 6.0 belong to the middle-end scenario. In this study, we
selected RCP 4.5 for its precedence over RCP 6.0 (Chen and Lin, 2011).
Bao et al. (2015a) recommends that at least three GCMs should be se-
lected in case the prediction is limited to a narrow representation of
future climate. Therefore, the three GCMs selected for the present study
were: the Beijing Climate Center, China Meteorological Administra-
tion’s model BCC-CSM1—1 (BCC), the Queensland Climate Change
Centre of Excellence and Commonwealth Scientific and Industrial Re-
search Organization’s model CSIRO-MK3-6-0 (CSIRO), and the NOAA
Geophysical Fluid Dynamics Laboratory’s model GFDL-CM3 (GFDL).
Five resulting projections for weather data for 2020, 2040, 2060, 2080
and 2100 for Baoji, Wugong and Weinnan were generated with Sim-
CLIM. Soil types and associated profile, surface and generic soil in-
formation were obtained from the China Soil Database (CSD). The soil
types for the trial sites were silty clay loam for Baoji and Wugong and a
clay loam for Weinan. More information about model calibration and
evaluation can be found in Zheng et al. (2017) and Zheng et al. (2016b).
The single cultivar “Xiaoyan22”, the most common cultivar in the
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Fig. 1. The location of three study sites in the Shaanxi Province (Guanzhong Plain).

Guanzhong Plain, was used for all three locations. The simulated
number of days to maturity, grain yield and water use in the projections
2020, 2040, 2060, 2080 and 2100 were compared with the reference
years (1984-2013).

3. Results
3.1. Climate projections

The climate change patterns including monthly solar radiation,
precipitation, maximum temperature (Tmax) and minimum tempera-
ture (Tmin) for the projections for 2020, 2040, 2060, 2080 and 2100,
were obtained using SimCLIM for Baoji, Wugong and Weinan. The
changes were defined with respect to the baseline for the period
1961-1990 and the values varied by location, month and the respective
GCMs that were used. Monthly solar radiation showed both a decrease
and increase from the baseline depending upon which of the three
GCMs was used. In general, the projections based on the CSIRO showed
both the largest increase and decrease in solar radiation; there was a
moderate change in solar radiation for the projections based on the
GFDL, and the smallest change in solar radiation was for the projections
based on the BCC. Similarly, the greatest change in monthly pre-
cipitation from the baseline was found for the projections based on the
CSIRO, followed by the GFDL and BCC. Monthly Tmax and Tmin in-
creased from 2020-2100 compared with the baseline for the projections
for all three GCMs and the variation was similar.

For Baoji, the findings regarding changes in solar radiation, monthly
precipitation, and Tmax and Tmin illustrated in Fig. 2. The change in
monthly solar radiation from the baseline was small, and the change in
different projections was the same based on the BCC. An extreme
change occurred for September, October and November based on the
CSIRO, which increased by 9.2%-21.7%, 11.1%-24.0% and then de-
creased by 14.6%-17.9%. The simulated change based on GFDL was
intermediate between BCC and CSIRO. The smallest change in monthly
precipitation from the baseline ranged from -0.9 % to 1.9 % for Feb-
ruary for different projections based on the BCC, while the largest in-
crease was ranged from 33.7%-46.9% for June. The largest increase in
monthly precipitation ranged from 37.4%-76.2% for December for
different projections based on the CSIRO, followed by June, which in-
creased 34.9%-50.2% for different projections. For the GFDL, the pre-
diction trend was similar with the BCC; however, the amplitude of
variation in each month showed little difference. The simulated Tmax

based on the three GCMs all increased compared with the baseline.
Based on the BCC, the increase in temperature varied from 0.4 °C for
August to 2.2 °C for February for 2020, and from 1.4 °C for August to
3.0 °C for February for 2100. While the increase in temperature varied
from 0.7 °C for June to 3.0 °C for February for 2020, and from 2.1 °C for
June to 5.3 °C for September for 2100 based on CSIRO. Based on GFDL,
the increase in temperature varied from 0.8 °C for June and August to
2.6 °C for February for 2020 and from 1.4°C for May to 4.1°C for
September for 2100.

For Wugong, the findings regarding changes in solar radiation,
monthly precipitation, and Tmax and Tmin illustrated in Fig. 3. Gen-
erally, the changes from the baseline in monthly solar radiation for
Wugong for the projections were larger than Baoji, and decreased
compared to the baseline. An extreme change in solar radiation oc-
curred in Januray, which decreased by 17.3%-14.9% compared to the
baseline based on three GCMs. The change in precipitation for August
and June showed the largest increase, among the different projections,
ranging from 27.7 % for 2020 to 45.5 % for 2100 and 30.5 % for 2020
to 45.4 % for 2100 respectively. The Tmax increased from 2.5 °C for
2020 to 4.6 °C for 2100 for February and from 2.2 °C for 2020 to 4.0 °C
for 2100 for September based on the CSIRO and GFDL respectively. The
changes from baseline in monthly Tmin for Wugong were similar
among the three GCMs.

For Weinan, the findings regarding changes in solar radiation,
monthly precipitation, and Tmax and Tmin illustrated in Fig. 4. In
general, the changes for Weinan for the projections for 2020-2100 were
similar to those for Baoji, with a few exceptions. The projected solar
radiation in June decreased based on three GCMs, and the increase was
less than 20 %. Based on the GFDL, the largest change in solar radiation
occurred from 1.8 % for 2020 to 2.4 % for 2100. The change in monthly
precipitation decreased by 26.4 % in September for 2100 and followed
by a decrease in May of 24.6 % for 2100 based on the BCC. The largest
change in precipitation based on the CSIRO was in December, which
was 35.7 % for 2020 and 90.1 % for 2100. While the largest change in
precipitation based on the GFDL was for January, which was 23 % for
2020 and 51.3 % for 2100. The increase in temperature based on GFDL
was the largest, followed by CSIRO and BCC. The increase in the
monthly Tmax ranged from 0.5°C to 1.5°C for 2020 and and
0.9 °C-3.5°C for 2100 based on BCC; from 0.6 °C to 1.9 °C for 2020 and
2.0°C-4.4°C for 2100 based on CSIRO; from 0.6 °C to 1.4 °C for 2020
and 1.1 °C-3.1 °C for 2100 based on GFDL.



Z. Zheng, et al.

Agricultural Water Management 239 (2020) 106233

S
5 25 25
£ 20 [BCC-CsMI- 55 | CSIRO-MK3-6-0 - ;(5) GFDL-CM3
& j 2
o i/ C
g 15 15 fre ‘}! 15
5 10 10 4 A 77\ 10
5 ) 5 /AN £xS it 5 4
72} - . R D 92 y .25, \ /
5 0 Y e ,\\-\ APy . \» w‘r 0 = \'“‘\( o \\\ 0 1% ‘R/ tt*!
& -5 " \ |5 \ PE i
- -10 \ /x’ -10 t 0
5 .15 \ |5 ¥ ooas
® 20 * 220 20
§ 25 25 : — : : — 25 ;
5 123456789101112 123456789101112 123456789101112
>
£ 80 {BCC-CSMI-1 80 | CSIRO-MK3-6-0 .| 80 |GFDL-CM3
S ‘
£ 60 60 T 60
8 40 40 § @f 40
A
5 20 ,’5 20 '/ \ f, 20
2 ’6!}\\\ Aol N A //“ 0
2 FANA TN i /
S 20 ¥ \/ 20 - _— 1{' 20
) 1 g
g 40 -40 Lo -40
8 i
8 1234567 89101112 12345678 9101112 123456789101112
__ 5 {BCC-CSMI-1 51 A CSIRO-MK3-60 ] 5 | GFDL-CM3
O /A /AN
g 4 | )N J"‘/L \t‘ 4
= 34 e~/ N s 3
i < SN S g, e
5 24, AN )
% .’.r / ;. . sy <
g 1 d 1
(®)
01 0
123456789101112 12345678 9101112 12345678 9101112
4 IBCC-CSMI-1 .| 4 | CSIROMK3-6-0 4|« GFDLCMS
QL.)/ i ' v "'\‘\\
£ e P
£’ AR NN 3 o o
= N & |\ a :\ /'/ ” °\)
s 2 o 21074 S A 217\ £ .« oo
:D:)D & “,\" > % D',n\ PN \\ o 1” — » AL \\1\ ’,//
g . - = N Vs 1. —. 3 S
3} LY \Y/
0 0 0 , 3
123456789101112 12345678 9101112 12345678 9101112
Month Month Month
— 2020 o 2040 —~— 2060 2080 — —a— 2100

Fig. 2. Changes in monthly solar radiation (%), precipitation (%), maximum temperature (°C) and minimum temperature (°C) as projected for 2020, 2040, 2060,
2080 and 2100 based on RCP 4.5 for three GCMs compared to the baseline data for the period 1961-1990 for Baoji.

3.2. Wheat phenology projections

The number of days to maturity under rainfed conditions was si-
mulated for the reference years and for the projections of 2020, 2040,
2060, 2080 and 2100. Each of the projections contained simulations for
30 years and the analysis is based on the average of 30 years. To de-
termine the potential impact of climate change, the number of days to
maturity was simulated for the 30 years of reference weather data for
each location (Fig. 5). For Baoji, the number of days to maturity for the
three GCMs was similar, ranging from 222 to 231, 222-232 and
225-232 days for the BCC, CSIRO and GFDL respectively. The change in
number of days to maturity showed a decreasing trend based on all the
GCMs, and the largest change was 13.2 days less than the reference
years. The changes in number of days to maturity for Wugong and
Weinan for the projections were similar to those for Baoji, which de-
creased compared to the reference years for all the GCMs. The largest

change occurred in 2080 and 2100 with a decrease of 14.3 days based
on CSIRO for Wugong, and occurred in 2080 with a decrease of 14.9
days based on CSIRO for Weinan. The number of days to maturity in all
the areas decreased compared to the reference years, and it was clear
that the increase in temperature was the major driver for the decrease
in the number of days to maturity for the three locations. Because of the
smaller increase in monthly mean temperature based on GFDL as
compared to BCC and CSIRO, the number of days to maturity was also
smaller based on GFDL in Baooji. While in Wugong and Weinan, the
decrease in the number of days to maturity based on BCC was inter-
mediate between CSIRO and GFDL, reflecting the fact that BCC also
projected an intermediate increase in monthly temperature (Fig. 3).

3.3. Evapotranspiration projections

Average water demands for winter wheat was simulated for the 30
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Fig. 3. Changes in monthly solar radiation (%), precipitation (%), maximum temperature (°C) and minimum temperature (°C) as projected for 2020, 2040, 2060,
2080 and 2100 based on RCP 4.5 for three GCMs compared to the baseline data for the period 1961-1990 for Wugong.

years of the reference data for Baoji, Wugong and Weinan, with eva-
potranspiration (ET) values of 312.0 mm, 280.5mm and 356.3 mm,
respectively. Simulated water demand for the winter wheat growth
stage for the projections from 2020-2100 showed significant changes
due to the effects of climate change (Fig. 6). For Baoji, the ET value
changed from -11.6 mm-27.0 mm compared to the reference simula-
tion, and for all the GCMs, the water demand of the growth stage de-
creased from 2020-2100. For the same period, ET for Wugong was si-
milar to Baoji and the change varied from 11.7 mm to 35 mm for the
different GCM projections. However, for the same period for Weinan,
the increase in ET was greater for the projections based on the CSIRO
and GFDL compared to the reference simulation. The simulated ET for
Weinan was much larger than those two locations was due to the wheat
grown in Weinan had a longer growing period.

3.4. Winter wheat yield projections

As discussed earlier, the historical weather data were modified with
the climate change patterns using the outputs of the three GCMs cou-
pled with RCP 4.5 scenario in three locations, and the projections were
used for the prediction of winter wheat yield by using CERES-Wheat
model. Rather than analyzing the absolute wheat yield predictions, our
analysis was based on the differences between the wheat simulations
for the reference years and those for 2020, 2040, 2060, 2080 and 2100
projections based on three GCM patterns (Fig. 7). In general, the
number of days to maturity in the study area decreased compared to the
reference years because of the increase in temperature, while yield
increased due to the increase in precipitation and CO, concentration for
the future projections.

For Baoji, the change in grain yield was -22.1%-3.5% based on the
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Fig. 6. Simulated evapotranspiration of winter wheat for three locations based on RCP 4.5 for three GCMs and different future projections.

CSIRO for 2060 and GFDL for 2020. The grain yield showed a de-
creasing trend from 2020 to 2060, and then it increased from 2060 to
2100. The decrease in yield with respect to the reference simulations
was always larger for the CSIRO than for the other two GCMs, reflecting
the fact that CSIRO also projected larger decrease in precipitation.
Compared to Baoji, for Wugong, the increase in yield was 6.8%—-21.7%
based on the BCC and GFDL, while the change in yield ranged from -7.8
% to 0.4 % based on the CSIRO. Similarly, this was due to CSIRO
generated the smallest increase in precipitation among the three GCMs,
so the increase in rainfed yield was the lowest. However, the trend of
change in yield for Weinan was little different from those for Baoji and
Wugong. While the grain yield based on the three GCMs increased from
2020-2100 projections, the yield simulated by all the GCMs decreased
before the 2060 projection compared with the reference year. The in-
creases in yield for the 2060 and subsequent projections were larger
than for the 2040 and 2020 projections because of the larger increase in
precipitation and CO, concentration for the 2060 and the subsequent
projections. The grain yield based on the CSIRO showed an increasing
trend from the 2020 projection to the 2060 projection, with a slight
decrease for the 2080 projection. The change in yield ranged from -7%
to 7.5 %, -7.2%-10.8% and -4.9%-19% based on BCC, CSIRO and
GFDL. Compared to BCC, the increase in rainfed yield based on GFDL
was larger because of the larger increase in precipitation but showed a
similar trend.

4. Discussion

In this study, the combination of different GCM outputs and the
greenhouse gas emission scenario were used to assess the effects of
climate change and its effect on winter wheat maturity dates, water use
and grain yield across the Guanzhong Plain. The number of days to
maturity decreased for all the locations. In general, there are many
environmental factors that control crop phenology, such as

temperature, photo period, water and nutrient status, etc. However,
temperature is considered to be the main factor (McMaster and
Wilhelm, 1997). Our simulations indicated a reduction of the period
from sowing to maturity ranging from 2.3-14.9 days according to cli-
mate change projection and site (Fig. 5). The CSIRO predicted that the
number of days to maturity for Baoji would be reduced from 235.2-222
days, from 233.3-219 days for Wugong and from 288.9-275 days for
Weinan for the 2100 projection compared to the reference years, which
was the largest decreasing among the three GCMs. This shortening ef-
fect was due to the warming climates rather than to the water shortage,
since the primary effect of rainfall change and water availability on
grain yield simulated by CERES-Wheat, and by the majority of crop
growth models, is through limitations on growth, with no effect on crop
development rate such as maturity date (Dettori et al., 2017). The re-
sults of our study are also consistent with those of Moriondo and Bindi
(2007), who found a general reduction of the crop growing period of
winter cereals (i.e. barley and wheat) in the entire Mediterranean Re-
gion in response to a 2 °C increase in temperature, with a decrease of
the duration of the growing season ranging from 1.2 days in Tunisia to
12.2 days in Serbia.

The number of days to harvest maturity for the study area decreased
for the different scenarios, thus also decreasing potential growth and
yield due to a shorter growing season. The result are in agreement with
the widely accepted evidence that shortening of the growth length is
one of the main effects of climate change on crops, and it is one of the
primary causes of projected decreases in yield (Parry et al., 2005). For
the projection prior to 2060, the yield for Baoji showed a larger de-
crease compared to the yield for Wugong and Weinan. The yield based
on the BCC and CSIRO models was less than the reference year for the
projections, while the GFDL model showed larger than the reference
year. This could be due to the variability in temperature for Baoji,
especially in December and January, during the normally dormant
phase of winter wheat. A significant increase in temperature could lead
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Fig. 7. Simulated grain yield of winter wheat for three locations based on RCP 4.5 for three GCMs and different future projections.
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to rapid development of winter wheat during the early growth stage
and an increase in tillering. This, in turn, could lead to the decline of
heading rate and decrease yield. Yield normally decreases for wet and
cool sites because of a reduction in vegetative development, LAI and
thus potential intercepted radiation and consequently a lower biomass
production over the course of the growing season (Wang et al., 2017).
In our study, yield decreased when temperature was either too low or
too high, with higher temperatures resulting in a significant reduction
in yield. In addition, there was also an interaction among the tem-
perature, rainfall and CO, concentration on wheat yields (Ludwig and
Asseng, 2006). Different studies (Qu et al., 2019; Ventrella et al., 2012)
explored the projected positive effect of slight temperature increase on
wheat grain yield, possibly determined by the positive response of crops
to elevated CO, concentration in the atmosphere, i.e. increase in pho-
tosynthesis rate or water-saving effect. The evidences from the experi-
ments indicated that increase in CO, concentration could offset the
negative effects (even enhance the positive effects) of future climate
change on productivity of cereal crop caused due to the “CO,-fertili-
zation effect” (Parry et al., 2004). It was reported that the wheat yield
would keep increasing until the CO, concentrate elevated to 890 ppm
concluded by fitting both field and laboratory data (a least squares
cubic equation) (Amthor, 2001). However, the present study did not
take into account the physiological effect of projected high levels of
CO,, focusing the analysis on the impacts of changes in climate vari-
ables.

Precipitation is an important meteorological factor affecting winter
wheat growth and yield. The seasonal distribution of precipitation in
the Guanzhong Plain is uneven, and the water demand of winter wheat
varies for the different growth phases. Precipitation early and late
during the growing season only has small effect on the grain yield,
while precipitation during the middle of the growing season, such as the
jointing stage and flowering stage, has a significant positive effect on
the final grain yield. This study of winter wheat in Northwest China
showed that except for February, the monthly total precipitation during
the winter months was positively correlated with wheat yield, while the
precipitation during fallow period in June, July and August was nega-
tively correlated with wheat yield (Zhang et al., 1996).

In this study, the response of winter wheat in the Guanzhong Plain
to climate change under different scenarios showed differences due to
the climate projections. The decrease in the number of days to maturity
was mainly caused by an increase in temperature, similar to the find-
ings of Alexandrov and Hoogenboom (2000). Yield for Baoji showed a
decrease in yield, with the decrease in yield getting larger for projec-
tions later in the century. Yield for Wugong increased by 20 %, while,
yield for Weinan increased gradually but showed the largest increase
for all three sites of up to 41 %. Our results are slightly different from
Yang et al. (2014) who showed that the grain yield for rainfed wheat
increased for most of China compared with the reference year.

5. Conclusion

The present study found that future rainfall increased in February, June
and December, and decreased in April, September and October for the
Guanzhong Plain. Maximum and minimum temperature for most months
increased compared to the baseline, with the largest increase in tempera-
ture for September and February. For all the three locations, the number of
days to maturity decreased on average by 2-15 days based on three GCMs,
while yield showed an increase after 2060 projection. Overall, this study
found that the impact of climate change on winter wheat grown under
rainfed conditions in the Guanzhong Plain was positive, while the impact
differed among locations and some of the GCM projections. Some of the
variability was due to the rainfed conditions that are more sensitive to
climate change due to the uncertainty of future rainfall, temperature, solar
radiation and other weather conditions. Future studies should include
different wheat varieties that could be more heat tolerant and drought
resistance and other potential adaptation scenarios.
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