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Abstract: In the era of global climate change, extreme weather events frequently occur. Many
kinds of agro-meteorological disasters that are closely related to environmental conditions (such
as sunshine hours, temperature, precipitation, etc.) are witnessed all over the word. However,
which factor dominates winter wheat production in the middle and lower reaches of the Yangtze
River remains unresolved. Quantifying the key limiting meteorological factor could deepen our
understanding of the impact of climate change on crops and then help us to formulate disaster
prevention and mitigation measures. However, the relative role of precipitation, sunshine hours
and maximum daily temperature in limiting winter wheat yield in the middle and lower reaches of
the Yangtze River is not clear and difficult to decouple. In this study, we used statistical methods
to quantify the effect of precipitation, maximum temperature and sunshine hours extremes on
winter wheat (Triticum aestivum L.) yield based on long time-series, county-level yield data and
a daily meteorological dataset. According to the winter wheat growing season period (October
of the sowing year to May of the following year), anomaly values of cumulative precipitation,
average sunshine hours and average daily maximum temperature are calculated. With the range
of —3 o to 3 0 of anomaly and an interval of 0.5 o (0 is the corresponding standard deviation of
cumulative precipitation, mean maximum temperature and mean sunshine hours, respectively),
the corresponding weighted yield loss ratio (WYLR) represents the impact of this kind of climate
condition on yield. The results show that excessive rainfall is the key limiting meteorological factor
that can reduce winter wheat yield to —18.4% in the middle and lower reaches of the Yangtze River,
while it is only —0.24% in extreme dry conditions. Moreover, yield loss under extreme temperature
and sunshine hours are negligible (—0.66% for extremely long sunshine hours and —8.29% for
extreme cold). More detailed analysis results show that the impact of excessive rainfall on winter
wheat yield varies regionally, as it causes severe yield reductions in the Huai River basin and the
middle to southern part with low elevation and rainy areas of the study area, while for drier areas
in the Hubei province, there is even an increase in yield. Our results disclosed with observational
evidence that excessive precipitation is the key meteorological limiting factor leading to the reduction
in winter wheat yield in the middle and lower reaches of the Yangtze River. The knowledge of the
possible impact of climate change on winter wheat yield in the study area allows policy-makers,
agronomists and economists to better forecast a plan that differs from the past. In addition, our
results emphasized the need for better understanding and further process-based model simulation of
the excessive rainfall impact on crop yield.
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1. Introduction

Increasing frequency of extreme climate is likely to occur due to continued warming of
the climate, including extremes of precipitation and temperature [1,2]. There are indications
that areas now suffering from drought may become more arid, while areas suffering from
excessive rainfall may see more precipitation [3-7]. In the context of the rapid increase in
the global population, quantitative assessment of the impact of climate change on crop
production is of great significance to ensure a stable supply of food [8,9]. A large number
of studies have shown that climate extremes related to temperature and precipitation,
such as heat, cold and drought, could severely reduce crop production from regional to
global scale [10-18]. Adverse weather conditions will further exacerbate the gap between
the rapidly increasing population and the limited food supply. Therefore, it is necessary
to understand the sensitivity and tolerance of existing agricultural systems to extreme
climates [19].

Recent studies on extreme climates have focused on the effects of extreme tempera-
tures [16,20-23] and drought [15,24,25] on crop production, while few studies have focused
on the impact of excessive rainfall [13]. Winter wheat is one of the main food crops world-
wide, especially in China, where 20% of the world’s population lives on 7% of the land. In
addition, according to the official statistics, drought, hailstorms, cold and waterlogging
are the main agro-meteorological disasters restricting agricultural production in China
(Figure S1), especially in the middle and lower reaches of the Yangtze River (Figure S2),
which is one of the most important commodities gaining planting area. Taking Jiangsu
province as an example, studies have shown that there will be a major drought or flood
every 2-3 years, and there will be 4-5 times of waterlogging caused by continuous rain
in spring every year [26]. However, which one is the key meteorological limiting factor
and how much does precipitation, sunshine hour and temperature affect winter wheat
yield in the middle and lower reaches of the Yangtze River leaves a critical knowledge gap,
which may impede our ability to understand and evaluate the climate change effects on
crop production.

Generally speaking, the impact of extreme events on crop yield at the regional, na-
tional or global scale could be quantified by empirical-based [18,27,28] or crop model
methods [24,29-31]. Process-based crop models could reveal the dynamic growth of crops
with input of soil data, crop management data, meteorological data and so on. The impact
of extreme events on crop yield could be simulated with excessive precipitation [31] or
higher temperature [32]. In addition, decoupling the effect of one extreme from another is
available. Many studies have adopted the physical-based crop model to quantify the effect
of climate extremes [13,15,20,33,34], because we can change the temperature, precipitation
or CO2 content simultaneously or sequentially in the crop model, and the corresponding
yield or biomass reduction could be obtained. This method was widely used because it
clearly shows the effect of single or combined factors on crops. Moreover, it could simulate
the potential impact of climate change on crop yield in the future. However, crop mod-
els are also limited by significant disadvantages, such as too many parameters, complex
parameter optimization processes and ill-posed problems. More importantly, the existing
crop models consider more the impact of water deficit or nutrient restriction, while few
models take into account the impact of excessive precipitation on crop growth and yield.
Therefore, when the crop model was adopted to simulate the impact of excessive precipita-
tion, it is often unable to accurately estimate or even give the opposite results, compared
with the statistical data [13]. The same phenomenon also exists in studies that simulate the
impact of other extreme climates on yield [34]. Compared with physical-based methods,
the statistical method is simpler and more straightforward, although it is region-specific
and when considering its application to another region, it may not be appropriate. For the
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sake of being straightforward and simple and limited by the dataset we could collect, the
empirical model was selected.

In order to explore the key limiting factors that affect winter wheat yield and the extent
to which each environmental factor contributed to the reduction in winter wheat yield in
the middle and lower reaches of the Yangtze River, in this study, observational evidence
from long time-series meteorological data and county-level winter wheat yield and area
data to explore the key meteorological limiting factors of winter wheat yield in the middle
and lower reaches of the Yangtze River. A binning method was employed to decouple the
combined effect of precipitation, sunshine hours and maximum temperature on winter
wheat yield. At the same time, we explore the spatial pattern of the extremes of key factor
impacts on winter wheat yield.

2. Study Area and Data
2.1. Study Area

The study area includes Jiangsu, Anhui and Hubei province in the middle and lower
reaches of the Yangtze River (Figure 1), with an average annual temperature between
13.6 °C and 18 °C. The climate in this area is complex, including a temperate monsoon
climate in the north of the Huai River and semi-humid and subtropical humid monsoon
climate in the area south of the Huai River. As for the elevation, there are large mountains
with higher elevation in the western part of Hubei province and the southern part of
Anhui province, while the northern and eastern areas are at a lower elevation. The main
cropping system in the northern part of our study area is the winter wheat-summer
maize (Zea mays L.) rotation, whereas a winter wheat/rapeseed (Brassica napus L.)-rice
(Oryza sativa L.) rotation is widely employed in southern part. Generally, winter wheat is
planted in October (after harvest of corn or paddy rice) and harvested around the end of
May. Five winter wheat developmental stages are widely recognized according to Feekes
Scale [35], including tillering (1-5), stem extension (6-10), heading (10.1-10.5), flowering
(10.51-10.54) and ripening (11.1-11.4).
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Figure 1. Topography and location of study area. Points indicate national ground meteorological observatory.
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2.2. Data
2.2.1. Climate Data

The meteorological data used in this study came from the Anhui Meteorological
Information Center (AMIC), the Jiangsu Meteorological Information Centre (JMIC) and the
Hubei Meteorological Information and Technology Support Centre (HMITSC), including
203 national-level meteorological stations. The data included daily precipitation, sunshine
hours, maximum temperature, minimum temperature, and average temperature. The
information of meteorological stations and winter wheat yield data are given in Table 1.

Table 1. Specific period information of meteorological observations and county-level yield.

Meteorological County-Level Used in Our Number of
Observatory Yield Study Stations
Anhui 1960-2015 1949-2014 1960-2014 76
Jiangsu 1971-2015 1951-2014 19712014 60
Hubei 1961-2015 1949-2014 1961-2014 67

2.2.2. Winter Wheat Yield Data

County-level yield and planting area data were also provided by AMIC, HMITSC
and JMIC. Both yield and meteorological data were required for each county in order to
explore the impact of excessive precipitation on yield. A total of 203 stations (county) met
the requirements (Table 1).

3. Methodology
3.1. Winter Wheat Yield Data Processing

With improved technology, winter wheat yield has gradually increased in recent
decades (Figure S3), which was mainly due to improved varieties, increasing fertilizer
inputs, field management advances, improved irrigation practices, etc. Since the main
object of this study was to find the key meteorological factors that restrict winter wheat
yield, it was necessary to remove the contribution of anthropogenic factors to yield change,
especially from technological advances. Therefore, a 5-year moving window was used
to obtain the yield trend, representing the “optimal” yield at current practices without
unfavorable climate effects.

3.2. Statistical Analysis
3.2.1. Extreme Climate Conditions Definition

Climate is the average weather conditions over a long period (typically more than
30 years) in a given area. Sunshine hours, precipitation and temperature are part of the
most related meteorological factors that influence crops. In this study, we used the standard
anomaly (M, Equation (1)) to quantify the departure degree of climate in a given year (C;) to
its mean climate condition (C), defined by standard deviation (o). Taking precipitation for
example, the molecular of Equation (2) is defined as precipitation anomaly, and standard
anomaly is the precipitation anomaly with a unit of o.

¢ -C
0

M

)

The standard anomaly of winter wheat growing season’s total precipitation, mean
sunshine hours and mean maximum temperature were calculated using Equation (1). When
the precipitation anomaly was lower than —2.0 o, extreme dry (drought) was determined,
while when it is greater than 2.0 o, extreme wet (excessive rainfall) was defined. In addition,
moderate dry and moderate wet conditions were also defined as precipitation anomaly
greater than —2.0 o and lower than 2.0 o respectively (Figure S4). It was the same for
maximum temperature and sunshine hours extremes definition.
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3.2.2. Quantify the Effect of Extreme Climate on Winter Wheat Yield

The impact of climate extremes on yield could be quantified by comparing observed
yield in extreme year with the expected yield from the long-term trend of yield change
(5-year moving window in this study). More specifically, the difference of observed (yield )
and expected yield (yieldy.) in an extreme year was obtained (also named as meteorological
yield), which was closed related with climate variability. Then, the meteorological yield
was divided by the yield;r., which gives the yield loss ratio (YLR, Equation (2)), which
could quantitatively reflect the deviation of yield in extreme year to the long-term yield
trend for each county.
yield,ps — yieldyr,

x 100% @)

According to Equation (2), the yield loss ratio for every county—year sample could be
obtained. Taking precipitation for example, the impact of extreme dry and extreme wet
conditions on winter wheat yield at the regional scale could be quantified by aggregating all
the county—year samples with extreme drought and excessive rainfall conditions (M < —2
and >2.0 respectively), weighted by the corresponding county—year sample’s planting area
(weighted yield loss ratio, WYLR). Similarly, yield response to precipitation viability, from
extreme dry to extreme wet conditions, could be calculated by aggregating all county—year
samples that fall into the precipitation anomaly bins with an interval of 0.5 o, and then it
was weighted by the corresponding planting area of each county—year sample. Similarly,
the average response of yield to sunshine hours and maximum temperature, as the WYLR
across each standard anomaly bin, were obtained.

4. Results
4.1. Spatial-Temporal Pattern of Winter Wheat Yield

During the past several decades, the annual winter wheat yield of Anhui, Jiangsu and
Hubei province in the middle and lower reaches of Yangtze River have steadily increased
(Figure S3). Spatial distribution of coefficient of variability (CV) of yield over time was
given in Figure 2a. In general, the yield variability in the southern regions of Anhui and
Jiangsu is smaller than that in the northern part, while the plain in Hubei province has
the lower CV of yield. More specifically, the CV of yield is lower in middle and south of
Jiangsu, the riverside plain of Anhui province and the plain area of Hubei province, while
north Jiangsu, north of the Huai River of Anhui, shows higher variability. Meanwhile, yield
variability in Anhui province with a mean CV yield value of 0.51, which is higher than
that of Jiangsu and Hubei with 0.28 and 0.44, respectively. A strong positive correlation of
between the CV of yield and latitude was observed, especially in Anhui (Figure 2b) and
Jiangsu (Figure 2c), where yield variability is higher in the northern part of the main winter
wheat-producing areas.

4.2. Spatial-Temporal Pattern of Climate Factors

The variability of total precipitation, mean sunshine hours and mean maximum
temperature across the growing season for each county were calculated. Additionally, the
spatial pattern of CV for the three climate factors is shown in Figure 3. We could see that
precipitation variability across the winter wheat growing season is higher than that of
sunshine hours and maximum temperature, with a range of CV between 0.1 and 0.4, while
it is lower than 0.15 and 0.1 for sunshine hours and maximum temperature, respectively.
Specifically, for the CV of precipitation, we find a strong increasing CV trend and the
highest precipitation variability was observed north of the Anhui and Jiangsu province,
whereas most of Hubei province and the middle to south part of Anhui and Jiangsu had
a lower CV of precipitation (Figure 3b). The spatial pattern of sunshine hours (Figure 3a)
shows that variability is higher in areas with lower latitudes and is decreased significantly
with increased latitude. The CV of the maximum temperature is lowest compared with
sunshine hours and precipitation, with most counties being lower than 0.1. Moreover, there
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is no significant correlation between the variability of maximum temperature and latitude
(Figure 3f).
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Figure 2. Coefficient of variation (CV) of winter wheat yield over study area (a). Scatter plot of CV of
yield and latitude were also given for Anhui (b), Jiangsu (c) and Hubei (d). The asterisk (*) indicates
that the correlation between them has passed the significance test. Area with blank means no data
and the same below.

4.3. The Impact of Extreme Climate on Yield

Figure 4 shows the response of winter wheat yield to extreme climate, represented
by precipitation, sunshine hours and maximum temperature, ranging from normal to
extreme conditions over the decades in the middle to lower reaches of the Yangtze River.
The aggregated weighted yield loss ratio was calculated from county—year samples, with
climate factor anomalies falling into the extreme intervals (>2.0 o or <—2.0 0), reflecting
the impact of extreme climate. Similarly, the impact of climate anomaly gradient with
an interval of 0.5 o on yield were also obtained. The results show that positive WYLR
was observed when precipitation anomaly ranged from —1.5 o to 0.5 o, which means the
favorable precipitation condition for winter wheat in our study area is slightly drier than
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the multi-year average (Figure 4a). However, as the precipitation condition deviates from
normal to extreme dry and extreme wet, the positive trend diminished and was replaced by
almost zero and —18.4% of WYLR in extreme dry and extreme wet conditions, respectively.
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Figure 3. Spatial pattern of CV of total precipitation (a), average sunshine hours (c) and average maxi-
mum temperature (e) across growing season, and the corresponding scatter plots of latitude and CV of
total precipitation (b), CV of average sunshine hours (d) and CV of average maximum temperature (f).
The asterisk (*) indicates that the correlation between them has passed the significance test.

Further analysis of sunshine hours anomaly (Figure 4b) shows short sunshine hours
could result in more yield loss than in longer sunshine hours. Additionally, further, when
the standard anomaly of sunshine hours gradually decreases from 1 to —2.5, the WYLR
gradually decreases, and when standard anomaly is less than —2.5, the reduction in yield
is the most (WYLR = —8%). On the other hand, when the standard anomaly of sunshine
hours gradually increases from one, the WYLR gradually decreases, but the minimum does
not exceed —5%.

As for the maximum temperature (Figure 4c), both extreme heat and extreme cold
could inhibit winter wheat yield, with a WYLR of —6.33% and —8.29%, respectively. When
the maximum temperature anomaly is in transition from the moderate cold to the extreme
cold (from —2 o to —1.5 o), winter wheat yield loss is, on average, —12.6%.

In order to separate the effect of excessive rainfall on yield reduction from that of
sunshine hours and maximum temperature, we disentangle the respective effects of the
three meteorological factors in limiting the yield reduction by exploiting the fact that each
meteorological ingredient is decoupled in different bins (Figure 5). We assumed that if
the excessive rainfall is the key limiting factor for winter wheat, the corresponding yield
reduction in excessive precipitation will be large regardless of sunshine hours or maximum
temperature variations, and vice versa. However, when looking at the variation in WYLR
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across sunshine hours (Figure 5a) and maximum temperature bins (Figure 5b), excessive
rainfall reduces yield reduction noticeably in sunshine hours and maximum temperature
bins. This shows that extreme sunshine hours or extreme maximum temperature does not
limit the yield reduction in the absence of a precipitation-sunshine hours or precipitation—
maximum temperature coupling effect. Put another way, the sunshine hours or maximum
temperature limitation on yield is largely the product of precipitation—sunshine hours or
precipitation-maximum temperature coupling effect. The respective effect of sunshine
hours (Figure 5c), and maximum temperature (Figure 5d) on the yield reduction effect of
precipitation also illustrated the same results.
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Figure 4. Impact of extreme climate factors, including precipitation (a), sunshine hours (b) and
maximum temperature (c) on winter wheat yield middle and lower reaches of the Yangtze River.
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Figure 5. Disentangling sunshine hours and maximum temperature limitation effects from precipita-
tion. Precipitation versus WYLR, binned by sunshine hours (a) and maximum temperature anomaly
(b), respectively. Each circle represents the averaged WYLR within each bin of sunshine hours and
maximum temperature anomaly. Average WYLR in each bin of sunshine hours (c) and maximum
temperature (d). The dashed line means the threshold value of extreme condition.

4.4. Spatial Pattern of Excessive Rainfall Impacts

The regional pattern of the impact of extreme wet conditions on winter wheat yield is
shown in Figure 6a. We could see that the yield response to extreme wet condition could be
negative or positive across space. Among them, 89% of counties showed yield reductions
in years with excessive rainfall, while there are no extreme wet year samples in the middle
of Anhui, south of Jiangsu and north of Hubei province (gray area in Figure 6a). Spatially,
the most negatively affected areas are located in southern Anhui, north of the Huai River,
most of the Jiangsu province, and southeast of Hubei province. In contrast, counties
north of Hubei showed a positive effect even when the precipitation anomaly exceeds
2.0 0.The average yield reduction in extreme wet years ranges from —26.9% (Anhui) to
—7.8% (Hubei), while that of extreme drought is between 13.9% (Hubei) to -0.15% (Anhui).
Anhui province was severely influenced by extreme wet, with a —26.9% reduction in
yield, larger than that of counties in the whole study area (—18.4%). That means the
positive effect of extreme wet in some counties could offset the negative effect of it in other
counties. Counties in Jiangsu province also experienced serious damage from extreme wet
(Figure 6c), but compared with Anhui province, yield reduction is slightly lower (—14.8%).
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Yield reduction caused by extreme drought in Anhui and Jiangsu was negligible, with a
WYLR of —0.15% and 0.69%, respectively. Hubei province is the only one in our study area
where increased yield was caused by extreme drought.
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Figure 6. The impacts of extreme wet on winter wheat yield at the county level (a) and the impact of
extreme precipitation on winter wheat yield in Anhui (b), Jiangsu (c) and Hubei (d) province. The
excessive rainfall impact for each county is the WYLR of extreme wet years for each county. The
counties with gray color means there is no extreme wet or dry samples.

5. Discussion
5.1. The Reason for Spatial Variability of Meteorological Factors Impact on Winter Wheat Yield

Climate refers to the average physical condition of the atmosphere for many years in
a certain area, such as annual average temperature and annual precipitation. Therefore,
this section mainly discusses the spatial variation in excessive precipitation (precipitation
anomaly > 2.0 ¢ )’s impact on yield considering the local mean climate. Figure 7 shows
the relationship between the mean climate conditions (total precipitation, mean sunshine
hours and mean maximum temperature) and the corresponding WYLR of each station
(county) in the extreme wet years. The results show that the impact of winter wheat yield
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reduction is mainly related to precipitation (—0.46 *, —0.45 * and —0.33 * for Anhui, Jiangsu
and Hubei province, respectively) and, to a lesser extent, regulated by sunshine hours
(—0.23, —0.10, and 0.45 *) for Anhui, Jiangsu and Hubei province, respectively. Excessive
precipitation will cause a lot of yield reduction in areas with more precipitation (significant
negative correlation between precipitation and WYLR in wet year). It has been proven
that the positive effect of longer sunshine hours on winter wheat yield would be negated
by excessive rainfall during the early seeding stage [36]. However, it has been proven
that it is the maximum temperature, not precipitation that has the strongest explanation
of the maize yield reduction in extreme wet years of the United States [37]. One possible
reason may be that in the humid and semi-humid regions of southeast China, rain-fed
agriculture dominates. As a result, there is already too much precipitation in this area for
winter wheat, and excessive rainfall further aggravated yield reduction [19,38]. In addition
to the excessive rainfall, the low altitude and shallow groundwater level keep the soil
water content at a high level throughout the year [39]. Therefore, the more precipitation,
the greater the soil water content, the more serious the damage caused by waterlogging
damage, and finally the more yield reduction. In Hubei province, however, it is worth
noting that for areas with small precipitation within the growing season, the corresponding
WYLR is greater than 0 even with extremely dry conditions (Figure 7G). This may be
because Hubei province is located inland, and drought has a greater impact on winter
wheat in this area [40]. Therefore, when the rainfall is excessive, it may just make up for
the water deficit in crop growth. In addition to that, short sunshine hours also play an
important role in extreme wet years in Hubei province to compensate for the negative effect
of excessive rainfall, while that is not obvious in Anhui and Jiangsu.

In addition to discussing the impact of extreme wet on yield at a provincial scale, we
also analyzed the relationship between them of all stations in the three provinces. The
results showed that the correlation coefficient of the mean climate conditions did not pass
the significance test. An important reason for that is that only the impact of meteorological
elements was quantified, and we did not consider the influence of others, geographical
and environmental (such as terrain, soil type, and soil moisture content), on yield. Another
possible reason is that the relationship between the mean climate conditions and WYLR in
each province is a little different, so it is difficult to use a unified law or model to quantify
the relationship between them. In general, compared with sunshine hours and maximum
temperature, precipitation is the key meteorological factor that limits winter wheat yield in
the middle and lower reaches of the Yangtze River.

5.2. Future Research Directions: Monitoring of Waterlogging Damage Based on Daily
Precipitation Data

The results of this study indicate that precipitation is the most important meteoro-
logical limiting factor affecting winter wheat yield, compared with sunshine hours and
maximum temperature. Therefore, in the future, we will consider the waterlogging monitor-
ing of winter wheat based on high-resolution remote sensing precipitation data. However,
there may be some difficulties in monitoring waterlogging damage. Take drought as an
example for comparison. Although drought and waterlogging are related to abnormal
precipitation, the characteristics of the two are significantly different. Drought monitoring
is a long-term monitoring process, because only a long period (3 months, 6 months and
even 12 months) of precipitation deficit will lead to drought, so the existing drought index
is mostly based on 1 month, 3 months, 6 months, 12 months or even 24 months [41]. The
characteristics of waterlogging indicate that the time scale of its occurrence is much smaller
than that of drought. In the middle and lower reaches of the Yangtze River, where the
subtropical humid monsoon climate dominates, continuous rainy processes of more than
30 days are rare, let alone the occurrence of waterlogging at the scale of 3 or 6 months. On
the other hand, the occurrence of waterlogging may only be caused by more precipitation
in a certain week or ten-day period. The larger the time scale, the more the waterlogging
signal will be offset by other normal or precipitation deficit signals. This leads to the time
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scale of waterlogging monitoring not being able to be too large or too small. In addition,
the lower the time resolution of precipitation, the smaller the variability in precipitation in
historical period and vice versa. In general, waterlogging monitoring based on precipitation
is a potential future research direction.
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Figure 7. The relationship between WYLR in extreme wet years and the three mean climate factors in
Anhui (A-C), Jiangsu (D-F), Hubei (G-I) and whole study area (J-L). Note: each point represents one
station (county) samples that has the extreme conditions of total precipitation, mean sunshine hours,
mean maximum temperature and the gray area is the 95% confidence interval of fitted model, and
the blue line in the figure represents the linear fitted line. The asterisk (*) indicates that the correlation

between them has passed the significance test.



Agronomy 2022, 12, 50

13 of 15

References

6. Conclusions

In this study, we proved that, compared with sunshine hours and temperature,
excessive precipitation is the key meteorological limiting factor and brought about a
—7.8% to 26.8% reduction in winter wheat yield in the middle and lower reaches of the
Yangtze River. The knowledge of the possible impact of climate change on winter wheat
yield in the study area allows policymakers, agronomists and economists to better forecast
a plan that differs from the past. However, these impacts varied substantially between re-
gions and may also interact with other factors that are correlated with winter wheat growth.
Therefore, a reinvigoration of national, and even global research is urgently needed, aiming
to offset the possible impacts of climate change. In addition to that, historical data could
only reveal what happened in the past and cannot predict the future. As a consequence,
crop model simulation with possible future climate scenarios would reveal the possible
risk of climate impact.
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province (data source: National Bureau of Statistics of China, http://www.stats.gov.cn/); Figure S3
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