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Abstract We used simple and explicit methods, as well

as improved datasets for climate, crop phenology and

yields, to address the association between variability in

crop yields and climate anomalies in China from 1980 to

2008. We identified the most favourable and unfavourable

climate conditions and the optimum temperatures for crop

productivity in different regions of China. We found that

the simultaneous occurrence of high temperatures, low

precipitation and high solar radiation was unfavourable for

wheat, maize and soybean productivity in large portions of

northern, northwestern and northeastern China; this was

because of droughts induced by warming or an increase in

solar radiation. These climate anomalies could cause yield

losses of up to 50 % for wheat, maize and soybeans in the

arid and semi-arid regions of China. High precipitation and

low solar radiation were unfavourable for crop productivity

throughout southeastern China and could cause yield losses

of approximately 20 % for rice and 50 % for wheat and

maize. High temperatures were unfavourable for rice pro-

ductivity in southwestern China because they induced heat

stress, which could cause rice yield losses of approximately

20 %. In contrast, high temperatures and low precipitation

were favourable for rice productivity in northeastern and

eastern China. We found that the optimum temperatures for

high yields were crop specific and had an explicit spatial

pattern. These findings improve our understanding of the

impacts of extreme climate events on agricultural produc-

tion in different regions of China.

Keywords Adaptation � Climate change � Climate

extremes � Drought � Impacts and vulnerability

Introduction

Climate variability and extreme climate events have been

shown to increase in large regions of the world because of

climate warming (Coumou and Rahmstorf 2012; Hartmann

et al. 2013). An increased frequency of extreme weather

events such as heat waves, prolonged droughts and flood-

ing has been observed in recent decades (Zhai et al. 2005;

Alexander et al. 2006; Coumou and Rahmstorf 2012). This

has already had major negative impacts on agricultural

production in much of the world (Battisti and Naylor 2009;

Asseng et al. 2011; Lobell et al. 2012, 2013). Crop yields

are quite sensitive to seasonal climate variability. Climate

extremes can affect the survival of crops or plant organs

(Sánchez et al. 2014) and have more serious consequences

for food production and food insecurity than changes in the

means of temperature and precipitation (Matsui et al. 2000;

Lobell et al. 2013; Tao and Zhang 2013; Porter et al. 2014).

Indeed, many of the deleterious impacts of global climate

change have resulted from extreme weather events such as
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prolonged droughts, flooding and extreme temperatures,

rather than from mean climate change (Salinger et al. 2000;

Porter et al. 2014).

Nevertheless, many previous studies have focused on

the impacts of mean climate change or climate trends on

crop productivity (Tao et al. 2012; Zhang and Huang 2013;

Ju et al. 2013; Xiong et al. 2014; Porter et al. 2014). Recent

studies have focused on the response of crop production to

climate variability and climate extremes (Battisti and

Naylor 2009; Tao et al. 2013, 2015; Iizumi et al. 2013;

Porter et al. 2014). An increasing number of studies have

investigated the link between changes in the frequency and

intensity of climate extremes and climate warming (Zhai

et al. 2005; Alexander et al. 2006; Hartmann et al. 2013;

Liu et al. 2011), as well as the impacts of climate vari-

ability and extremes on crop productivity. These studies

have used various methods, including controlled environ-

ment experiments (Jagadish et al. 2007), field experiments

(Lobell et al. 2013; Zhang et al. 2014; Tao et al. 2015),

improved crop models (Challinor et al. 2005; Asseng et al.

2011, 2015; Tao and Zhang 2013), and statistical approa-

ches (Lobell et al. 2012; Iizumi et al. 2013; Shuai et al.

2013a, b; Liu et al. 2014).

China has a high rate of climate variability on seasonal,

interannual and decadal time scales due to its monsoon

climate (Fu and Wen 1999). The high rate of variability in

the monsoon climate strongly influences variability in both

ecosystems and agricultural production (Fu and Wen 1999;

Tao et al. 2004; Shuai et al. 2013a, b). Climate variability

and extremes frequently cause meteorologically based

agricultural disasters such as prolonged droughts, flooding,

heat stress and cold damage (Wang et al. 2005; Tao et al.

2013). Every year, an average of 4.8 9 108 ha of croplands

suffer from meteorological disasters, causing economic

losses that amount to approximately 2 9 1012 Chinese yuan

over the entire country. Moreover, the frequency of meteo-

rologically related agricultural disasters has increased along

with climate warming over the past three decades (Tao et al.

2013; Zhang et al. 2014). Previous studies have investigated

the impacts of droughts (e.g. Shi and Tao 2014) and extreme

temperatures (e.g. Wang et al. 2014) on regional crop pro-

ductivity, as well as the variability in crop yields associated

with ENSO and the Asian monsoon (e.g. Tao et al. 2004;

Shuai et al. 2013a, b; Liu et al. 2014).

To increase understanding of the impacts of climate

variability and climate extremes on crop yields across

China, in the present study, we use simple and explicit

methods to address the following questions: (1) Which

crops in which areas are most vulnerable to climate

anomalies? (2) How much do crop yields vary in associa-

tion with climate anomalies? Which climate conditions are

favourable for crops (causing high yields), and which are

unfavourable (causing low yields) in different regions of

China? (3) What are the optimum temperatures for crop

productivity in various regions of China, beyond which

crop productivity is negatively affected?

Data and methods

Data

In this study, we use the same climate, crop phenology and

yield data as Tao et al. (2012), who investigated the

impacts of climate trends on crop yields. Time series of

yields for rice, wheat, maize and soybeans by county from

1980 to 2008 were obtained from the Agricultural year-

book for each province (autonomous region or municipal-

ity), which is published annually by the China Agriculture

Press in Beijing. We also used some unpublished data from

county-level census bureaus. A preliminary quality check

was conducted and observations were flagged as outliers

when they fell outside the range of biophysically attainable

yields. In total, we used yield time series from 1670

counties for rice, 2021 counties for wheat, 2111 counties

for maize and 1943 counties for soybeans. These data

spanned the period from 1980 to 2008 and covered the

major crop production regions.

Phenological records (observed in research plots) for

rice, wheat, maize and soybeans from approximately 300

experimental agro-meteorological stations across the major

production regions were obtained from the China meteo-

rological administration (2009). We used data from 321,

288, 258 and 80 experimental agro-meteorological stations,

respectively, for rice, wheat, maize and soybeans. These

records included the dates of major crop phenological

events since 1980, such as sowing, transplanting, flowering

and maturity. For each phenological event, the mean date

from 1980 to 2008 was first computed at each station. Next,

the mean date of the event for each county was computed

from the nearest station. These detailed phenological

records provide a unique opportunity to determine exact

crop growing periods and consequently the seasonal cli-

mate during the growing period of each crop by county.

Daily weather data including maximum (Tmax) and mean

temperatures (Tmean), precipitation and hours of sunshine

were obtained from 756 national standard stations (NSSs)

of the CMA. Inhomogeneity in daily temperature series is

almost unavoidable due to various non-natural changes

such as changes in the observing location, environment and

other factors (Manton et al. 2001; Li and Yan 2009). In the

present study, we determined the daily Tmax and Tmean

using the China homogenized historical temperature data-

set (Li and Dong 2009), in which inhomogeneities in the

daily Tmax and Tmean series from 1960 to 2008 at 549 NSSs

were analysed and corrected using the multiple analysis of
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series for homogenization software package (Li and Yan

2009). Daily sunshine hours was observed at the 756 NSSs

of CMA, although daily solar radiation (SRD) was only

observed at 122 NSSs. The SRD at the 756 NSSs was

computed from hours of sunshine using the Ångström–

Prescott (A–P) equation (Prescott 1940). Across the 122

NSSs, the root-mean-square error (RMSE) between the

estimated and observed SRD was 3.2 (MJm-2day-1)

and the coefficient of determination (r2) was 0.8. At the

county level, daily Tmax, Tmean and SRD for each county

were computed from the nearest three NSSs using trian-

gular irregular network interpolation. Because spatial

interpolation of daily precipitation can cause greater

uncertainties than for daily Tmax, Tmean and SRD, daily

precipitation in each county was determined using the

observations from the nearest NSS. The methods are robust

because the meteorological and experimental agro-meteo-

rological stations are densely spaced enough to be repre-

sentative of climate and crop phenology for each county;

this is particularly true in the major production regions (see

Fig. S1 in Tao et al. 2012).

Methods

First, the time series of yields for rice, wheat, maize and

soybeans by county from 1980 to 2008 were linearly

detrended; this resulted in detrended yield series that reflect

the effects of interannual climate variability. The detrended

yield, or yield anomaly (Yd_a), in county i and year t

(Yd_ai,t) was expressed as a percentage using the following

equation:

Yd ai;t ¼ ðYd oi;t � Yd ti;tÞ�Yd ti;t � 100%; ð1Þ

where Yd_oi,t and Yd_ti,t represent the observed yield and

trend yield estimated by a linear regression model in

county i and year t, respectively. The standard deviation

(SD) of Yd_ai,t during 1980–2008 was also computed to

determine the variability in crop yields associated with

climate anomalies.

Next, the Yd_ai,t series from 1980 to 2008 were sorted,

and for each county, the climate anomalies were deter-

mined for the five highest yielding years and the five lowest

yielding years; these were compared with the normal years

(i.e. all of the remaining years other than the five highest

and lowest yielding years). For each county, the spatial

patterns of the climate conditions favourable for higher

yields were identified for rice, wheat, maize and soybeans;

the same was done for the unfavourable climate conditions

associated with lower yields.

Finally, the spatial patterns of the optimum Tmax and

Tmean for crop productivity were identified for rice, wheat,

maize and soybeans for each county.

Results

Variability in crop yields associated with climate

anomalies

With climate variability from 1980–2008, Rice Yd_a

was relatively variable in northern, northeastern and

northwestern China, but was relatively stable in southern

China (Fig. 1). Wheat Yd_a was relatively variable in

northern and northeastern China (Fig. 1). The variability

in maize Yd_a was quite large, with a SD above 20 %

occurring in large areas across the major maize pro-

duction regions of China (Fig. 1). Soybean Yd_a was

also highly variable, particularly in northern and north-

eastern China (Fig. 1).

Yield and climate anomalies in the lowest

and the highest yielding years

For rice, in the five lowest yielding years, Yd_a had a value

of approximately -50 % in parts of northeastern China and

-20 % in southern China (Fig. 2a). In comparison with the

normal years, the climate in the lowest yielding years was

generally characterized by lower temperatures (Fig. 2b),

higher precipitation (Fig. 2c) and lower SRD (Fig. 2d) in

northeastern China; however, higher temperatures

(Fig. 2b), lower precipitation (Fig. 2c) and higher SRD

(Fig. 2d) occurred in southwestern China. In the five

highest yielding years, rice Yd_a had a value of approxi-

mately 50 % in parts of northeastern China and 20 % in

southern China (Fig. 2e). Compared to the normal years,

the climate in the highest yielding years was generally

characterized by higher temperatures (Fig. 2f) and lower

precipitation (Fig. 2g) in northeastern China; and by higher

temperatures (Fig. 2f), lower precipitation (Fig. 2g) and

higher SRD (Fig. 2h) in eastern China.

For wheat, in the five lowest yielding years, Yd_a was

approximately -50 % in northern and northeastern China,

and -40 % in other regions (Fig. 3a). In comparison with

normal years, the climate in the lowest yielding years was

generally characterized by higher temperatures (Fig. S1B),

lower precipitation (Fig. S1C) and higher SRD (Fig. S1D)

in northern, northeastern, northwestern and southwestern

China; and by higher temperatures (Fig. S1B), higher

precipitation (Fig. S1C) and lower SRD (Fig. S1D) in

southeastern China. In the five highest yielding years,

Yd_a was approximately 50 % in northern and northeast-

ern China, and 30 % in other regions (Fig. S1E). In com-

parison with normal years, the climate in the highest

yielding years was generally characterized by higher tem-

peratures (Fig. S1F), higher precipitation (Fig. S1G) and

lower SRD (Fig. S1H) in northern and northeastern China;
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however, lower temperatures (Fig. S1F), lower precipita-

tion (Fig. S1G) and higher SRD (Fig. S1H) occurred in

southeastern China.

For maize, in the five lowest yielding years, Yd_a was

approximately -50 %, particularly in northern and north-

eastern China (Fig. S2A). In comparison with normal

years, the climate in the lowest yielding years was gener-

ally characterized by higher temperatures (Fig. S2B), lower

precipitation (Fig. S2C) and higher SRD (Fig. S2D) in

northern, northeastern and northwestern China; and by

lower temperatures (Fig. S2B), higher precipitation

(Fig. S2C) and lower SRD (Fig. S2D) in southeastern

China. In the five highest yielding years, Yd_a was

approximately 50 % in northern, northeastern China and

southeastern China (Fig. S2E). In comparison with normal

years, the climate in the highest yielding years was gen-

erally characterized by lower temperatures (Fig. S2F),

higher precipitation (Fig. S2G) and lower SRD (Fig. S2H)

in northern and northeastern China; however, lower tem-

peratures (Fig. S2F), lower precipitation (Fig. S2G) and

higher SRD (Fig. S2H) occurred in southeastern China.

For soybeans, in the five lowest yielding years,

Yd_a was approximately -50 %, particularly in northern

and northeastern China (Fig. S3A). In comparison with

normal years, the climate in the lowest yielding years was

characterized by higher temperatures (Fig. S3B), lower

precipitation (Fig. S3C) and higher SRD (Fig. S3D) in

northern and northeastern China; and by higher precipi-

tation (Fig. S3C) and lower SRD (Fig. S3D) in eastern

China. In the five highest yielding years, Yd_a was

approximately 50 %, particularly in northern and north-

eastern China (Fig. S3E). In comparison with normal

years, the climate in the highest yielding years was gen-

erally characterized by higher precipitation (Fig. S3G) in

northern and northeastern China; and by lower precipi-

tation (Fig. S3G) and higher SRD (Fig. S3H) in eastern

China.

Rice yield SD(%)
No culativation or data

< 5.0

5.0 - 10.0

10.0 - 15.0

15.0 - 20.0

> 20.0

Wheat yield SD(%)
No cultivation or data

< 5.0

5.0 - 10.0

10.0 - 20.0

20.0 - 30.0

> 30.0

Maize yield SD(%)
No cultivation or data

< 5.0

5.0 - 10.0

10.0 - 20.0

20.0 - 30.0

> 30.0

Soybean yield SD(%)
No cultivation or data

< 5.0

5.0 - 10.0

10.0 - 20.0

20.0 - 30.0

> 30.0

Fig. 1 Standard deviations (SD) of crop yield anomaly during 1980–2008 for rice, wheat, maize and soybean

cFig. 2 Anomalies of rice yield (a, e), mean temperature (b, f),
precipitation (c, g) and solar radiation (d, h) in the five lowest

yielding years (a, b, c, d) and the five highest yielding years (e, f, g, h)
during 1980–2008
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Rice yield anomaly(%)
< -50.0

-50.0 - -40.0

-40.0 - -30.0

-30.0 - -20.0

-20.0 - -10.0

-10.0 - 0.0

Mean temperature anomaly(°C)
-1.21 - -1.0

-1.0 - -0.5

-0.5 - 0.0

No cultivation or data

0.0 - 0.25

0.25 - 0.5

0.5 - 1.11

Precipitation anomaly(%)
< -40.0

-40.0 - -20.0

-20.0 - 0.0

No cultivation or data

0.0 - 20.0

20.0 - 40.0

> 40.0

Solar radiation anomaly(%)
-13.7 - -10.0

-10.0 - -5.0

-5.0 - 0.0

No cultivation or data

0.0 - 5.0

5.0 - 10.0

10.0 - 15.97

Rice yield anomaly(%)

0.0 - 10.0

10.0 - 20.0

20.0 - 30.0

30.0 - 40.0

40.0 - 50.0

> 50.0

Mean temperature anomaly(°C)
-1.0 - -0.5

-0.5 - -0.25

-0.25 - 0.0

No cultivation or data

0.0 - 0.25

0.25 - 0.50

0.50 - 1.24

Precipitation anomaly(%)
< -40.0

-40.0 - -20.0

-20.0 - 0.0

No cultivation or data

0.0 - 20.0

20.0 - 40.0

> 40.0

Solar radiation anomaly(%)
-10.4 - -10.0

-10.0 - -5.0

-5.0 - 0.0

No cultivation or data

0.0 - 5.0

5.0 - 10.0

10.0 - 15.6

(A)

(B)

(C)

(D)

(E)

(F)

(G)

(H)
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Maximum and mean temperatures associated

with the highest yields

For rice, in northern and northeastern China, the mean Tmax

(Tmean) during the growing period in the five highest

yielding years ranged from 25 (20 �C) to 29 �C (24 �C)
(Fig. 3a, b). In southern China, these values ranged from 29

(24 �C) to 34 �C (28 �C) (Fig. 3a, b).
For wheat, in northern, northeastern and northwestern

China, the mean Tmax (Tmean) during the growing period in

the five highest yielding years ranged from 20 (14 �C) to
33.8 �C (26 �C) (Fig. 3c, d). In central China, these values

ranged from 5 (\5 �C) to 15.0 �C (11.0 �C), and in

southern China they ranged from 15 (11 �C) to 33.8 �C
(26 �C) (Fig. 3c, d).

For maize, in northern and northeastern China, the mean

Tmax (Tmean) during the growing period in the five highest

yielding years ranged from 23 (15 �C) to 29.0 �C (21 �C)
in northern and northeastern China (Fig. 3e, f). In central,

northwestern and southern China, the corresponding values

ranged from 26 (21 �C) to 32.0 �C (27 �C) (Fig. 3e, f).
For soybeans, in northern, northeastern and northwest-

ern China, the mean Tmax (Tmean) during the growing per-

iod in the five highest yielding years ranged from 23

(18 �C) to 29.0 �C (21 �C) (Fig. 3g, h). In central and

southern China, the corresponding values ranged from 26

(21 �C) to 32.0 �C (27.0 �C) (Fig. 3g, h).

Discussion

Variability in crop yields was larger in northern

and northeastern China

The detrended crop yields (i.e. Yd_a) mainly reflect

interannual climate variability; therefore, changes in

Yd_a indicate the integrated impacts of climate variability

on crop yields. The simple and explicit methods used in

this study to investigate climate variability and crop pro-

ductivity have the advantage over complex methods such

as process-based crop models and statistical approaches

that their results are less affected by uncertainties from

input data, biophysical parameters and the processes in

crop models. Yd_a showed high climate variability in

northern and northeastern China, with an SD above 20 %

for rice and above 30 % for other crops, mainly due to the

monsoon climate in the regions, which induced large

interannual variability in precipitation and temperature.

These results are consistent with several previous studies

(Shuai et al. 2013a, b; Shi and Tao 2014; Zhang et al.

2014). The association between crop yield variability and

increasing climate variability and climate extremes is large

enough to warrant further study.

Favourable and unfavourable climate conditions

for regional crop production

Comparisons between the climate conditions in the highest

and lowest yielding years are useful for identifying

favourable versus unfavourable climate conditions for

regional crop production. For example, when higher tem-

peratures, lower precipitation and higher SRD occurred

simultaneously, the resulting conditions were unfavourable

for wheat, maize and soybeans in large areas of northern,

northwestern and northeastern China because of droughts

induced by warming or increased solar radiation. Higher

precipitation and lower SRD were unfavourable for all

crops because continuous rainy days and low solar radia-

tion are critical limiting factors for crop productivity in

southeastern China (Tao et al. 2012, 2013; Shuai et al.

2013a, b; Zhang and Huang 2013; Xiong et al. 2014; Li

et al. 2015). Higher temperatures were unfavourable for

rice productivity in southwestern China because of heat

stress (Tao et al. 2013; Wang et al. 2014). These findings

are supported by the results of previous studies (e.g. Tao

et al. 2012; Lobell et al. 2013; Liu et al. 2014; Xiong et al.

2014; Li et al. 2015). For example, several previous studies

that examined census yield data for mixed irrigation and

rain-fed crops at the county and provincial scale showed

that precipitation was a key factor affecting crop yield

variability in arid and semi-arid regions of China (Tao et al.

2012; Zhang and Huang 2013; Liu et al. 2014; Xiong et al.

2014; Li et al. 2015; Zhang et al. 2015). The results are also

supported by several recent artificial field warming exper-

iments. For example, an infrared warming field experiment

showed that wheat growth and yields on the North China

Plain were significantly increased by an artificial warming

of 2.5 �C (Fang et al. 2015). Rice growth and yields were

also enhanced by a field infrared warming of 2.32 �C in

northeast China (Zhang et al. 2013).

Optimum temperatures for crop productivity

in different regions

We estimated the optimum Tmax and Tmean using an

empirical approach. The results showed that the optimum

Tmax and Tmean were crop specific and had explicit

spatial patterns, which were closely related to latitude

and altitude. The optimum Tmax and Tmean derived in this

study are well within the ranges reported in previous

studies (Sánchez et al. 2014). It is difficult to identify the

cFig. 3 Maximum (a, c, e, g) and mean temperature (b, d, f, h) during
crop growing period in the five highest yielding years during

1980–2008 for rice (a, b), wheat (c, d), maize (e, f) and soybean

(g, h)

1720 F. Tao et al.

123



Maximum temperature(°C)
< 25.0

25.0 - 27.0

27.0 - 29.0

29.0 - 31.0

31.0 - 34.0

> 34.0

Mean temperature(°C)
< 20.0

20.0 - 22.0

22.0 - 24.0

24.0 - 26.0

26.0 - 28.0

> 28.0

Mean temperature (°C)
-11.2 - 5.0

5.0 - 8.0

8.0 - 11.0

11.0 - 14.0

14.0 - 17.0

17.0 - 26.0

Maximum temperature (°C)
< 20.0

20.0 - 23.0

23.0 - 26.0

26.0 - 29.0

29.0 - 32.0

32.0 - 41.9

Mean temperature (°C) 
< 15.0

15.0 - 18.0

18.0 - 21.0

21.0 - 24.0

24.0 - 27.0

27.0 - 35.2

Maximum temperature (°C)
< 20.0

20.0 - 23.0

23.0 - 26.0

26.0 - 29.0

29.0 - 32.0

32.0 - 42.6

Mean temperature (°C)
< 15.0

15.0 - 18.0

18.0 - 21.0

21.0 - 24.0

24.0 - 27.0

27.0 - 35.9

(A)

(C)

(E)

(G)

(B)

(D)

(F)

(H)
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optimum Tmax and Tmean for crop growth and yields

because these values differ depending on the crop growth

stages (Sánchez et al. 2014) and theoretically should be

determined in controlled-environmental experiments.

Nevertheless, estimates using empirical approaches are

useful because spatial information for the two parameters

is currently scarce; however, this information is crucial

for spatially explicit parameterization of crop models and

consequently for improving climate impact modelling

studies at both regional and national scales. Furthermore,

impact assessments of the optimum temperatures for crop

growth and productivity, which are increasingly impor-

tant, have large uncertainties (Craufurd and Wheeler

2009; Zhang and Tao 2013; Asseng et al. 2015). Thus,

determining the optimum Tmax and Tmean for different

crops in various climate zones is important for under-

standing the impacts of climate extremes and improving

modelling studies of these impacts.

Uncertainties and shortcomings

There are several potential uncertainties in this study.

Although the meteorological and experimental agro-me-

teorological stations that provided the data for this study

are relatively dense, and as such are likely representative

of climate and crop phenology for each county in the

major production regions, the different spatial interpola-

tion methods used at each station could affect the results

to some extent. In addition, different detrending methods

can affect the magnitude of the estimates, although they

would not affect the sign of the estimates or the general

conclusions (Lobell et al. 2011). In this study, a linear

detrending method was applied to the yield series

because it was generally suitable for all of the counties.

We note that while it might not be the best method for

some counties, using a consistent method produced less

error over all of the counties. Finally, the complex

characteristics of this study, such as the patchy patterns

of yield and climate anomalies, as well as the simulta-

neous effects of multiple climate variables, complicate

the statistical analyses.

Conclusions

We used simple and explicit methods, and improved

datasets for climate, crop phenology and yields to address

the variability in crop yields associated with climate

anomalies in China over the past three decades. We found

that there was high variability in the yields of major crops,

particularly in northern and northeastern China. We also

identified the most favourable and unfavourable climate

conditions for yields of various crops, as well as the

optimum Tmax and Tmean, over different regions of China.

Our results highlight the importance of accounting for the

roles of climate variability and climate extremes in studies

of climate change impacts and adaptation. The findings

improve our understanding of the impacts of climate

extremes on crop productivity in different regions and are

relevant to climate impact modelling on a large scale.

Moreover, our results, together with seasonal weather

forecasting information, could also be applied to develop a

regional food security warming system.
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