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1.  INTRODUCTION

Global climate change may affect our food security,
as agriculture output depends strongly on climate
conditions (e.g. Lobell et al. 2011b). The recent
 suggestions that global change may cause stronger
interannual climate variation have only strengthened
this concern (Sun & Bryan 2010, IPCC 2012). Inter -
annual climate variability directly impacts crop
growth, development, and yield, and indirectly influ-
ences pest dynamics and fertilizer efficiency
(Thomp son 1986, IRRI 1975). Thus, a stronger inter-
annual variability may increase the risk of production
losses that far mers face (IRRI 1975, Thompson 1975,
Phillips et al. 1999, Tao et al. 2008, Lobell et al.

2011b). To assess this increased risk, a better under-
standing of the effects of interannual climate vari-
ability on crop yield is  necessary.

The El Niño-Southern Oscillation (ENSO), which
refers to fluctuations in both sea-surface temperature
(SST) in the tropical Pacific and sea-level pressure in
the southern Pacific (the Southern Oscillation Index),
is one of the most important contributors to global
inter annual climate variability (Rasmusson & Car-
penter 1983, Nicholls 1989, Montecinos & Aceituno
2003). Climate variability in China is dominated by
the East Asian monsoon system (Ding & Chan 2005),
which is always significantly influenced by ENSO,
including the winter temperature variations (Wu et
al. 2010), the spring and summer total precipitation

© Inter-Research 2013 · www.int-res.com*Corresponding author. Email: zhangzhao@bnu.edu.cn
**Corresponding author. Email: spj@bnu.edu.cn

ENSO, climate variability and crop yields in China

Jiabing Shuai1,2, Zhao Zhang1,*, De-Zheng Sun2,3, Fulu Tao4, Peijun Shi1,**

1State Key Laboratory of Earth Surface Processes and Resource Ecology, Academy of Disaster Reduction and Emergency Management, 
Beijing Normal University, Beijing 100875, China

2Cooperative Institute for Research in Environmental Sciences, 
University of Colorado and 3NOAA, Earth System Research Laboratory, Physical Science Division, Boulder, Colorado 80305, USA

4Institute of Geographical Sciences and Natural Resources Research, Chinese Academy of Sciences, Beijing 100101, China

ABSTRACT: The El Niño-Southern Oscillation (ENSO) is one of the most important contributors to
global interannual climate variability, but the relationship between seasonal climate and crop
yield variations associated with ENSO in China remains inconclusive. In this study, we investi-
gated the impacts of ENSO on the yield of 3 staple crops (rice, wheat, and corn) at the provincial
scale. We found that ENSO has significant impacts on wheat yields throughout China, and on rice
and corn yields in major production areas. Specifically, more (less) rainfall during the wheat grow-
ing season in El Niño (La Niña) years leads to increases (decreases) in wheat yield, especially in
southeastern China. Increases (decreases) in rice yield in northeastern China are due to warming
(cooling) in El Niño (La Niña) years. In southern China, the variability of rainfall plays a more
important role in rice yield than that in northern China. Corn yields in northern China are signif-
icantly affected by ENSO-induced changes in maximum temperature, solar radiation, and rainfall.
Moreover, all of the staple crop yields are highly correlated with the ENSO index with a lead of at
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amount (Huang & Wu 1989, Chang et al. 2000), and
summer precipitation extremes (Wang & Yan 2011).
For example, Wu et al. (2003) found that more precip-
itation tends to occur in south and southeast China
during the winter of El Niño years, and this anomaly
continues until next spring. They also found that
droughts are likely to appear in the Huai River water-
shed following the decaying stage of El Niño. A sim-
ilar pattern has been substantiated by recent studies
(e.g. Feng et al. 2010, 2011), suggesting the per -
sistent influence of ENSO on precipitation in China.
Actually, paleoclimatic evidence has shown that
ENSO can continue to operate in very different back-
ground climate states regardless of glacial periods or
glacial intervals (IPCC 2012). Moreover, in addition
to global warming, the level of ENSO activity is also
increasing (Liang et al. 2012), which indicates that
ENSO will still be an important controlling factor in
terms of climate variability in the changing future.
Such a strong connection between ENSO and cli-
mate variability offers considerable opportunities for
farmers to improve potential agricultural yields via
an agricultural early warning system for meteoro -
logical disasters using ENSO information.

China provides about one-fifth of global grain pro-
duction (Dawe 2009). Due to the large population
and the  relatively small cultivated land area in
China, even small changes in food supply and
demand could have large global impacts (Simelton
2011). Rice, wheat, and corn—3 essential components
of the diet for more than half of the world’s popula-
tion—are the most socially and economically impor-
tant crops in China, contributing >90% of the natio -
nal cereal yields (NBSC 2011). However, agriculture
is very sensitive to variation in climate, and is vulner-
able to natural hazards, such as flood and drought
(Simelton 2011). Every year, an average of approxi-
mately 31.1% of cultivated areas is affected by mete-
orological disasters. Among these disasters, droughts
(56.2%), floods (24.2%; since 1950), and frost (5.8%;
since 1978), which all might be associated with
ENSO, accounted for 86.2% of all events (Wang et al.
2007).

Studies assessing the impacts of ENSO on climate
and crop yields have been conducted in many coun-
tries. For example, Cane et al. (1994) found that corn
yields in Zimbabwe are more strongly associated
with the ENSO index than climate variables such as
rainfall, and concluded that the eastern equatorial
SST can be used to predict national corn yields. Fol-
lowing them, extensive studies on the association be-
tween crop yields and ENSO have been performed
for many regions of the world, such as Africa (Phillips

& McIntyre 2000), North America (Phillips et al. 1999,
Wu et al. 2011), South America (Meza & Wilks 2003,
Meza et al. 2003), and Asia (Naylor et al. 2001, Ban-
nayan et al. 2010). However, such studies in China
are not extensive, and some results are inconsistent.
For example, Tao et al. (2004) investigated the rela-
tionship between ENSO/EASM (East Asian Summer
Monsoon) and 3 staple crop yields during developing
ENSO years using data from 7 provinces, and found
that there was large variability in production associ-
ated with EASM and ENSO. Other studies show
strong connections between ENSO and crop yields in
Yunnan (Tian et al. 2000), Sichuan (Xiao & Chen
1994), and mid-eastern China (Meng 2009). However,
a study concerning rice yields in Jiangxi does not
 support the above statements (Deng et al. 2010), and
instead implies that the relationship be tween ENSO
and staple crop yields in China varies across crops
and regions. Therefore, the effect of ENSO on main
crop yields in China remains inconclusive. Investiga-
tion of the relationships between ENSO and crop
yields in China was limited to some locations and
crops. Identifying the mechanisms by which ENSO
influences different crop yields at a provincial scale
across the entire nation will be crucial for comprehen-
sive assessment of the agricultural production risk.

In this study, we focus on the impact of ENSO on
crop yields during the decaying stage of ENSO years,
because the information on this stage allows much
more time for governments and farmers to make de-
cisions and preparations than that during the de -
veloping stage of ENSO years. The present study
aims to investigate the: (1) variability in crop- growing
seasonal climate associated with ENSO events at the
provincial scale during decaying ENSO years; (2) im-
pacts of the climate variations associated with ENSO
on staple crop yield across China by province; and (3)
applications of ENSO information to prevent agricul-
tural disasters and to ensure food security.

2.  DATA AND METHODS

2.1.  ENSO index

The monthly SST anomalies in the region from 150
to 90° W and 4° N to 4° S, smoothed into 5 mo running
means (ENSO index), are used to measure ENSO
activity and define ENSO phases (El Niño, neutral,
and La Niña). Our definition of ENSO phases follows
that of the Center for Ocean-Atmospheric Predic-
tion Studies (http://coaps.fsu.edu/jma.shtml). A year
(October− September) is classified as El Niño (La
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Niña) if SST anomalies are at least +0.5°C (≤−0.5°C
for La Niña) for at least 6 consecutive months and if
this 6-mo period starts before October and includes
October−December. According to the classification,
the study period from October 1962 to September
2008 includes 12 El Niño events in total (1963/64,
1965/66, 1969/70, 1972/73, 1976/77, 1982/83, 1986/87,
1987/88, 1991/92, 1997/98, 2002/03, and 2006/07)
and 11 La Niña events (1964/65, 1967/68, 1970/71,
1971/72, 1973/74, 1974/75, 1975/76, 1988/89, 1998/99,
1999/00, and 2007/08).

2.2.  Crops

The planting area of rice, wheat, and corn in main-
land China is approximately 29, 28, and 22 million ha,

respectively (Zhang & Huang 2013), and is distrib-
uted across a wide range of locations and climatic
conditions. Nearly all provinces except Qinghai
grow rice. However, in northern China, single- crop
rice is common, while south of 30°N, double-crop
rice (and triple-crop rice in some locations) domi-
nates. Wheat occupies a high proportion of the area
in the north, northeast, and northwest regions. Win-
ter wheat is cultivated in most provinces of China,
and spring wheat is mainly grown in the northeast
and northwest regions. Corn is mainly cultivated in
southwestern, northeastern, and northern provinces,
and mostly in the summer. The growing seasons for
rice, wheat, and corn are summarized in Table 1
(Sun & Huang 2011, Zhang & Huang 2013), and the
distribution of provinces in China is shown in
Fig. 1A.

135

Province                                             Rice                                                   Wheat                                                  Corn
                                      Sowing     Harvest           P               Sowing       Harvest           P               Sowing     Harvest           P

Anhui                               May           Sep               Y                 Oct             May             Y                  Jun            Sep              Y
Beijing                             May           Sep               Y                 Oct             Jun               Y                  Jun            Sep              Y
Fujian                               Mar           Sep               Y                 Nov             Apr               Y                 Mar           Aug              −
Gansu                              May           Sep               Y                 Oct             Jun               Y                 May           Sep              Y
Guangdong                     Feb            Oct               Y                 Nov             Mar              Y                 Mar           Aug              −
Guangxi                           Feb            Oct               Y                 Nov             Mar              Y                 Mar           Aug             Y
Guizhou                           Apr           Aug              Y                 Nov             Apr               Y                  Jun            Sep              Y
Hebei                               May           Sep               Y                 Oct             Jun               Y                  Jun            Sep              Y
Heilongjiang                   Apr           Aug              Y                 Apr             Jul               Y                 May           Sep              Y
Henan                             May           Sep               Y                 Oct             Jun               Y                  Jun            Sep              Y
Hubei                               May           Sep               Y                 Nov            May             Y                  Jun            Sep              Y
Hunan                             Mar           Sep               Y                 Nov            May             Y                  Jun            Sep              Y
Jiangsu                            May           Sep               Y                 Nov            May             Y                  Jun            Sep              Y
Jiangxi                             Mar           Oct               Y                 Nov            May             Y                  Jun            Sep               −
Jilin                                   Apr           Aug              Y                 Apr             Jul               Y                 May           Sep              Y
Liaoning                          Aug           Aug              Y                 Apr             Jul               Y                 May           Sep              Y
Inner Mongolia               Apr           Sep               Y                 Apr             Jul               Y                 May           Sep               −
Ningxia                           May           Sep               Y                 Mar             Jul               Y                 May           Sep               −
Qinghai                              −                −                 −                 Mar             Jul               Y                 May           Sep               −
Shaanxi                           May           Sep               Y                 Oct             Jun               Y                 May           Sep              Y
Shandong                       May           Sep               Y                 Oct             Jun               Y                  Jun            Sep              Y
Shanghai                         Mar           Sep               Y                 Nov            May             Y                  Jun            Sep               −
Shanxi                             May           Sep               Y                 Oct             Jun               Y                 May           Sep              Y
Sichuan                            Apr           Aug              Y                 Nov             Apr               Y                  Jun            Sep              Y
Tianjin                             May           Sep               Y                 Oct             Jun               −                  Jun            Sep               −
Xinjiang                           Apr           Sep               Y                 Oct             Jun               Y                 May           Sep              Y
Xizang                               −                −                 −                   −                 −                 −                    −                 −                 −
Yunnan                            Apr           Aug              Y                 Nov             Apr               Y                  Jun            Sep              Y
Chongqing                       Apr           Aug              Y                 Nov             Apr               Y                  Jun            Sep              Y
Zhejiang                          Mar           Sep               Y                 Nov            May             Y                  Jun            Sep              Y
Hainan                             Feb            Oct               −                 Nov             Mar              −                 Mar           Aug              −

Table 1. Growing seasons of rice, wheat, and corn in China. Provinces with continuous crop yield records are marked with ‘Y’
in the ‘P’ column. For the cropping system of double-crop rice, the growing season was defined to cover the growing period of
both early and late rice. Chongqing was separated from Sichuan in 1997, but all statistics for Chongqing were included in 

Sichuan in our study
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2.3.  Data collection

National and provincial yield data of wheat and
corn (1961−2010) were obtained from China Planting
Information, sources of which are the China Agri -
cultural Statistics Yearbook and China Statistic
 Yearbook (http://zzys.agri.gov.cn/nongqing.aspx). The
data for rice from 1961 to 2010 were obtained from

the world rice statistics of the International Rice
Research Institute (www.irri.org/science/ ricestat/
index. asp). Provinces with continuous yield data
 during 1961−2010 are shown in Table 1.

Historical climate data in China were obtained
from the China Meteorological Data Sharing Service
System (http://cdc.cma.gov.cn/). Monthly maximum
temperature (Tmax), minimum temperature (Tmin),

136

Fig. 1. (A) Provinces of China, covered in this study. (B) Distribution of weather stations used to calculate the province-
averaged climate parameters. No stations in Xizang and Shanghai Provinces were used due to the lack of a continuous record
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precipitation (P), and sunshine duration (S) data are
available from 458 weather stations that provide
 continuous records from October 1962 to present
(Fig. 1B). Since solar radiation data are not available
due to the cost, maintenance, and calibration re -
quirements of the measuring equipment, here we use
S as a substitute, as have many climate−yield rela-
tionship studies (e.g. Zhang et al. 2010, Shuai et al.
2013). The climate data are averaged over the grow-
ing season to derive average Tmax, Tmin, S, and total P
during the growing season in each province/crop
combination for each year. In order to alleviate the ef-
fects of inhomogeneous distributions of different cli-
mate variables on the ana lysis, all the climate data
have been normalized (standardization to zero mean
and unit variance). The 200 and 500 mb geopotential
height data and 850 mb wind data were ob tained
from the National Center for Environ mental Pre -
diction− National Center for Atmospheric Re search
 reanalysis (www. esrl. noaa. gov/ psd/ data/ gridded/  data.
ncep.reanalysis. derived.  html).

2.4.  Analysis

To investigate the ENSO−climate−yield relation-
ships at the provincial scale, non-climatic influences
such as improvement in crop management and tech-
nology should be removed. Previous studies have
used some simple regression functions to remove the
non-climate influences (e.g. Thompson 1986). How-
ever, crop management changes in response to price
fluctuations and the availability of new technology
are often difficult to fit to a  simple regression func-
tion. Also, there is no theoretical basis for selecting
one functional form over another (Hansen et al.
1998). Therefore, here we apply 5 yr running means
to separate yield residuals from the low-frequency
yield trend following Zhang et al. (2008):

(1)

where y is yield residuals (%), x is the actual yield
(kg ha−1), and x represents the expected yield
smoothed into 5 yr running means (kg ha−1).

First, the influences of ENSO on crop yield (for
rice, wheat, and corn) and climate variables (Tmax,
Tmin, P, and S) during each crop’s growing season
are examined. ANOVA is used to test the influence
of ENSO phases on crop yield and climate variables.
The significance (p < 0.10 or p < 0.05) of ENSO’s
effect on weather variables or crop yield is identified
by the F-test. Then, we use Pearson’s correlation to

identify the crop−climate relationship for each crop
at the provincial scale, and investigate the key
provinces whose yield variability is highly related
with ENSO. The significance is tested by a 2-tailed
t-test. The Granger causality test (Granger 1969) is
also used to examine the causal relationship be -
tween climate variables and crop yield. The signifi-
cance is tested by the F-test. Finally, the leading
time of the ENSO signal for crop yields in some key
provinces is exa mined through Pearson’s correlation
between crop yields and 3 mo sliding ENSO index
from the beginning of the developing year to the
end of the decaying year, using a 2-tailed t-test to
identify the significant correlation.

3.  RESULTS

3.1.  Variability in climate

3.1.1.  El Niño

Most provinces in China show a decrease in Tmax,
Tmin, and S, and an increase in P for the growing sea-
son of all 3 crops in El Niño years (Fig. 2). More rain-
fall appears in northwest China during the growing
season of rice and corn, but for the wheat-growing
season, more rainfall is found in southeast China
(Fig. 2G−I). The spatial pattern of differences in S is
similar to that of differences in P but with opposite
sign (Fig. 2J,K,L). A reduction in S is observed in
almost all provinces, with significant anomalies in
Gansu and Ningxia Pro vinces (p < 0.05) in northern
and northwestern China in the rice-growing season.
As for temperature, especially Tmin, such distribu-
tions look much more similar among the 3 crops.
Temperature in northern China has a slightly nega-
tive difference between El Nino years and neutral
years, while in south China shows a positive differ-
ence (Fig. 2A−F).

Additionally, the effect of El Niño on P is much
more significant than that on Tmax and Tmin for all 3
crops. According to the F-test, there are significant
changes (p < 0.10 and p < 0.05) in P in 5 provinces for
rice and corn (Gansu, Shaanxi, Shanxi, Tianjin, and
Xinjiang Provinces, mainly in northwest China), and
10 provin ces for wheat (Fujian, Guangdong, Gui -
zhou, Hubei, Hunan, Jiangsu, Jiangxi, Xinjiang, Yun-
nan, and Zhe jiang Provinces, mainly in south and
southeast China). Strong effects on temperature are
found only in 2 provinces (Guangxi Province for Tmin

in the rice-growing season and Hainan Province for
Tmax in the corn-growing season).

y
x

%= − ×x
x
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3.1.2.  La Niña

La Niña leads to a decrease in Tmax, Tmin, and P,
and an in crease in S in most of the regions (Fig. 3).
In La Niña years, the spatial distributions of these
climate variables among the 3 crops are much more
consistent than those during El Niño years, although
there is a difference in the distribution of P under El
Niño conditions. During the growing season of rice
and corn, small increases in P are shown in both

western and eastern China, while only western re -
gions experience such in creases for wheat. As for
temperature, Tmax increases slightly in northern
China, while it de creases in southern China, espe-
cially for Sichuan, Guizhou (p < 0.10), and Yunnan
Provinces (p < 0.05) in southwestern China for rice
during La Niña years (Fig. 3A−C). With the excep-
tion of Shanxi Province for rice and corn, Tmin

decreases for all provinces in La Niña years, espe-
cially in southeastern regions (e.g. Jiangxi Province

Fig. 2. Differences in climate variables during the growing season in El Niño years compared to neutral years: (A−C) maxi-
mum temperature, Tmax; (D−F) minimum temperature, Tmin; (G−I) precipitation; and (J−L) sunshine duration, S. Provinces
where the differences in climate variables reached the 90 and 95% confidence levels are marked with green and yellow 

points, respectively. Color scale: difference after standardization of data to zero mean and unit variance
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for rice, Anhui and Fujian Province for both rice and
corn) and southwestern China (e.g. Guizhou for rice
and Yunnan for corn; Fig. 3D,F). Meanwhile, La
Niña events cause a decrease in  sunshine in south-
western China but an increase in northeast, north,
southeast, and south China, with significant anom-
alies in northeastern and northern provinces for all
3 crops (e.g. Jilin, Liao ning, and Hebei Provinces for
rice and wheat, and Inner Mongolia for all crops)
and eastern areas for wheat (e.g. Jiangsu and Fujian
Provinces; Fig. 3J−L).

El Niño has stronger impact on P, while La Niña has a
larger influence on temperature and S. Compared with
the small increase of Tmax and Tmin mainly in southern
China during El Niño years, La Niña causes strong de-
creases in temperature throughout China, especially in
Tmin during the rice and corn growing seasons, with 6
provinces showing strong responses. Additionally, the
influences of El Niño and La Niña on P and S are almost
opposite: P is enhanced and S is reduced in most
provinces under the impacts of El Niño, while P is re-
duced and S is enhanced during La Niña years.

Fig. 3. Differences in climate variables during the growing season in La Niña years compared to neutral years: (A−C) maxi-
mum temperature, Tmax; (D−F) minimum temperature, Tmin; (G−I) precipitation; and (J−L) sunshine duration, S. Provinces
where the differences reach the 90 and 95% confidence levels are marked with green and yellow points, respectively. Color 

scale: difference after standardization of data to zero mean and unit variance
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3.2.  Variability in crop yields

Wheat is the only crop that experiences large areas
of yield reduction as a result of El Niño events, with a
remarkable decrease in northern (e.g. Shanxi) and
southeastern China (e.g. Jiangxi); only 5 pro vinces
benefit from El Niño (Fig. 4B). 

In comparison with El Niño years, wheat yield ben-
efits from La Niña in almost all provinces, especially
in southern and southeastern China, although there
still are slight reductions in 6 provinces, mainly in
northeastern and southwestern China (Fig. 4E). For
rice and corn, yields are reduced in most regions
under the influence of La Niña (Fig. 4D,F). 

3.3.  Correlations between climate variables and
crop yields

For rice (Fig. 5C,D), temperature (Tmax and Tmin) and
P are the more important climate variables for most
provinces. Increased temperature will result in in-
creases in rice yields in north and northeast China,
such as Ningxia and Jilin Provinces, but also leads to
yields de creasing in Jiangxi in southeastern China.
P affects rice yields mainly in southeastern, central,
and southwest China. Increases in P reduce rice yields
in a large number of provinces in these regions; how-
ever, it increases yields in northern and southwestern
China. For S, only 4 provinces (Ningxia, Jiangsu, Gui -

zhou and Guangdong) show a high correlation with
rice yields. Among them, only Gui zhou Province
shows that S is a Granger cause for rice yield. More-
over, rice yields in some provinces (e.g. Yunnan) are
simultaneously affected by 2 or more climate variables. 

Tmax has a high negative correlation with wheat
yields in the north, northeast, and southwestern
areas: an increase/decrease in Tmax may reduce/
enhance the yield. But only in Inner Mongolia does
Tmax Granger-cause changes in wheat yield. In south-
east and northwest China, there is a strong correla-
tion between wheat yields and P, but the coefficients
are absolutely different from the east to the west:
increases in wheat yields are associated with a
higher P in western regions (e.g. Yunnan and Qing-
hai Provinces) while such yield increases are associ-
ated with a lower P in southeastern areas (e.g. Zhe-
jiang and Fujian Provinces). Compared with the
pattern of correlation between wheat yields and P,
the pattern with S is similar but with opposite sign
(Fig. 5K). With regard to Tmin, only Guizhou shows a
significant negative correlation with wheat yields.

Corn yields are mainly negatively correlated with
Tmax and S in most provinces in China, especially in
the main production regions, i.e. northern and south-
west China (Fig. 5C,L). The effects of P and Tmin are
much smaller compared with that of Tmax and S, as
the impacts of the former are only significant in a few
provinces (Fig. 5F,I).

Fig. 4. Difference in yield residuals (%) for rice (A,D), wheat (B,E), and corn (C,F) in El Niño or La Niña years compared to neu-
tral years). Provinces where the differences reach the 90 and 95% confidence levels are marked with green and yellow 

points, respectively
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4.  DISCUSSION

4.1.  Spatial patterns

Compared with rice and corn, wheat is the only
crop that shows uniform and outstanding responses
in yield to ENSO throughout China (Fig. 4), and the
growing season Rainfall associated with ENSO plays
a  significant role in its variability, especially in south
and southeast China. Wheat yields are negatively
corrected with P in most provinces in south and
southeast China (Table 2), because that climate is

already humid, with annual precipitation generally
>1000 mm, and the excess water promotes agricul-
tural diseases such as rust and root rot (Tao et al.
2008). Because of the more westward position of the
ridge of the sub-tropical high and the in creased
moisture brought by the western North Pacific anom-
alous anti-cyclone, southern China ex periences
much more rainfall and even flood disasters during
winter and spring in the decaying phases of El Niño
(Chang et al. 2000, Wang et al. 2000, Lin & Lu 2009,
Feng et al. 2011). Moreover, in southeastern China,
about 30−40% of the total annual precipitation

141

Fig. 5. Correlation between climate variables [(A−C) maximum temperature, Tmax; (D−F) minimum temperature, Tmin; (G−I)
precipitation; and (J−L) sunshine duration, S] during the growing season and yield residuals. Only statistically significant (p <
0.10) correlations are shown. Provinces with a significant Granger causal relationship (p < 0.10) are marked with a green point. 

Color scale: value of correlations
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occurs in spring, a value that is close to that in sum-
mer (Wu et al. 2003, Feng et al. 2011); at the same
time, winter wheat is at the heading−flowering stage
and is typically sensitive to precipitation variability
(Bai et al. 1999). In El Niño years, much more rainfall
occurs in Southeast China and results in significant
yield losses, especially in Jiangxi, Zhejiang and
Fujian. 

North China also experiences striking decreases in
wheat yields during El Niño years (Fig. 4), although
the correlation between climate factors and wheat

yields is not significant. In fact, from other assess-
ments of climate−yield relationships at the county
level in China (e.g. Tao et al. 2012, Zhang & Huang
2013), it is apparent that provinces in north China are
in a transition area between water-stress-dominant
regions in the northwest and water-abundant-domi-
nant regions in the southeast. Although there are
many counties showing high P−yield relationships in
these provinces, the correlation becomes insignifi-
cant at the provincial level because the signals are
not uniform within a single province. Thus, provin-

142

Climate Yield residuals (%)
Crop Province Variable Coefficient El Niño La Niña El Niño La Niña

Rice Heilongjiang Tmin 0.316 −0.163 −0.511 −3.435 −3.808
Jilin Tmax 0.310a 0.072 0.028 2.392 −0.901

Tmin 0.352a 0.027 −0.457
Liaoning Tmax 0.265 −0.056 0.135 3.518 0.499

Tmin 0.296 0.054 −0.447
Jiangxi Tmax −0.297a −0.003 −0.208 −0.686 0.928

Tmin −0.299a 0.080 −0.592*
Ningxia Tmax 0.327a −0.435 0.067 −3.542 −3.284

Tmin 0.267a −0.048 −0.299
S 0.291 −0.808** −0.063

Sichuan Tmax −0.255a 0.002 −0.676* 2.004 0.472
P 0.389a 0.587 0.245

Shanxi P 0.389 0.746** −0.542 2.092 −9.536
Guangdong P −0.433 0.152 0.055 1.646 1.444

S 0.391 0.317 0.413

Wheat Anhui P −0.406 0.604 −0.418 −4.203 9.118*
Fujian P −0.548a 0.876** −0.438* −9.477** 0.195
Hubei P −0.295 0.788** −0.389 −3.010 1.619
Zhejiang P −0.684a 0.811** −0.353 −8.961** 6.236

S 0.411a −0.489 0.536
Jiangsu P −0.576 0.670* −0.436 −5.298 4.462

S 0.463 −0.548 0.621*
Jiangxi P −0.539 0.828** −0.275 −10.726** 3.046

S 0.290 −0.426 0.556
Yunnan Tmax −0.330 −0.315 −0.499 6.498* 6.184

P 0.437a 0.661* 0.499
S −0.357a −0.353 −0.483

Guangdong P −0.436 0.716* −0.260 −1.215 0.064
S 0.306 −0.457 0.716**

Corn Hebei Tmax −0.278a −0.134 0.309 0.758 −0.547
S −0.286a −0.050 0.500

Shandong Tmax −0.258a −0.150 −0.168 0.487 −3.202
Shanxi Tmax −0.502a −0.445 0.178 3.698 −2.620

P 0.675a 0.746** −0.542
S −0.456a −0.318 0.452

Guizhou Tmax −0.277a −0.306 −0.351 1.224 0.013

aGranger-caused yield changes

Table 2. Correlation between crop yields and climate variables, and effect of ENSO phases on growing season climate and
agricultural production in China for 1962−2008. Tmin: minimum temperature; Tmax: maximum temperature; S: sunshine dura-
tion; P: precipitation. Data in the right 4 columns are differences in climate or yield residuals between ENSO phases. Aster-
isks: significantly different at the 90% (*) and 95% (**) confidence levels (ANOVA). All correlations listed reached the 90% 

confidence level under the 2-tailed t-test
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cial data may be too coarse to capture significant cli-
matic effects occurring within complicated transition
regions.

Rice yields are more sensitive to temperature at
high latitudes, while drought and flood disasters limit
rice yields in western and southeastern regions.
These relationships are consistent with previous cli-
mate−rice yield relationship assessments based on
long-term field trials or statistical data and agro−
meteorological disaster reports (Tao et al. 2008,
Zhang et al. 2010, Chen et al. 2011). Moreover, Tmax

and Tmin also influence yield in some southern areas
(e.g. Jiangxi). In Sichuan Province, the changes in
both temperature and precipitation associated with
ENSO affect the rice yields (Table 2). However,
according to the statistical results in our study, the
impact of ENSO on temperature during the growing
season of rice is even greater in south China com-
pared with regions in north China, and the response
of rainfall to ENSO is more significant in northwest
China than in southeast China (Figs. 2, 3). Although
many studies have em phasized the impact of ENSO
on summer precipitation in southeast China (e.g.
Huang & Wu 1989) and summer temperature in
northeast China (e.g. Guan & Li 2008), the response
of the decaying year precipitation in summer, the
main rice-growing season, is weaker than that in
winter and spring in China, especially in the north
and northwest, where summer precipitation ac -
counted for 50−70% of the total annual rainfall (Wu
et al. 2003). Also, some studies have  suggested that
the correlation between temperature and ENSO in
northeast China is weakened or even changes sign
after the 1980s (e.g. Wu et al. 2010). So, it is not sur-
prising that there are weak impacts of ENSO on rice
yields.

With regard to corn, the S associated with ENSO
has a significant effect on yields, and appears to be
the major climatic driver for yield fluctuations in
northern China. The opposite correlation pattern of
yield with S and P implies that the yields’ vulnerabil-
ity may be indirectly af fected by solar-radiation-
induced drought, which was also inferred by Tao et
al. (2003). Simultaneously, in north China, the im -
pacts of ENSO on S and P are opposite—a rise (de -
crease) in S but a decrease (rise) in P (Figs. 2, 3). Ad -
ditionally, Tmax is also an important factor affecting
corn yields in many main production areas. Gener-
ally, Tmax and solar radiation always have a positive
relationship (Kaiser & Qian 2002), since the more
solar radiation the surface absorbs, the higher the
Tmax. Many studies have shown that there are posi-
tive relationships in most areas in China (e.g. Zhang

et al. 2010). This was also the case in our study:
nearly all provinces showed positive correlations be -
tween Tmax and S. So, one hypothesis is that S may be
the major climatic driver for corn yield fluctuations,
and the negative correlation between yield and Tmax

can be explained by the correlations between S and
Tmax, which were positive in most provinces.

4.2.  Leading time of the ENSO signal

We examined the correlations between crop yields
and the observed ENSO index at all leading or lag
times in the ENSO year beginning at JFM (January
to March) in the developing year to OND (October to
December) in the decaying year, with a 3-mo moving
window (Fig. 6). During the mature phase of ENSO,
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Fig. 6. Correlations between crop yield and the 3 mo  sliding
ENSO index from the beginning of the developing year to the 

end of the decaying year during 1962−2008
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wheat yields in most provinces show significant neg-
ative correlations with ENSO index, while there are
weak relationships between the index and yield for
rice and corn in nearly all provinces except Jiangxi
Province. Such results are consistent with the above
analysis based on ENSO phases in that strong wheat
yield responses are found in different ENSO phases

while only weak responses can be seen in the rice
and corn yields. As shown in Fig. 6B, it is apparent
that the negative correlation for wheat starts becom-
ing pronounced in early summer during the ENSO
developing year, stays low until the next spring in the
decaying year of ENSO, and then increases rapidly. It
seems that wheat yield variability associated with

144

Fig. 7. Regression coefficient pattern of seasonal mean 200 mb geopotential height in (a) MAM(1) and (b) JJA(1), 500 mb
geopotential height in (c) MAM(1) and (d) JJA(1), and 850 mb winds in (e) MAM(1) and (f) JJA(1) with respect to the ENSO in-
dex [left column: JJAS(0) SSTA; right column: JFMA(0) SSTA] for the period of 1962−2008. Light and dark shading indicate re-
gions significant at the 95 and 99% confidence levels, respectively. Symbol ‘A’ indicates an anomalous anticyclone. Contour 

lines are regression coefficients
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ENSO can be predicted the summer before its grow-
ing season. For rice and corn, although the mature
ENSO shows little effect on yield variability, yield
in some provinces (e.g. Heilongjiang, Liaoning and
Hebei Provinces) responds strongly at the beginning
of the ENSO developing year (Fig. 6A,C). The corre-
lations in such provinces generally decrease from the
beginning of an ENSO developing year to the end of
an ENSO decaying year. This implies that it is possi-
ble to predict rice and corn yield variability during
the spring of the previous year, much earlier than
that for wheat. 

Few studies have focused on the connection be-
tween the ENSO index in the developing year and cli-
mate in the decaying year in China, which may be
more useful for farming preparations. As shown in
Fig. 6, JJAS (early summer from June to September)
in the developing ENSO year shows considerable
leading signals for wheat yields, while rice and corn
yields respond highly to JFMA (early spring from Jan-
uary to April). So, we derive 2 SST indexes, the JJAS
index and the JFMA index, by summing and then
normalizing the monthly ENSO index in the respec-
tive 4 months. By regressing the geopotential height
(200 and 500 mb) and winds (850 mb) onto these 2
SST indices, we tried to in vestigate the possible
mechanisms responsible for such leading signals. As
shown in Fig. 7A,C,E, early summer SST already initi-
ates mature ENSO-like geopotential height and wind
anomalies in MAM(1), i.e. during the decaying years
of ENSO. A significant positive height anomaly is
shown in tropical regions, which could be extended to
30° N at both the 200 and 500 mb level. At 850 mb,
there is al ready a clear anomalous anticyclone over
the Philippines, which also could be induced by ma-
ture ENSO SST anomaly (Wang et al. 2000, Wang &
Zhang 2002, Wu et al. 2003), so that sustained strong
southeast winds bring moisture from the North Pacific
Ocean to southeastern China. Such an anomalous pat-
tern would cause a warmer and wet spring in south-
east China, and further reduce wheat yields in El Niño
years. With regard to the JFMA index (Fig. 7B,D,F),
there is an obvious positive anomaly over Japan and
Korea in JJA(1) at both 500 and 200 mb, suggesting
that the high pressure ridge is strong and thus it
would be warmer in northeast China. At 850 mb,
there is an anticyclone over the Sea of Okhotsk, which
would bring much warmer air to northeast China. At
the same time, there are strong northeast wind anom-
alies over north China, which bring cold air from
high-latitude areas at 850 mb. So, the higher the
spring SST in the developing year, the warmer it is in
northeastern and the colder it is in northern China.

4.3.  Implications for agricultural disasters and food
production

Armed with information on weather conditions in a
particular growing season 6 mo or 1 yr earlier, farmers
in ENSO-sensitive areas could adjust crop mixtures,
planting areas, sowing times and other crop manage-
ment plans to reduce the losses or increase the bene-
fits associated with ENSO. For example, for wheat
farmers in southeastern China, reducing the planting
area or planting a water logging-tolerant wheat
variety is an effective method of decreasing the losses
caused by higher spring rainfall in El Niño years. Rice
farmers in southwest China and corn farmers in north
China could in crease the amount of irrigation to com-
plement the decrease in precipitation and increase in
solar radiation during La Niña years. However, such
ENSO leading signals are quite regional. At a
national scale (Fig. 8), variations in the yield of rice
and corn are not successfully predicted by ENSO sig-
nals. Only wheat yields can be predicted at such large

Fig. 8. Box plots showing 0, 25, 50, 75 and 100th percentiles
and means (square) of national yield residuals with respect 

to ENSO phases in China, 1963−2008
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scale. This is because the response of wheat yields is
more uniform than that of rice and corn. Thus, crop
farmers in different regions need to take different mit-
igation measures against the same ENSO phases, and
a crop- and region-specific food security early warn-
ing system based on ENSO needs to be developed
to improve planting and management decisions in
China. 

In addition, some studies indicate that the ENSO−
yield relationship may be different before and after
1980 (Guan & Li 2008, Zhang et al. 2008, Wu et al.

2010). In order to examine this relationship, we split
our samples into 2 segments: before 1980 (1963− 1980)
and after 1980 (1981−2008). As shown in Fig. 9, it is
true that in some areas, especially in western China,
crop yields reverse their sign of responses to ENSO
phases. Yet the responses of crop yields in most re-
gions in eastern China, also the main crop planting
area (Tao et al. 2008), are rather robust over time. It is
true that some agriculture facilities have been im-
proved after 1980 in China. The different changes in
eastern and western China suggest that the improve-

Fig. 9. Difference in yield residuals (%) in El Niño and La Niña years, compared to neutral years, for 1962−2008. Provinces where
the differences reach the 90 and 95% confidence levels (ANOVA) are marked with green and yellow points, respectively. 

Color scale: difference in yield residuals (%)
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ment of  agriculture facilities contributes more to yield
in western China, where the natural environment for
crop growth is much poorer than eastern China. Also,
eastern China had a more prosperous economy and
better facilities than western China before 1980, and
consequently has less demand for huge improvements
in agricultural facilities. 

There are some caveats: our results are based on
regional statistical data, so they may not be suitable
in certain crop fields. At the same time, some strong
ENSO−yield relationships in specific crop fields can-
not be detected using regional statistical data. More-
over, as some studies have suggested (Schlenker &
Roberts 2009, Lobell et al. 2011a), the true climate−
yield relationship could be nonlinear, which is impos-
sible to detect using correlation. Further studies
based on crop growth mechanisms need be carried
out to detect more precise ENSO−yield relationships
in China.

5.  CONCLUSIONS

In this study, we investigated the impacts of ENSO
on staple crop yields in China at the provincial scale
during the decaying stage of ENSO years. Our results
suggest that staple crop yields in China can be af-
fected by the variability in growing season climate
due to ENSO. The impact of ENSO on the yields has a
clearly defined spatial pattern. During El Niño years,
wheat yields in southeast China decrease signifi-
cantly, mainly due to the increased precipitation. In
contrast, rice yields increase due to the higher tem-
perature in the northeast area during El Nino years,
but decrease due to the higher rainfall connected with
El Niño in central China. With regard to corn, the de-
creases in Tmax and S and the increases in P jointly
lead to yield increases in northern regions. We also
found that crop yields of 3 staple crops in most
provinces tend to show opposite responses in La Niña
years, apparently due to the nearly opposite climate
change from El Niño years. Although rice and corn
yields in many provinces are less impacted by mature
ENSO phases than the wheat yields, they can be pre-
dicted in the spring of ENSO developing year, a sea-
son earlier than the signal for wheat. Based on the im-
pacts of ENSO on the staple crop yields in China, it is
advisable to build an ENSO-based  region-specific
food security early warning system to im prove plant-
ing and management decisions in China. However,
some caution should be observed while applying the
ENSO signals, as there still are uncertainties regard-
ing the impact of ENSO on crop yields.

Acknowledgements. This study was funded by the National
Basic Research Program of China (2012CB955404), the
National Natural Science Foundation of China (41071030),
and the Fundamental Research Funds from the Central Uni-
versities. Part of the research was conducted while the lead-
ing author was a visiting PhD student at the Cooperative
Institute for Research in Environmental Sciences, University
of Colorado and NOAA Earth System Research Laboratory
at Boulder, Colorado.

LITERATURE CITED

Bai Y, Li S, Huo Z (1999) Identification of the distribution of
main agrometeorological disasters in China. In:  Li S (ed)
Risk assessment and strategies of agricultural disasters
in China. Meteorological Press, Beijing, p 59−71

Bannayan M, Sanjani S, Alizadeh A, Lotfabadi SS, Moha -
madian A (2010) Association between climate indices,
aridity index, and rainfed crop yield in northeast of Iran.
Field Crops Res 118: 105−114

Cane MA, Eshel G, Buckland R (1994) Forecasting Zimbab-
wean maize yield using eastern equatorial Pacific sea
surface temperature. Nature 370: 204−205

Chang C, Zhang Y, Li T (2000) Interannual and interdecadal
variations of the East Asian summer monsoon and tropi-
cal Pacific SSTs. Part I:  Roles of the subtropical ridge.
J Clim 13: 4310−4325

Chen C, Qian C, Deng A, Zhang W (2011) Progressive and
active adaptations of cropping system to climate change
in Northeast China. Eur J Agron 151: 1580−1588

Dawe D (2009) The unimportance of ‘low’ world grain stocks
for recent world price increases. Agricultural Develop-
ment Economics Division, ESA Working Paper No 09−01.
FAO, Rome

Deng X, Huang J, Qiao F, Naylor RL and others (2010)
Impacts of El Niño-Southern Oscillation events on China’s
rice production. J Geogr Sci 20: 3−16

Ding Y, Chan JCL (2005) The East Asian summer monsoon: 
an overview. Meteorol Atmos Phys 89: 117−142

Feng J, Wang L, Chen W, Fong SK, Leong KC (2010) Differ-
ent impacts of two types of Pacific Ocean warming on
Southeast Asian rainfall during boreal winter. J Geophys
Res Atmos 115:  D24122

Feng J, Chen W, Tam CY, Zhou W (2011) Different impacts
of El Niño and El Niño Modoki on China rainfall in the
decaying phases. Int J Climatol 31: 2091−2101

Granger CWJ (1969) Investigating causal relations by
econometric models and cross−spectral methods. Econo-
metrica 37: 424−438

Guan Z, Li L (2008) Interannual variability of summer cli-
mate of China in association with ENSO and the Indian
Ocean dipole. In:  Fu C, Jiang Z, Guan Z, He J, Xu Z (eds)
Regional climate studies of China. Springer, Berlin,
p 119−154

Hansen JW, Hodges AW, Jones JW (1998) ENSO influences
on agriculture in the southeastern United States. J Clim
11: 404−411

Huang R, Wu Y (1989) The influence of ENSO on the  summer
climate change in China and its mechanism. Adv Atmos
Sci 6: 21−32

IPCC (Intergovernmental Panel on Climate Change) (2012)
Managing the risks of extreme events and disasters to
advance climate change adaptation. Special Report of
the Intergovernmental Panel on Climate Change. Field
CB, Barros V, Stocker TF, Quin D and others (eds) Cam-
bridge University Press, New York

147

http://dx.doi.org/10.1007/BF02656915
http://dx.doi.org/10.1175/1520-0442(1998)011%3C0404%3AEIOAIT%3E2.0.CO%3B2
http://dx.doi.org/10.1016/S0308-521X(01)00058-0
http://dx.doi.org/10.2307/1912791
http://dx.doi.org/10.1002/joc.2217
http://dx.doi.org/10.1007/s00703-005-0125-z
http://dx.doi.org/10.1007/s11442-010-0003-6
http://dx.doi.org/10.1175/1520-0442(2000)013%3C4310%3AIAIVOT%3E2.0.CO%3B2
http://dx.doi.org/10.1038/370204a0
http://dx.doi.org/10.1016/j.fcr.2010.04.011


Clim Res 58: 133–148, 2013

IRRI (1975) Major research in upland rice. International Rice
Research Institute, Los Baiios

Kaiser DP, Qian Y (2002) Decreasing trends in sunshine
duration over China for 1954−1998:  indication of in -
creased haze pollution? Geophys Res Lett 29: 38-1−38-4,
doi:  10.1029/2002GL016057 

Liang J, Yang XQ, Sun DZ (2012) The effect of ENSO events
on the tropical Pacific mean climate:  insights from an
analytical model. J Clim 25: 7590−7606

Lin Z, Lu R (2009) The ENSO’s Effect on Eastern China Rain-
fall in the Following Early Summer. Adv Atmos Sci 26: 
333−342

Liu Y, Ding Y (1995) Reappraisal of the influence of ENSO
events on seasonal precipitation and temperature in
China. Sci Atmos Sin 19: 200−208

Lobell DB, Bänziger M, Magorokosho C, Vivek B (2011a)
Nonlinear heat effects on African maize as evidenced by
historical yield trials. Nature Clim Change 1: 42−45

Lobell DB, Schlenker W, Costa-Roberts J (2011b) Climate
trends and global crop production since 1980. Science
333: 616−620

Meng Z (2009) Economics analysis on the agronomic model-
ing of food production with ENSO impacts in the mid-
eastern China. Master’s Dissertation, Ocean University
of China

Meza FJ, Wilks DS (2003) Value of operational forecasts of
seasonal average sea surface temperature anomalies for
selected rain-fed agricultural locations of Chile. Agric
For Meteorol 116: 137−158

Meza FJ, Wilks DS, Riha SJ, Stedinger JR (2003) Value of
perfect forecasts of sea surface temperature anomalies
for selected rain-fed agricultural locations of Chile. Agric
For Meteorol 116: 117−135

Montecinos A, Aceituno P (2003) Seasonality of the ENSO-
related rainfall variability in central Chile and associated
circulation anomalies. J Clim 16: 281−296

NBSC (National Bureau of Statistics of China) (2011) China
statistical yearbook. China Statistics Press, Beijing

Naylor RL, Falcon WP, Rochberg D, Wada N (2001) Using
El Niño/Southern Oscillation climate data to predict rice
production in Indonesia. Clim Change 50: 255−265

Nicholls N (1989) Sea surface temperatures and Australian
winter rainfall. J Clim 2: 965−973

Phillips J, McIntyre B (2000) ENSO and interannual rainfall
variability in Uganda:  implications for agricultural man-
agement. Int J Climatol 20: 171−182

Phillips J, Rajagopalan B, Cane M, Rosenzweig C (1999) The
role of ENSO in determining climate and maize yield
variability in the US cornbelt. Int J Climatol 19: 877−888

Rasmusson EM, Carpenter TH (1983) The relationship
between eastern equatorial Pacific sea surface tempera-
tures and rainfall over India and Sri Lanka. Mon Weather
Rev 111: 517−528

Schlenker W, Roberts MJ (2009) Nonlinear temperature
effects indicate severe damages to U.S. crop yields under
climate change. Proc Natl Acad Sci USA 106: 15594−15598

Shuai J, Zhang Z, Liu X, Chen Y, Wang P, Shi P (2013)
Increasing concentrations of aerosols offset the benefits
of climate warming on rice yields during 1980−2008
in Jiangsu Province, China. Reg Environ Change 13: 
287−297, doi: 10.1007/s10113−012−0332−3

Simelton E (2011) Food self-sufficiency and natural hazards
in China. Food Sec 3: 35−52

Sun DZ, Bryan F (2010) Climate dynamics:  why does climate

vary? American Geophysical Union, Washington, DC
Sun W, Huang Y (2011) Global warming over the period

1961−2008 did not increase high-temperature stress but
did reduce low-temperature stress in irrigated rice across
China. Agric For Meteorol 151: 1193−1201

Tao F, Yokozawa M, Hayashi Y, Lin E (2003) Changes in
agricultural water demands and soil moisture in China
over the last half-century and their effects on agricultural
production. Agric For Meteorol 118: 251−261

Tao F, Yokozawa M, Zhang Z, Hayashi Y, Grassl H, Fu C
(2004) Variability in climatology and agricultural produc-
tion in China in association with the East Asian summer
monsoon and El Niño Southern Oscillation. Clim Res 28: 
23−30

Tao F, Yokozawa M, Liu J, Zhang Z (2008) Climate−crop
yield relationships at provincial scales in China and the
impacts of recent climate trends. Clim Res 38: 83−94

Tao F, Zhang Z, Zhu Z, Zhang S, Shi W (2012) Response of
crop yields to climate trends since 1980 in China. Clim
Res 54: 233−247

Thompson LM (1975) Weather variability, climatic change,
and grain production. Science 188: 535−541

Thompson LM (1986) Climatic change, weather variability,
and corn production. Agron J 78: 649−653

Tian M, Cao J, Guo S (2000) The primary study of the grain
yield of Yunnan Province responding to ENSO. Econ
Geogr 20: 52−102

Wang Y, Yan Z (2011) Changes of frequency of summer pre-
cipitation extremes over the Yangtze River in association
with large-scale oceanic−atmospheric conditions. Adv
Atmos Sci 28: 1118−1128

Wang B, Zhang Q (2002) Pacific-East Asian teleconnection.
Part II:  How the Philippine Sea anomalous anticyclone
is established during El Niño development. J Clim 15: 
3252−3265

Wang B, Wu R, Fu X (2000) Pacific-east Asian teleconnec-
tion:  how does ENSO affect East Asian climate? J Clim
13: 1517−1536

Wang CY, Lou XR, Wang JL (2007) Influence of agricultural
meteorological disasteron output of crop in China. J Nat
Disasters 16: 37−43 (in Chinese)

Wu R, Hu ZZ, Kirtman BP (2003) Evolution of ENSO-related
rainfall anomalies in East Asia. J Clim 16: 3742−3758

Wu R, Yang S, Liu S, Sun L, Lian Y, Gao Z (2010) Changes in
the relationship between Northeast China summer tem-
perature and ENSO. J Geophys Res−Atmos 115:  D21107

Wu ZW, Lin H, O’Brien T (2011) Seasonal Prediction of Air
Temperature Associated with the Growing−Season Start
of Warm−Season Crops across Canada. J Appl Meteorol
Climatol 50: 1637−1649

Xiao T, Chen Y (1994) Different impact of two kind ENSO on
crop yield in Sichuan Province. Chinese J Agrometeorol
15: 16−18 (in Chinese)

Zhang T, Huang Y (2013) Estimating the impacts of warming
trends on wheat and maize in China from 1980 to 2008
based on county level data. Int J Climatol 33: 699−708

Zhang T, Zhu J, Yang X, Zhang X (2008) Correlation changes
between rice yields in North and Northwest China and
ENSO from 1960 to 2004. Agric For Meteorol 148: 
1021−1033

Zhang T, Zhu J, Wassmann R (2010) Responses of rice yields
to recent climate change in China:  an empirical assess-
ment based on long−term observations at different spatial
scales (1981−2005). Agric For Meteorol 150: 1128−1137

148

Editorial responsibility: Mauricio Lima, 
Santiago, Chile

Submitted: May 8, 2013; Accepted: September 13, 2013
Proofs received from author(s): November 25, 2013

http://dx.doi.org/10.1016/j.agrformet.2010.04.013
http://dx.doi.org/10.1016/j.agrformet.2008.01.018
http://dx.doi.org/10.1002/joc.3463
http://dx.doi.org/10.1175/2011JAMC2676.1
http://dx.doi.org/10.1175/1520-0442(2003)016%3C3742%3AEOERAI%3E2.0.CO%3B2
http://dx.doi.org/10.1175/1520-0442(2000)013%3C1517%3APEATHD%3E2.0.CO%3B2
http://dx.doi.org/10.1175/1520-0442(2002)015%3C3252%3APEATPI%3E2.0.CO%3B2
http://dx.doi.org/10.1007/s00376-010-0128-7
http://dx.doi.org/10.2134/agronj1986.00021962007800040019x
http://dx.doi.org/10.1126/science.188.4188.535
http://dx.doi.org/10.3354/cr01131
http://dx.doi.org/10.3354/cr00771
http://dx.doi.org/10.3354/cr028023
http://dx.doi.org/10.1016/S0168-1923(03)00107-2
http://dx.doi.org/10.1016/j.agrformet.2011.04.009
http://dx.doi.org/10.1007/s12571-011-0114-7
http://dx.doi.org/10.1073/pnas.0906865106
http://dx.doi.org/10.1175/1520-0493(1983)111%3C0517%3ATRBEEP%3E2.0.CO%3B2
http://dx.doi.org/10.1002/(SICI)1097-0088(19990630)19%3A8%3C877%3A%3AAID-JOC406%3E3.0.CO%3B2-Q
http://dx.doi.org/10.1002/(SICI)1097-0088(200002)20%3A2%3C171%3A%3AAID-JOC471%3E3.0.CO%3B2-O
http://dx.doi.org/10.1175/1520-0442(1989)002%3C0965%3ASSTAAW%3E2.0.CO%3B2
http://dx.doi.org/10.1023/A%3A1010662115348
http://dx.doi.org/10.1175/1520-0442(2003)016%3C0281%3ASOTERR%3E2.0.CO%3B2
http://dx.doi.org/10.1016/S0168-1923(03)00004-2
http://dx.doi.org/10.1016/S0168-1923(03)00005-4
http://dx.doi.org/10.1126/science.1204531
http://dx.doi.org/10.1038/nclimate1043
http://dx.doi.org/10.1007/s00376-009-0333-4
http://dx.doi.org/10.1175/JCLI-D-11-00490.1
http://dx.doi.org/10.1029/2002GL016057

	cite43: 
	cite28: 
	cite5: 
	cite14: 
	cite42: 
	cite3: 
	cite27: 
	cite13: 
	cite41: 
	cite39: 
	cite12: 
	cite40: 
	cite25: 
	cite38: 
	cite11: 
	cite24: 
	cite37: 
	cite10: 
	cite8: 
	cite23: 
	cite36: 
	cite6: 
	cite22: 
	cite35: 
	cite4: 
	cite21: 
	cite19: 
	cite20: 
	cite33: 
	cite18: 
	cite32: 
	cite17: 
	cite31: 
	cite44: 
	cite29: 
	cite7: 
	cite30: 
	cite15: 


