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ABSTRACT: The East Asian monsoon (EAM) and the El Nifio Southern Oscillation (ENSO) determine
climate variability over much of East Asia, affecting vulnerable grain markets and food security in
China. In this study, we investigated the variability of climate and of agricultural production in China
in association with the East Asian summer monsoon (EASM) and ENSO. Data from China showed
that a strong EASM decreased fall temperature in Gansu and Sichuan Provinces in western China, as
well as winter temperature in Heilongjiang Province in NE China and in Shandong and Anhui
Provinces in eastern China. Summer rainfall in Hunan Province in southern China increased in weak
EASM years. Summer temperature increased in Heilongjiang in NE China and Gansu Province in
NW China during the La Nifa phase. Summer rainfall decreased in Gansu Province in NW China
during the El Nino phase. Among staple crops in China (rice, wheat, maize), maize production was
very vulnerable to a strong EASM and El Nino phase. In Henan Province in central China, seasonal
climate variability associated with EASM and ENSO resulted in about 14.4 and 15.6 %, respectively,
of maize yield variability. Maize yield at the national scale decreased significantly by 5.2 % during the
El Nifo phase. Cropland area affected and damaged by floods in Hunan Province in southern China
increased significantly by 11.3 and 8.5 %, respectively, in weak monsoon years. During the La Nina
phase, total crop planting area increased significantly in Shandong, Henan and Anhui Provinces in
central China, and in Heilongjiang Province in NE China; however, it decreased significantly in
Sichuan Province in SW China. The large variability in seasonal climate and agricultural production
in association with EASM and ENSO warrant applying EASM and ENSO information to agricultural
and food market management.
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1. INTRODUCTION

Tibetan Plateau, and the presence of a subtropical high
pressure system in the western Pacific Ocean (Huang

The climate in China is highly variable, due to the & Zhou 2002). Among these factors, the influence of
influence of various factors such as the strength of the the EAM is especially strong (Tao & Chen 1987). Large
East Asian monsoon (EAM), ENSO, snow cover on the precipitation variability is a major feature of the
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EAM climate. During the winter half of the year (Octo-
ber—March), the climate is mainly cold and dry, with
cold spells and strong winds as the major extreme cli-
mate events. During the summer period, a rain belt
moves gradually from the south to the north, and the
climate in eastern China becomes hot and humid. The
high rate of variation in the monsoon climate strongly
affects the spatial and temporal variability of Asian
ecosystems (Fu & Wen 2001).

Although ENSO occurs within the tropical Pacific
region, its effects are felt around much of the planet,
so that it accounts for a substantial portion of the
observed inter-annual variability in temperatures and
precipitation (Hansen et al. 1999). ENSO influences
the spatial patterns of the East Asian Summer Mon-
soon (EASM), and of drought and floods in China (Fu &
Teng 1988, Huang & Wu 1989, Zhang et al. 1999,
Huang & Zhou 2002).

Meteorological disaster is an important limiting fac-
tor for stable food production, and thus for social and
economic development in China (Li et al. 1999,
Hayashi 2001). Since 1949, natural disasters have
affected an average 3.1 x 107 ha of agricultural surface
every year (drought: 62 %; flood: 24 %; hail: 8 %; frost:
6 %; see Liet al. 1999). A total population of 200 million
people has been affected over the past 50 yr, and huge
economic losses have been recorded. Mean variability
of annual food production is 5.1%, and was up to
17.6 % between 1951 and 1980.

Extensive studies have been conducted on regional
rainfall variability due to the influence of ENSO (e.g.
Fu & Teng 1988, Huang & Wu 1989, Kripalani & Kul-
karni 1997, Gong & Wang 1999, Kane 1999, Zhang et
al. 1999, Nicholson & Selato 2000, Verschuren et al.
2000, Xu et al. 2004) and EAM (e.g. Tao & Chen 1987,

Fig. 1. Study areas in China and their main crops

Qian & Lee 2000, Kripalani & Kulkarni 2001, Qian et al.
2002, Yan 2002). The EAM has 2 distinct subsystems in
the region from China to Japan, a winter and a summer
(EASM) component (Lau 1992). The EASM has been
investigated by many studies (e.g. Kao & Hsu 1962,
Lee 1974, Ninomiya & Murakami 1987, Tao & Chen
1987, Ding 1992, Matsumoto 1992). Nevertheless, the
duration and spatial patterns of sub-seasonal climate
variability, and the mechanisms leading to regional
drought and flood disasters are not yet clear (Qian et
al. 2002). The dependence of agricultural production
variability on ENSO and its application to the forecast-
ing of food production have been investigated in
Africa, America, Europe, and South Asia (e.g. Cane et
al. 1994, Jones et al. 2000, Orlove et al. 2000, Ferreyra
et al. 2001, Gimeno et al. 2002, Mavromatis et al. 2002,
Phillips et al. 2002, Meza & Wilks 2003, Selvaraju
2003), but few such studies are available on EAM and
ENSO in SE Asia or China. Our aims in this study
were, to analyze for the major agricultural regions of
China, (1) seasonal climate variability associated with
EAM and ENSO and (2) the dependence of agricul-
tural production on seasonal climate variability. The
results are designed to help agricultural production
cope with climate risks.

2. METHODOLOGY AND DATA
2.1. Study area

We investigated Chinese agricultural production at
the national, Province and field scale. At the Province
scale, 7 Provinces representing a variety of geographi-
cal and climatological conditions were selected as
study areas (Fig. 1): Heilongjiang, Gansu, Shandong,
Henan, Anhui, Sichuan, and Hunan. These are among
the main agricultural production regions in China. At
the field scale, 3 agricultural experiment stations were
selected: Harbin in northern China, Zhengzhou in
central China, and Changsha in southern China.

2.2. Climate data

Monthly data for temperature and precipitation from
1978 to 2000 at meteorological stations of the Provinces
were obtained from the Chinese Meteorological Center.
Temperature and precipitation data were spatially aver-
aged on a monthly basis for each Province, and seasonal
mean temperature and rainfall were computed for DJF,
MAM, JJA and SON. We also examined seasonal mean
daily minimum and maximum temperature, and
seasonal mean monthly rainfall from 1981 to 2000 at the
3 agricultural experiment stations (Table 1).
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Table 1. Climate and agricultural data on China used in this study. T: temperature

(°C); Prec: precipitation (mm); mo: monthly mean. Agricultural variables: food yield

(kg ha™') and production (x10° t), total and food crop planting area (x10° ha),
cropland area (%) affected and damaged by drought and flood disasters

surface temperature (SST) anomalies
over the tropical Pacific: 4°S to 4°N,
and 150 to 90° W. The ENSO year (Oc-
tober—September) is categorized as El

Nino when the index values exceed

Other agricultural variables  1961-2000 1979-2000

National Province  Agricultural station 0.5°C for 6 consecutive months includ-
Datasets 1 7 3 ing Octop?r to December (OND), and
Climate variables - Tmo Precne  Tiins Tmaxs Pr€Cme as La Nina when index values are
Climate data - 1978-2000 1980-2000 <-0.5°C (Sittel 1994). The period
Rice, wheat and maize yield 1961-2001 1979-2000 1981-2000 1979-2000 included 5 El Nino, 4 La

Nina, and 13 neutral events (Table 2).

2.3. EASM definitions

EASM strength (strong, neutral, and weak) was clas-
sified according to the difference between the mean u
sub-vector of 850 hPa from June to August over the
areas 100 to 150°E, 10 to 20°N (Region I) and 100 to
150°E, 25 to 35°N (Region II). This index is defined in
Zhang et al. (2000), based on the observation that
when west-slanting atmosphere circulation occurs in
the summer tropical monsoon trough region, the corre-
sponding tropical monsoon trough will be relatively
strong, and EASM will be weak with an east-slanting
pattern. When the circulation of the atmosphere in the
Meiyu front region in mid-latitude is east- (west-)
slanting, the corresponding Meiyu front is relatively
weak (strong) (Zhang & Tao 1998). Each year is cate-
gorized as a strong monsoon year (index value 22), a
weak monsoon year (index value <-2), or neutral. The
period 1979-1998 included 6 strong, 7 weak and
7 neutral years (Table 2).

2.4. ENSO definitions

The classification of ENSO phases was based on an
index from the Japan Meteorological Agency. This in-
dex is a 5 mo running mean of spatially averaged sea

2.5. Agricultural variables

The dependence of crop growth and yield on sea-
sonal climate variability associated with the EAM
and ENSO is demonstrated by their correlation. To
assess crop growth status we used the Normalized
Difference Vegetation Index (NDVI) based on satel-
lite data from the ‘Twenty-year Global 4-minute
AVHRR NDVI Dataset of Chiba University’, pro-
cessed from Pathfinder global 10 d composite 8 km
AVHRR NDVI data (http://asiaserv.cr.chiba-u.ac.jp/
frame.htm). To avoid cloud effects, we used the max-
imum 10 d composite NDVI (i.e. the average NDVI
during the 10 d with maximum Leaf Area Index, LAI)
during the crop growing period. This procedure was
conducted for each crop, based on the NDVI for cul-
tivated land (grid cells with cultivated fraction
>0.20).

The vyield series of rice, wheat, and maize in China
were extracted from the Food and Agricultural Org-
anization (FAO) database (www.fao.org/ag/guides/
resource/data.htm). For each Province, the data on
crop yvield per planting area were obtained from the
China Agriculture Annual Book (China Agriculture
Publisher, Beijing). For the 3 meteorological stations,
crop vield data from 1981 to 2000 were obtained from
local agricultural experiment stations (Table 1).

Table 2. Classification of the East Asian summer monsoon (EASM; 1961-1998) and El Nifo Southern Oscillation (ENSO;
1961-2001) by year, based on the NCAR/NCEP reanalysis data from Zhang et al. (2000)

La Nina (<-0.5°C; 10)
Neutral (-0.5 to 0.5°C; 21)

1967, 1972, 1974, 1978, 1981, 1984, 1985, 1986, 1994, 1997
1965, 1969, 1971, 1980, 1983, 1988, 1993, 1995, 1996, 1998
1961, 1962, 1963, 1964, 1966, 1968, 1970, 1973, 1975, 1976, 1977, 1979, 1982, 1987,

Classification (index; n) Year
EASM Strong (22; 10)
Weak (£-2; 10)
Neutral (>-2 to <2; 18)
1989, 1990, 1991, 1992
ENSO El Nino (>0.5°C; 10)

1963, 1965, 1969, 1972, 1976, 1982, 1986, 1987, 1991, 1997
1964, 1967, 1970, 1971, 1973, 1975, 1988, 1998, 1999, 2000

1961, 1962, 1966, 1968, 1974, 1977, 1978, 1979, 1980, 1981, 1983, 1984, 1985, 1989,
1990, 1992, 1993, 1994, 1995, 1996, 2001




kg/ha)

=

Yield

5000

4000

2000

1000

26 Clim Res 28: 23-30, 2004

Yolg o
Ys 4 o

1 1 1
1980 1990 2000

Year

1 1
1960 1970

Fig. 2. Methodology used to analyze crop yield or production
anomaly

The statistical data on crop planting area, agricultural
production, and drought and flood disasters were from
the China Agriculture Annual Book (Table 1).

2.6. Analysis

Hypothesized influences of EASM strength and
ENSO phases on seasonal climate variability, crop
yield and production anomalies, planting area, agri-
cultural drought and flood disasters were tested by
ANOVA.

For crop yield and production, high frequency anom-
alies attributed primarily to weather variability were
separated from lower frequency trends attributed to
changes in technology and management, by using
Friedman's supersmoother (Friedman 1984), which ap-
plies a low-pass filter covering a specified period to de-
trended data. To avoid giving excessive weight to peri-
ods of high variability, the analysis was performed on
the yield or production difference (in %) between the
observed (y,) and smoothed (y;) to the smoothed (ys)
yield or production, i.e. [(y, — ¥5)/¥s] * 100) (Fig. 2).

The Tukey multiple comparison and F-test methods
were used to identify which monsoon strength or
ENSO phases differed significantly (p < 0.05) in their
effects on crop and weather variables. We also used
Pearson's correlation function to investigate the corre-
lations among variability in crop growth (represented
by NDVI), crop yvield, and seasonal rainfall. Signifi-
cance was tested by a 2-tailed ¢-test.

3. RESULTS

3.1. Variability in climate and agricultural
production associated with EASM

3.1.1 Seasonal climate

Generally, strong EASM decreased fall temperature
in Gansu and Sichuan Provinces, and winter tempera-
ture in Heilongjiang, Shandong and Anhui Provinces
(Table 3). The fact that a strong EASM significantly

Table 3. Effect of East Asian summer monsoon (EASM) strength on seasonal climate and agricultural production in China for
1961-1998. Data are means (SD); means with different superscript letters among EASM classes are significantly different.
Abbreviations and units as in Table 1 (except for maize yield, which is %)

Parameter Location EASM
Strong Neutral Weak
Tmean Winter Heilongjiang -18.49 (0.82)° -16.76 (1.09)* -16.68 (1.19)*
Shandong -0.82 (0.96)° 0.41 (0.42)2 0.16 (0.55)?
Anhui 3.16 (0.87)° 4.14 (0.52)2 3.92 (0.53)%"
Fall Gansu 7.25 (0.59)* 7.86 (0.65)2P 8.35 (0.78)P
Sichuan 16.42 (0.52)* 16.96 (0.45)%P 17.35 (0.77)"
Hunan 17.65 (0.59)° 18.25 (0.45)2P 18.71 (0.79)®
Trmin Winter Harbin -22.31 (1.65)* -20.57 (0.52)*»  -19.52 (1.38)"
Tnax Winter Harbin -10.78 (1.20)° -8.51 (1.01)* -8.19 (1.14)°
Precy, Summer Hunan 136.4 (39.4)* 145.7 (24.1)2P 186.9 (31.6)°
Changsha 132.1 (48.3)* 137.2 (29.5)* 201.4 (44.3)°
Harbin 161.0 (33.4)° 113.6 (24.4)* 114.4 (22.5)*
Floods Cropland affected Hunan 7.39 (5.61)° 9.70 (4.31)" 20.96 (7.38)°
Cropland damaged Hunan 4.29 (4.53)* 4.69 (2.35)* 13.23 (5.33)°
Maize yield Henan -8.69 (13.02)° 1.59 (8.05)*" 5.69 (7.74)°
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affected temperatures in fall and winter, but not in
summer, should be studied further in relation to global
climate circulation. Summer rainfall in Hunan Province
and at some stations in NE China (e.g. Harbin) in-
creased in weak EASM vyears.

The movement of the rain belt from south to north
China strengthened in strong monsoon years, result-
ing in more rainfall in summer in NE China (e.g.
+47.4 mm mo! in Harbin) in comparison with the
neutral phase. In contrast, it weakened in weak
monsoon years, resulting in a significant increase
in rainfall in summer in southern China in compari-
son with the neutral phase (e.g. 41 mm mo! in
Hunan Province and 64 mm mo! in Changsha; see
Table 3).

3.1.2. Agricultural production

Among staple food crops in China, maize yield in
Henan Province was the only crop whose yield was
significantly influenced by EASM, increasing by about
14% in weak (compared to strong) monsoon years
(Table 3). The main reason could be an increase in
summer rainfall by 29.2 mm mo!, even if this increase
is not significant. Increased precipitation in southern
China in weak monsoon years also leads to significant
increases in cropland area affected and damaged by
flood disasters in Hunan Province (11.3 and 8.5%,
respectively) in comparison to those in neutral years
(Table 3).

3.2. Variability in climate and agricultural
production associated with ENSO

3.2.1. Seasonal climate

In comparison with EASM, which mainly influenced
the precipitation variation in eastern China, the influ-
ences of ENSO extended to NW China. Mean temper-
ature in summer of Heilongjiang and Gansu Provinces
increased significantly by >1°C during the La Nina
phase in comparison with the neutral phase (Table 4).
Rainfall in summer in Gansu Province decreased by
about 20 mm mo™! during the El Nifio phase. At the
agricultural experiment stations, the minimum temper-
ature in summer at Harbin increased by 1.79°C for the
La Nina phase; the minimum temperature in spring at
Zhengzhou increased by 1.16°C during the La Nifa
phase; and rainfall in summer at Changsha increased
significantly by 87 mm mo™! for the La Nifa phase in
comparison with the neutral phase (Table 4).

3.2.2. Agricultural production

Maize yield was especially vulnerable to ENSO in
comparison with rice and wheat. Maize yield on a
national scale and specifically in Henan Province, one
of the principal production areas, decreased signifi-
cantly by 5 and 16 %, respectively, during the El Nifio
phase, in comparison to the neutral phase (Table 4). A
decrease in rainfall (although not significant) in sum-

Table 4. Effect of El Nino Southern Oscillation (ENSO) phase on seasonal climate and agricultural production in China for
1961-2001. Data are means (SD); means with different superscript letters among EASM classes are significantly different.
Abbreviations and units as in Table 1 (except for maize yield, which is %)

Parameter Location ENSO
El Nino Neutral La Nina

Trean Summer Heilongjiang 20.51 (0.80)3 19.98 (0.71)® 21.05 (0.75)°
Gansu 19.88 (0.62)2P 19.35 (0.50)® 20.39 (0.32)
Tnin Summer Gansu -20.88 (1.81)P -21.03 (1.63)® -19.24 (1.89)?
Spring Zhengzhou 8.97 (0.81)* 8.98 (0.39) 10.14 (1.04)"
Precp, Summer Gansu 42.77 (7.28)* 62.66 (8.11)° 53.14 (5.12)%°
Changsha 138.2 (43.6)° 152.9 (46.4)° 240.3 (48.2)°
Planting area Total crop Heilongjiang 8.62 (0.24)3 8.62 (0.12)* 9.00 (0.52)°
Henan 11.83 (0.45)2P 11.73 (0.45)* 12.57 (0.50)®
Anhui 8.25 (0.19)" 8.14 (0.18)° 8.58 (0.35)P
Shandong 10.85 (0.30)2P 10.76 (0.16)? 11.12 (0.12)®
Sichuan 11.63 (1.24)2P 12.33 (0.45)* 10.29 (1.21)®
Food crop Sichuan 9.22 (1.17)* 9.91 (0.23)* 7.75 (1.20)°
Maize yield China —-4.37 (4.91)2 0.78 (4.67)° 1.76 (4.89)°
Henan -11.00 (12.78)* 4.56 (7.40)° -1.12 (7.11)?°
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Fig. 3. Correlation among variability in crop growth (repre-

sented by Normalized Difference Vegetation Index [NDVI]),

crop yield, and seasonal climate in (a) Henan and (b) Shan-
dong Provinces

mer and fall could be the main reason for the maize
yield decrease in Henan Province. During the La Nina
phase, total crop planting areas increased significantly
in Heilongjiang, Henan, Anhui and Shandong Pro-
vinces by about 400 000 to 800 000 ha in each Province.
Increased temperature and/or precipitation in spring
and/or summer could be the main reason. In contrast,
total crop and food crop planting areas in Sichuan
Province decreased significantly by 2 million ha during
the La Nina phase (Table 4).

3.3. Variability in seasonal climate and agricultural
production

There was a significant correlation among the mean
maximum 10 d composite NDVI, maize yield variabil-
ity, and seasonal rainfall variability in the north China
plain (e.g. Shandong and Henan Provinces; Fig. 3). In
Henan Province, the correlation coefficients between

maize yield, NDVI and precipitation in June are 0.43
(p<0.05) and 0.65 (p < 0.01), respectively. In Shandong
Province, the correlation coefficients between maize
yield, NDVI and precipitation in summer are 0.59 (p <
0.01) and 0.53 (p < 0.05), respectively. In strong EASM
years such as 1985, 1986 and 1997 and in El Nifio years
such as 1982, 1986, and 1997, both rainfall and maize
yield decreased in both Provinces. Fig. 3 also illustrates
the combined effects of EASM and ENSO on agricul-
tural production. For example, the maize yield in
strong EASM and El Nino years, such as 1986 and
1997, was less than that in strong EASM non-El Nino
years, such as 1985, or weak/neutral EASM and El
Nino years, such as 1982.

4. DISCUSSION

4.1. EASM, ENSO, seasonal climate variability, and
agricultural production

Seasonal precipitation associated with EASM and
ENSO had a significant correlation with maize yield
variability. Water availability is a major constraint for
agriculture production in the arid, semi-arid, and semi-
humid regions of China (Tao et al. 2003). Crops during
the summer monsoon period (June-September), e.g.
maize, are subjected to seasonal rainfall variability
associated with EASM and ENSO. Wheat growth and
yield are typically sensitive to precipitation variability
in spring (Bai et al. 1999) and paddy rice is typically
sensitive to light and heat, but the seasonal climate
variability associated with EASM and ENSO did not
affect their yields significantly. We also found signifi-
cant correlations between EASM and flood disasters in
Hunan Province in southern China, as well between
ENSO and the total crop planting area in some
Provinces in central, NE and SW China. At the national
scale, planting area, agricultural disasters, and total
food production were, however, not significantly
affected by either EASM or ENSO.

Some agricultural disasters associated with EASM or
ENSO occurred in some years, yet not often enough to
be statistically significant. Moreover, some effects
were obscured by the following uncertainties: ENSO
can be classified according to the intensity of SST
anomaly, location and time of its beginning, and dura-
tion. Different types of ENSO could have different
influences on regional climate variability. The Asian
monsoon system is highly variable and may be coupled
with ENSO or interact with some other component of
global climate circulation (Huang et al. 1993, Charles
et al. 1997, Kawamura 1998, Zahn 2003). Besides mon-
soon strength and ENSO phase, the evolution and
extent of monsoons, and the strength, duration, season
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of occurrence, and development stage of ENSO also
influence the regional seasonal climate (Qian & Lee
2000). In addition, agricultural and meteorological sta-
tistics are collected according to administrative areas
that are rarely homogeneous from an agricultural or
agro-ecological (including climatic) point of view. Fur-
thermore, the agricultural statistics represent an aver-
age of rain-fed and irrigated crops, and this can
weaken the correlation between crop yield and sea-
sonal climate variability.

4.2. Food security early warning system based on
EASM and ENSO forecasting

It has been estimated that almost two-thirds (>500 mil-
lion) of undernourished people live in the developing
countries of Asia and the Pacific (FAO 1999). About
64 million undernourished people live in SE Asia, and
more than 160 million live in China (FAO 1999). More-
over, in Asia, where agricultural input (e.g. fertilizer use,
management effort) is high, farmers are approaching
economically optimum yield levels, making it difficult to
sustain the rate of yield gains attained in the past.
Although efforts to improve long-term productivity on
small farms must be increased, more emphasis must also
be placed on research that will help farmers and the gov-
ernment cope with the expected increase in risks result-
ing from climate fluctuations, and to make better use of
limited water resources (Jagtap & Chan 2000).

Advances in seasonal climate forecasts offer consid-
erable opportunities to improve yields (Jones et al.
2000, Hammer et al. 2001, Hansen 2002). Seasonal cli-
mate forecasts, including monthly rainfall, mean tem-
perature, ENSO phase, and EASM strength (Song et
al. 1996) could be made available to farmers in
advance. The results of this study show there was quite
a large production variability associated with EASM
and ENSO. Moreover, EASM precipitation variability
(Kitoh et al. 1997, Hu et al. 2000) and the frequency
and strength of ENSO (Grove 1998) can be expected to
increase by global warming. Therefore, a food security
early warning system based on EASM and ENSO may
improve planting and management decisions in China.

5. CONCLUSION

Seasonal climate variability and agricultural produc-
tion in the principal agricultural production regions of
China are affected by EASM and ENSO, and EASM
and ENSO forecasts may imrove the management of
agriculture and food markets.

The Asian monsoon system, ENSO, and their associ-
ations with regional seasonal climate variability are,

however, complex, as are their implications for agricul-
tural growth and production. Further studies should
include longer time series of climate data, more
detailed agricultural production records, detailed
information on the monsoon system and ENSO, and
the strength, duration, season of occurrence and devel-
opment stage of ENSO. The combined effects of mon-
soons systems, ENSO and other components of global
climate circulation must also be taken into account.
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