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ABSTRACT

By examining the second leading mode (EOF2) of the summer rainfall in China during 1958–2001 and
associated circulations, the authors found that this prominent mode was a dipole pattern with rainfall
decreasing to the north of the Yangtze River and increasing to the south. This reverse relationship of the
rainfalls to the north and to the south of the Yangtze River was related with the meridional circulations
within East Asia and the neighboring region, excited by SST in the South China Sea-northwestern Pacific.
When the SST was warmer, the geopotential heights at 500 hPa were positive in the low and high latitudes
and negative in the middle latitudes. The anticyclone in the low latitudes favored the subtropical high
over the northwestern Pacific (SHNP) shifting southwestward, leading to additional moisture transport over
southern China. The anomalous atmospheric circulations along the East Asian coast tends to enhance
upward movement over the region. Subsequently, rainfall in southern China is enhanced.
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1. Introduction

Summer rainfall variability in China is a hot topic
in climate research. The rainfall is closely related with
the East Asian summer monsoon (EASM). Many stud-
ies have revealed that the EASM experienced a distinct
weakening in the late 1970s (Wang, 2001), character-
ized by a pronounced increase of the rainfall in the
mid-lower reaches of the Yangtze River basin and de-
crease in North China (Huang et al., 1999; Gong and
Ho, 2002; Zhang et al., 2004; Wang and Zhou, 2005).
It was proposed that SST, especially ENSO, strongly
influences the rainfall variation (Zhang et al., 1996;
Hu, 1997; Weng et al., 1999; Chang et al., 2000a,b;
Wu and Wang, 2002; Yang et al., 2005). Some studies
also found the linkage between the Antarctic Oscilla-
tion (AAO) and summer rainfall in China (Wang and
Fan, 2005; Fan, 2006; Sun et al., 2008). Additionally,

the snow cover (Chen and Wu, 2000; Liu and Yanai,
2002; Wu and Qian, 2003; Zhang et al., 2004; Liu et al.,
2004; Zhao et al., 2007; Wu et al., 2009), atmospheric
aerosols (Xu, 2001; Menon et al., 2002) and ozone de-
pletion (Zhou and Zhang, 2005) have been revealed to
contribute to the climate shift. These studies showed
that the dominant mode of the rainfall is featured by
an increase near the Yangtze River and decrease in
both northern and southern China.

Recently, however, this meridional three-center
pattern in rainfall anomalies has appeared to change
to a dipole pattern after the late 1980s (Ding et al.,
2008; Zhang et al., 2008). Ding et al. (2008) exam-
ined the 9-yr running mean of the summer rainfall in
the period of 1951–2004. A regime transition of the
meridional rainfall mode from “+ − +” pattern to a
dipole pattern in 1992 was found. Since that time,
the rainfall in South China has remarkably increased.
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However, this fact alone does not demonstrate whether
this dipole pattern is truly a robust dominant mode of
the rainfall. Although Zhang et al. (2008) mentioned
that the dipole pattern might be related to the SST in
the northwestern Pacific, it is unclear how the dipole
mode is connected with the SST. These questions will
be explored in the present study, which is outlined
as follows. Section 2 describes the data used in the
study. The summer rainfall related with the dipole
mode is presented in section 3. Section 4 concerns the
circulation anomalies associated with the dipole rain-
fall mode, and is followed by a possible explanation of
the SST’s influence on the atmospheric circulation in
section 5. Section 6 gives the summary.

2. Data and methods

Monthly rainfall data at 534 observational stations
in China during 1958–2001 was obtained from the
China Meteorological Administration (CMA). The at-
mospheric circulation data used here has a resolution
of 2.5◦ × 2.5◦ and are from the ERA-40 Reanalysis
of the European Centre for Medium-Range Forecast
(ECMWF) (Simmons and Gibson, 2000). The sea sur-
face temperature data at a resolution of 2.0◦ × 2.0◦

is from NOAA extended reconstructured SST (Smith
and Reynolds, 2003).

EOF analysis is applied to distinguish the domi-
nant modes of the summer rainfall in China for 1958–
2001. Correlation, regression, and composite analy-
ses for 1958–2001 are calculated to reveal the related
atmospheric circulations. Correlation coefficients ex-
ceeding 0.3 are above the 0.05 significance level.

3. The summer rainfall associated with the
dipole mode

By using EOF analysis for the rainfall in China
during 1958–2001, we find dominant modes of the
rainfall variation. The first leading mode (accounting
for 14.3% variance) shows a meridional tripole pat-
tern over East China with positive values in the lower
reaches of the Yangtze River and negative values in
North and South China (figure not shown). The sec-
ond mode of the rainfall is a dipole rainfall pattern over
East China (accounting for 11.6% variance) (Fig. 1a).
The variation accounted by the third mode is 7.9%,
which is considerably less than the first two modes.
Hence, the third mode will not be discussed here. The
first three eigenvalues of the EOF are λ1=71691760,
λ2=58052596.0, and λ3=39693756.0, respectively. Ac-
cording to North et al. (1982), EOF1 cannot be dis-
tinguished from the sample error, whereas EOF2 is
distinguishable. It is well known that EOF analysis

is sensitive to the sample size of the series. Although
EOF1 is not a distinguishable mode for the period of
1958–2001, the triple pattern of the rainfall anomalies
is still a dominant spatial distribution in other peri-
ods and has been widely investigated (Huang et al.,
1999; Zhou and Yu, 2005). This study will focus on
the second leading mode, EOF2.

The spatial pattern of EOF2 (Fig. 1a) shows a
dipole distribution with negative values to the north
of the Yangtze River and positive values to the south.
This out-of-phase relationship of the rainfall suggests
that summer precipitation is decreasing in the region
north of the Yangtze River and increasing to the south
during 1958–2001. The dipole mode can also be found
in the summer rainfall trend (Fig. 2). Figure 2
shows that the rainfall to the south of the Yangtze
River has an increasing trend with a maximum rate of
7 mm yr−1 during 1958–2001. Additionally, the dipole
rainfall pattern is also found at the decadal time scale
(Ding et al., 2008). This suggests that the dipole mode
of the rainfall might be a prominent pattern of varia-
tion during 1958–2001.

The EOF2 time series displays a large interannual
variability with a distinct increasing trend, especially
after the late 1980s (Fig. 1b). The years when the
amplitude of time series is greater than 1.0 are de-
fined as positive years and those less than −1.0 are
negative years. These criteria indicate 7 years with
positive phase of this mode (1969, 1993, 1994, 1995,
1996, 1998, and 1999) and 8 years with negative phase
(1958, 1963, 1972, 1978, 1981, 1985, 1989, and 1990).
It is obvious that after 1990, the frequency of negative
years is much greater than positive years.

Figure 3a shows the composite difference of the
summer rainfall (the positive years minus the negative
years, based on the above criteria). This difference
has a dipole pattern with positive values to the south
of Yangtze River and negative values to the north.
The reverse relationship of the rainfall in northern and
southern China can also be found from the rainfall av-
eraged over the regions to the north and south of the
Yangtze River, respectively (Fig. 3b). The stations in-
volved are shown in Fig. 1a, with solid dots indicating
locations to the south of theYangtze River and empty
circles for those to the north. The correlation coeffi-
cient is −0.40. When linear trends are removed, the
correlation coefficient is −0.34. Both results exceed
the 0.05 significance level.

4. Atmospheric circulation anomalies

The rainfall anomalies are a reflection of the vari-
ation of the summer monsoon circulations. In this
section, the circulation anomalies associated with the
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Fig. 1. The second leading mode of EOF analysis of the summer rain-
fall in China (EOF2) (1958–2001) (a) spatial distribution (the shaded
areas are negative), and (b) corresponding time series (solid line with
solid circles; the dashed line is the linear trend). The empty (solid)
circles in (a) indicate the locations of stations representing regions to
the north (south) of the Yangtze River. 
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Fig. 2. Linear trend of the summer rainfall in China in
1958–2001 (units: mm yr−1). The contour interval is
1 mm yr−1. The shadings indicate values exceeding 2
mm yr−1.

dipole rainfall pattern will be discussed to reveal
the relationship between the atmospheric circulation
anomalies and the rainfall pattern.

To investigate the circulations related to the dipole

rainfall pattern, the composite 500-hPa geopotential
heights and wind vectors at 850-hPa are calculated
(Fig. 4a). Figure 4a shows a three-pole pattern along
the East Asian coast, with negative values in the mid-
dle latitudes and positive values in both the high and
low latitudes. The strengthened southwesterly winds
turn to westerly flows at 30◦N. This wind direction
change is favorable for enhancement of vertical mo-
tion in southern China (Fig. 4b). Figure 4b shows
the composite vertical velocity, indicating distinct up-
ward movement in southern China. The strong up-
ward movement is responsible for the positive rainfall
anomalies in southern China. The meridional three-
pole pattern is a typical anomalous circulation, known
as the East Asian-Pacific (EAP) teleconnection pat-
tern (Huang and Sun, 1992). There are positive geopo-
tential height anomalies over the South China Sea
and the western Pacific, and negative anomalies in the
middle latitudes, which is favorable for the southward
shifting of the strengthened subtropical high over the
northwestern Pacific (SHNP).
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Fig. 3. (a) Composite difference of summer rainfall between positive
and negative years (units: mm). Shaded areas indicate values above
the 0.05 significance level. (b) The rainfall to the north (dashed line
with open circles) and to the south (solid line with solid circles) of
the Yangtze River. The dashed and solid lines are linear trends of the
rainfall to the north and the south of the Yangtze River, respectively.

 

 

  

(a) 
(b) 

Fig. 4. Composite differences between the positive and negative years. (a) 500-hPa geopotential
heights (contours) (units: gpm) and 850-hPa winds (vectors) (units: m s−1). (b) The 500-hPa
vertical velocities (units: Pa s−1). Shading areas indicate values above the 0.05 significance level.
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Fig. 5. Composite 500-hPa geopotential height for posi-
tive years (solid lines) and negative years (dashed lines)
(units: gpm). The 5860 and 5880 contours represent the
subtropical high over the northwestern Pacific.

 

 

  

 

Fig. 6. Composite difference of 850-hPa moisture trans-
port between positive and negative years (units: g m−1

s−1 Pa−1). Shading areas indicate values above the 0.05
significance level.

The location of the SHNP, especially its western
ridge, is typically considered a key factor influencing
the summer rainfall belt in China. Figure 5 gives the
composite SHNP in positive and negative years over
East Asia. The position of the 5860- and 5880-gpm
contours show that compared to the negative years,
the SHNP moves more westward during the positive
years (Fig. 5). The western shift of the SHNP tends
to increase water vapor transport in southern China
and decrease it to the north.

Water vapor transport is one of the key factors
contributing to the rainfall anomalies. Figure 6 shows
the difference of the moisture transport between pos-
itive and negative years. Compared with negative
years, more moisture is transported to the south of the
Yangtze River. The moisture transport is not signifi-
cant to the north of the Yangtze River. This suggests
that the moisture transport is closely related to the
positive rainfall anomalies in the southern China.

5. A possible cause of the rainfall shift in the
late 1980s

Studies on the East Asian summer monsoon by
many investigators (Hu, 1997; Weng et al., 1999; Yang
and Lau, 2004; Zhang et al., 2008) have suggested that
warming in the northwestern Pacific and South China
Sea is a key contributor to rainfall variation. This sec-
tion is about to reveal the possible role of SST over the
northwestern Pacific and South China Sea in relation
to the dipole rainfall variation discussed above.

The correlation between the EOF2 time series and
the global summer SST shows regions of significance
in the northwestern Pacific, South China Sea, and the
northern Indian Ocean, with the maximum correlation
exceeding 0.5. This suggests the warming of SST in
these regions is closely connected with the dipole mode
of the rainfall variation (Fig. 7).

The averaged summer SST over the region north
of 20◦S with correlation coefficient greater than 0.3
(shaded area in Fig. 7) is defined as the WPSST in-
dex. Figure 8 shows that the WPSST index has an

 

 

  

 

Fig. 7. The correlation between the EOF2 time series
and the SST for the period of 1958–2001. Shading areas
indicate values above the 0.05 significance level.

 

 

 

 

 

 

   

Fig. 8. WPSST index defined as averaged SST over the
significant area (where correlation coefficients are greater
than 0.3) in Fig. 7 (solid line with empty circles). The
solid curve and dashed line are the 9-yr running mean
and the linear trend, respectively.
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Fig. 9. Correlation of the 500-hPa geopotential heights
(contours) and regressed 850-hPa wind vectors with the
WPSST (vectors). Shading areas indicate values above
the 0.05 significance level.

increasing trend with large interannual variability. It
can be clearly seen that the WPSST sharply increases
after the late 1980s. In other words, extensive warm-
ing in the South China Sea, the northwestern Pacific,
and the northern Indian Ocean may play an important
role in the rainfall changes, which occurred around the
late 1980s.

Figure 9 shows the correlation of the 500-hPa
geopotential heights and the regressed 850-hPa wind
vectors with the WPSST index (linear trend removed).
The correlated circulations along East Asia have a sim-
ilar spatial pattern as Fig. 4a, containing the triple
pattern of positive values in the low and high lat-
itudes and negative values in the middle latitudes.
The similarity of the circulations suggests that the
WPSST is closely related with the circulation anoma-
lies associated with the EOF2 mode of the rainfall.
When the SST increases, the geopotential heights in-
crease in the lower and high latitudes and decrease
in the middle latitudes, which results in southwest-
erly onshore flows from the anticyclone in the South
China Sea/northwestern Pacific, favoring more rainfall
in South China. In fact, warming in the northwestern
Pacific and South China Sea can excite the East Asian-
Pacific (EAP) teleconnection pattern (Huang and Sun,
1992). An explanation is that the formation the cir-
culation pattern shown in Figs. 4a and 9 is a response
to the warming in the northwestern Pacific and South
China Sea, which influences the East Asian summer
monsoon.

The correlation of vertical velocity with the
WPSST shows that, when the SST is warming, the
excited EAP circulation favors a strengthening of up-
ward motion in southern China (Fig. 10). The spatial

 

 

 

 Fig. 10. Correlation of the 500-hPa vertical velocity with
the WPSST. Shading areas indicate values exceeding the
0.05 significance level.

distribution of correlations is similar to Fig. 4b. This
suggests that warming of the SSTs has contributed to
the circulations along the East Asian coast and to the
increase of rainfall to the south of the Yangtze River.

The dipole rainfall mode, which has strengthened
since the late 1980s, is connected with the EASM. Wu
et al. (2008) examined the leading mode of the sum-
mer 850-hPa wind vectors, which is characterized by
the western North Pacific-EASM pattern. This lead-
ing EASM mode has two interdecadal transitions in
1973 and 1989, respectively, and is closely related with
the air-sea interaction in the South China Sea and the
northwestern Pacific. Indeed, the SST in the north-
western Pacific increases after the late 1980s (Wu and
Zhang, 2007). Therefore, the strengthened circulation
excited by the warming of SSTs tends to enhance the
rainfall to the south of the Yangtze River and suppress
the rainfall to the north.

Previous studies suggested that the first leading
mode (EOF1) of the rainfall in China during 1958–
2001 also results in a meridional triple pattern. This
does indicate that the locations of the SHNP and EAP
teleconnection are strongly related with the anoma-
lous rainfall pattern. There are, however, differences
in circulation anomalies. The circulations connected
with EOF1 and EOF2 are shown in Fig. 11. The
500-hPa geopotential heights have an EAP-like pat-
tern along the East Asian coast in Figs. 11a and 11b.
For EOF1, the geopotential heights in the middle and
low latitudes are significant (Fig. 11a). For EOF2,
the geopotential heights in the low and high latitudes
are significant (Fig. 11b). The center in the middle
latitudes is more westward in Fig. 11a than in Fig.
11b. Note that the geopotential heights in the middle
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Fig. 11. Correlated 500-hPa geopotential heights and 850-hPa wind vectors with (a) EOF1 and (b) EOF2. Shad-
ing areas indicate values above the 0.05 significance level.

 

 

 

 

Fig. 12. The spatial distribution of the correlation be-
tween the EOF1 time series and the SST for the period
of 1958–2001. Shading area indicates values above the
0.05 significance level.

and southern Asia are also key regions related with
EOF1.

Additionally, the role of the global SST is much
more complicated in connection with the EOF1 rain-
fall pattern. Figure 12 shows the correlation of global
summer SST with EOF1. The Bay of Bengal is a
significant region while the western Pacific and South
China Sea are not. However, the latter is proposed to
be the key area to excite the EAP pattern (Huang and
Sun, 1992). Therefore, the circulations and contrib-
utors to rainfall variation associated with the EOF1
should be paid much greater effort in future investiga-
tion.

6. Summary

By examining the second mode of the summer rain-
fall in China during 1958–2001, we found that the
rainfall shows a dipole spatial pattern with positive
values to the north of the Yangtze River and negative
values to the south. In recent decades, the rainfall
has pronouncedly increased to the south and has re-
markably decreased to the south. The correlation be-
tween these regions is −0.4 (−0.34 when linear trends

are removed). This dipole rainfall mode is closely re-
lated with the circulation in East Asia and the neigh-
boring regions. The correlation of 500-hPa geopoten-
tial heights and the regressed 850-hPa winds versus
the EOF2 time series (linear trend removed) show
a meridional three-pole distribution along the East
Asian coast with the negative center in the middle
latitudes and positive centers in the low and high lati-
tudes, respectively. This pattern favors strengthening
of the upward movements which contribute to heavier
rainfall to the south of the Yangtze River.

The SSTs in the northwestern Pacific and South
China Sea significantly influence the circulation
anomalies. The correlation of the 500-hPa geopo-
tential heights and regressed 850-hPa winds with the
WPSST index have spatial patterns similar to the
circulation change related to the EOF2. This sug-
gests that a warming of the SSTs in these key regions
can excite the East Asian-Pacific (EAP) teleconnec-
tion (Huang and Sun, 1992), leading to enhanced up-
ward movement and resulting in heavy precipitation
in southern China.
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