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ABSTRACT

The second EOF (EOF2) mode of interannual variation in summer rainfall over East China is characterized by inverse
rainfall changes between South China (SC) and the Yellow River–Huaihe River valleys (YH). However, understanding of the
EOF2 mode is still limited. In this study, the authors identify that the EOF2 mode physically depicts the latitudinal variation
of the climatological summer-mean rainy belt along the Yangtze River valley (YRRB), based on a 160-station rainfall dataset
in China for the period 1951–2011. The latitudinal variation of the YRRB is mostly attributed to two different rainfall
patterns: one reflects the seesaw (SS) rainfall changes between the YH and SC (SS pattern), and the other features rainfall
anomalies concentrated in SC only (SC pattern). Corresponding to a southward shift of the YRRB, the SS pattern, with
above-normal rainfall in SC and below-normal rainfall in the YH, is related to a cyclonic anomaly centered over the SC–East
China Sea region, with a northerly anomaly blowing from the YH to SC; while the SC pattern, with above-normal rainfall
in SC, is related to an anticyclonic anomaly over the westernNorth Pacific (WNP), corresponding to an enhanced southwest
monsoon over SC. The cyclonic anomaly, related to the SS pattern, is induced by a near-barotropic eastward propagating
wave train along the Asian upper-tropospheric westerly jet, originating from the mid–high latitudes of the North Atlantic.
The anticyclonic anomaly, for the SC pattern, is related to suppressed rainfall in the WNP.
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1. Introduction

Summer rainfall in East China exhibits a strong year-to-
year variability due to its typical monsoon climate, which
leads to frequent flood and drought. Understanding the year-
to-year variations of summer rainfall, therefore, is essential
and many works have been devoted to this topic (Lau et al.,
2000; Wang et al., 2001; Huang et al., 2003; Lu, 2004; Ding
and Chan, 2005; Shen et al., 2011; Su et al., 2014).

EOF analysis is the most common approach to investigate
variations in summer rainfall in East China. Most such stud-
ies have been summarized in the recent works of Ye and Lu
(2012) and Huang et al. (2012). Their results showed that the
first EOF (EOF1) mode of summer rainfall features a merid-
ional tripole pattern in East China, with increased rainfall lo-
cated in the middle–lower reaches of the Yangtze River val-
ley and decreased rainfall to the both north and south (He
and Li, 1992; Zhu and Chen, 1992; Shen and Lau, 1995;
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Zou and Ni, 1998; Weng et al., 1999; You et al., 2003; Zhou
and Yu, 2005; Chen et al., 2006; Huang et al., 2006, 2007,
2012; Ye and Lu, 2012). This EOF1 mode is associated with
the “Pacific–Japan (PJ)” teleconnection proposed by Nitta
(1987) or the “East Asia–Pacific (EAP)” teleconnection, pro-
posed by Huang and Sun (1992), and a Rossby wave train
over the midlatitudes of continental Eurasia (Huang et al.,
2007).

The second EOF (EOF2) mode is characterized by rain-
fall anomalies with opposite sign in South China (SC) and
the Yellow River–Huaihe River valleys (YH) (Zhu and Chen,
1992; Shen and Lau, 1995; Weng et al., 1999; You et al.,
2003; Zhou and Yu, 2005; Chen et al., 2006; Huang et al.,
2007, 2012; Ye and Lu, 2012). The corresponding princi-
pal component (PC2) shows a decadal shift around the early
1990s, consistent with significantly enhanced rainfall in SC
after 1992 (Wu et al., 2010).

Some previous studies investigated circulation anomalies
associated with the EOF2 mode (e.g., Zhou and Yu, 2005;
Han and Zhang, 2009). The negative phase of the EOF2
mode, with increased rainfall in the YH and decreased rain-
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fall in SC, is related to a northwestward extension of the west-
ern North Pacific subtropical high (WNPSH) and an east-
ward shift of the upper jet stream (Zhou and Yu, 2005).
On the contrary, the positive phase of the EOF2 mode is
associated with a southwestward extension of the WNPSH
(Han and Zhang, 2009). Consequently, the subtropical south-
west moisture transport in the west of the WNPSH converges
with midlatitude moisture transport over the YH in the neg-
ative phase (Zhou and Yu, 2005) and over SC in the positive
phase (Han and Zhang, 2009). Indeed, these studies concen-
trated on the decadal change of the EOF2 mode around the
early 1990s; similar circulation anomalies associated with the
decadal change of summer rainfall in SC after 1992 have also
been identified (Wu et al., 2010).

In addition to the significant decadal change around the
early 1990s, the EOF mode with opposite rainfall change be-
tween the YH and SC has also been identified from interan-
nual variations of summer rainfall in East China (Ye and Lu,
2012). Ye and Lu (2012) revealed that this mode accounts
for 10.9% of the total variance of interannual variations of
summer rainfall in East China during 1955–2002 and, as the
EOF2 mode, is distinguishable from the EOF1 mode. Unfor-
tunately, their results did not show any associated circulation
change, so the physical processes involved are still not clear.

The objective of the present study is to investigate the
EOF2 mode of summer rainfall in East China on interan-
nual timescales and to discuss the possible underlying mecha-
nisms. The text is organized as follows: Section 2 introduces
the data used in the study. In section 3, the first two domi-
nant modes of interannual summer rainfall in East China are
obtained based on EOF analysis. In section 4, based on the
variation of summer rainfall in the YH and SC, the authors
identify two main patterns in the EOF2 mode: one features a
seesaw (SS) rainfall change between the YH and SC, and the
other with rainfall anomalies concentrated in SC only. The
possible mechanisms responsible for the SS and SC pattern
are investigated in section 5. Finally, conclusions and discus-
sion are provided in section 6.

2. Data
In this study, the 160-station observed monthly rainfall

data in mainland China during 1951–2011, provided by the
National Climate Center of the China Meteorological Ad-
ministration, are used to obtain the first two EOF leading
modes in East China. Also used are global precipitation
data derived by the Global Precipitation Climatology Project
(GPCP) (Huffman et al., 1997; Adler et al., 2003) during
1979–2010, and precipitable water for the entire atmosphere
from the National Centers for Environmental Prediction–
National Center for Atmospheric Research (NCEP–NCAR)
reanalysis data (Kalnay et al., 1996) during 1951–2011. The
resolution is 2.5◦ × 2.5◦ for both the GPCP data and the
NCEP–NCAR reanalysis data. In addition, monthly Na-
tional Oceanic and Atmospheric Administration ERSST (ex-
tended reconstructed sea surface temperature) data (Smithet
al., 2008) are also used.

The monthly atmospheric data are from the NCEP–
NCAR reanalysis datasets (Kalnay et al., 1996) during 1951–
2011, with a horizontal resolution of 2.5◦×2.5◦ at 17 pres-
sure levels. Also used are the 6-h specific humidity, zonal and
meridional wind at the eight pressure levels from 1000 hPa to
300 hPa, and surface pressure data from the NCEP–NCAR
reanalysis datasets (Kalnay et al., 1996) for the period 1951–
2011. The 6-h data are applied to calculate moisture transport
and its divergence. Similar to Chen and Huang (2007), the
column moisture fluxQQQ is integrated vertically from 300 hPa
to the surface,

QQQ =
1
g

∫ Ps

300
qVVVd p ,

and its divergenceD is calculated as

D = ∇ ·QQQ =
1
g

∇ ·

∫ Ps

300
qVVVd p ,

whereq is specific humidity,p is pressure, andVVV is the hor-
izontal wind vector including zonal (u) and meridional (v)
wind components. The constantg is gravitational accelera-
tion and the variablePs is atmospheric pressure at the surface.
The variablesQQQ and D are first calculated at 6-h temporal
resolution, and then their seasonal means are derived. When
D > 0, moisture flux diverges, acting as a sink of moisture;
whenD < 0, it converges, acting as a source of moisture and
favors rainfall.

In this study, summer is defined as June–July–August
(JJA). To obtain interannual anomalies, a 9-yr Guassian filter
is employed to remove long-term trends and decadal varia-
tions of summer rainfall and circulation anomalies.

3. The EOF2 mode of interannual summer
rainfall in East China

Figure 1a shows the climatology of summer-mean rain-
fall in East China east of 105◦E and south of 45◦N, which
includes 108 stations as depicted by black dots. There are
two main rainy belts with summer-mean rainfall exceeding 5
mm d−1: the rainy belt along the Yangtze River (YRRB),
and along the southeast coast of China. Along these two
belts, summer rainfall also exhibits strong interannual vari-
ation, with the maximum of standard deviation being larger
than 2 mm d−1 during 1951–2011 (Fig. 1b).

We perform the EOF analysis on interannual summer
rainfall in East China and present the first two EOF modes
in Figs. 1c and d. The spatial pattern of rainfall anomalies
of the EOF1 mode features increased rainfall in the Yangtze
River valley and decreased rainfall over the southeast coast of
China (Fig. 1c). It physically depicts a rainfall oscillation be-
tween the YRRB and the rainy belt along the southeast coast
of China. This mode explains 17% of the total variance. A
similar spatial pattern was also obtained in the EOF1 mode of
the interannual component of summer rainfall in East China
during 1955–2002 by Ye and Lu (2012). Note that the rain-
fall anomalies in North China are weak and positive, which
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Fig. 1. (a) Climatology and (b) interannual standard deviation of summer rainfall for 1951–2011 in East
China. The filled circles depict 108 stations east of 105◦E and south of 45◦N. The (c) first and (d) sec-
ond EOF modes of interannual summer rainfall in East China. (e) The normalized PCs corresponding
to the first (line) and second (bars) modes. Spatial patternsin (c, d) are shown as regressed anomalies
against the corresponding normalized PCs. Shading indicates rainfall exceeding 5 and 2 mm d−1 in (a)
and (b), respectively, and depicts significant rainfall anomalies at the 95% confidence level in (c, d).
The contour interval is 1, 0.5, 0.3 and 0.3 mm d−1 in (a–d), respectively. The two regions depicted by
the rectangles in (d) are the YH (north region), which includes 25 stations (open circles), and SC (south
region), which includes 30 stations (filled circles).
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are different from those revealed by Huang et al. (2012) us-
ing total rainfall data. This difference is probably due to the
effect of opposite decadal variations of summer rainfall be-
tween North China and the Yangtze River valley around the
late 1970s (Huang et al., 1999; Huang et al., 2012).

The EOF2 mode features inverse rainfall changes be-
tween South China (SC) and the Yellow River–Huaihe River
valleys (YH) (Fig. 1d). This mode accounts for 12% of the
total interannual variance of summer rainfall in East China,
which is distinguishable from the EOF1 mode (17%) and
from the third EOF mode (8%) in terms of the criterion of
North et al. (1982). Moreover, the maximum of interannual
variance of summer rainfall explained by the EOF2 mode is
more than 50% in SC (Fig. 2a), and that of total variance is
more than 40% (Fig. 2b). As for the YH summer rainfall,
this mode explains the maximum of more than 30% of its in-
terannual variance (Fig. 2a) and 20% of total variance (Fig.
2b). The area-averaged explicable fractions of interannual
variance are larger than 20% and 10% in SC and the YH, re-
spectively, and those of total variance larger than 17% and
8%.

To reveal the physical meaning of the EOF2 mode, 19
positive-phase cases, corresponding to the associated princi-
pal component (PC2) being larger than 0.5, and 20 negative-
phase cases, with the corresponding PC2 being smaller than
−0.5, are chosen (Table 1). Based on the 39 cases, inter-
annual rainfall anomalies (Figs. 3a and d) and total rainfall
(Figs. 3b and e) in summer are then composited. Rainfall in-
creases in SC and decreases in the YH in the positive phase of
the EOF2 mode (Fig. 3a). Accordingly, the YRRB is located
to the south of the Yangtze River (Fig. 3b). In the negative
phase, rainfall decreases in SC and increases in the YH (Fig.
3d), and the YRRB moves northward to north of the Yangtze
River (Fig. 3e). Meanwhile, the rainy belt along the southeast
of China remains in both the positive (Fig. 3b) and negative
(Fig. 3e) phases. The result indicates that the EOF2 mode

depicts a meridional shift of the summer YRRB. Figures 3c
and f show total summer rainfall (shading) and their inter-
annual anomalies (contours) in two cases of the positive and
negative phases of the EOF2 mode, respectively. The YRRB
shifted southward in 1999 in the positive phase (Fig. 3c) and
northward in 2003 in the negative phase (Fig. 3f), consistent
with the composite results. It is also noted that the interan-
nual rainfall anomalies in the YH are weaker than those in
SC in the composite results (Figs. 3a and d), which is due to
the effect of more than one third of cases with rainfall anoma-
lies being concentrated mainly in SC only, in addition to the
cases with inverse rainfall variation between the YH and SC,
related to the EOF2 mode, identified in the next section.

To further reveal the relationship between the meridional
shift of the YRRB and rainfall variations in the YH and SC,
two regions (32◦–38◦N, 107◦–120◦E) and (22◦–30◦N, 107◦–
120◦E), as depicted by the two boxes in Fig. 1d, are chosen
to represent the YH and SC regions, respectively. The YH
box includes 25 stations and the SC box includes 30 stations.

Table 1. Years with a strong EOF2 mode of interannual summer
rainfall in East China. The years with the PC2 value being larger
(smaller) than 0.5 (−0.5) are chosen for the positive (negative)
phase.

Year

Positive phase (19 years) 1954, 1955, 1959, 1962, 1964,
1966, 1968, 1969, 1973,
1974, 1977, 1980, 1988,
1993, 1994, 1999, 2001,
2002, 2008

Negative phase (20 years) 1953, 1956, 1958, 1960, 1963,
1965, 1967, 1971, 1972,
1975, 1978, 1981, 1984,
1989, 1990, 1995, 2000,
2003, 2007, 2009

    . 
    .     . 

    . 

Fig. 2. Fractions (%) of (a) interannual and (b) total variance of summer rainfall explained by the EOF2 mode.
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Fig. 3.Composite results of (a, d) interannual summer rainfall anomalies and (b, e) total rainfall in East
China, and (c, f) case results of total summer rainfall (shading) and interannual anomalies (contours),
in the (a–c) positive and (d–f) negative phases of the EOF2 mode. Shading indicates statistical signifi-
cance at the 95% confidence level in (a, d) and depicts rainfall exceeding 5 mm d−1 in (b, c, e, f) (scale
bar at the bottom). The contour interval is 0.5 mm d−1 in (a, d) and 1 mm d−1 in (b, c, e, f).
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Fig. 4. Normalized time series of the rainfall indices of SC (SCRI) and the YH
(YHRI). The SCRI is defined as interannual summer rainfall anomalies of the
30-station mean in SC and the YHRI of the 25-station mean in the YH, as shown
in Fig. 1d.

Accordingly, the YH rainfall index (YHRI) is defined as the
25-station mean rainfall and the SC rainfall index (SCRI) as
the 30-station mean rainfall. Figure 4 shows time series of the
two rainfall indices. The correlation coefficients of the PC2
with the SCRI and YHRI are 0.93 and−0.57, respectively,
both significant at the 99% confidence level. In addition, the
YHRI is also significantly correlated with the SCRI, with a
correlation coefficient of−0.41, suggesting the interannual
variation of the SC summer rainfall is, at least partially, re-
lated to that of the YH summer rainfall. A southward shift
of the YRRB is related to a significant rainfall increase in SC
and decrease in the YH.

4. Identification of the SS and SC patterns re-
lated to the EOF2 mode

The EOF2 mode, as identified in the last section, which
depicts a meridional shift of the YRRB, is associated with
the rainfall variations in both the YH and SC. In this section,
the EOF2-mode cases are further classified into nine differ-
ent groups based on the combined distribution of the normal-
ized SCRI and YHRI (Fig. 5). A red dot depicts a strong,
positive EOF2-mode year, with the PC2 value being larger
than 0.5, and a blue dot represents a strong, negative EOF2-
mode year, with the PC2 value being less than−0.5. The 39
strong EOF2-mode years are located mainly in four phases:
Phase 1, with strong, positive rainfall anomalies in SC and
strong, negative rainfall anomalies in the YH; Phase 4, which
is the inverse of Phase 1; Phase 2, with strong, positive rain-
fall anomalies in SC and normal rainfall in the YH; and Phase
3, which is opposite to Phase 2.

The phase distribution of the strong EOF2-mode years is
summarized in detail in Table 2. There are six and seven years
in Phases 1 and 4, and eight years in both Phases 2 and 3. The
summed number of years in these four phases is 29, which
accounts for approximately three quarters of the total 39
strong EOF2-mode years. Note that the differences between
Phases 1 and 2 and between Phases 3 and 4 are whether or not
rainfall anomalies in the YH are strong. The Student’st-test
is used to obtain the statistical significance for the following

Fig. 5.Phase distribution of the strong EOF2-mode years based
on the normalized YHRI and SCRI. A positive (negative)
EOF2-mode year with the PC2 value being larger (smaller) than
0.5 (−0.5), is depicted by red (blue) dots.

composite results.
Figure 6 shows the composite interannual rainfall anoma-

lies in the four phases. Phase 1 features an SS-like pattern,
with increased rainfall in SC and decreased rainfall in the YH
(Fig. 6a). The amounts of rainfall anomalies in these two re-
gions are nearly equivalent. An opposite pattern is identified
in Phase 4, with reduced rainfall in SC and enhanced rain-
fall in the YH (Fig. 6b). Composite differences of rainfall
anomalies between these two phases show significant, posi-
tive anomalies in SC and significant, negative anomalies in
the YH (Fig. 6c), resembling the EOF2 mode (Fig. 1d). To
distinguish from the EOF2 mode, this pattern is, hereafter,
referred to as the SS pattern. Phases 1 and 4 then depict the
positive and negative phases of the SS pattern, respectively.
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Fig. 6. Composite interannual summer rainfall anomalies in East China based on (a, b, d, e) four cat-
egories of the EOF2-mode cases in Table 2 and (c, f) their difference. The spatial pattern of rainfall
anomalies is referred to as the (a–c) SS pattern and (d–f) SC pattern. Phases 1 and 4 (2 and 3) represent
the positive and negative phases of the SS (SC) pattern, respectively. Shading represents statistically
significant anomalies at the 95% confidence level in (c, f), and the contour interval is 0.5 mm d−1 in (a,
b, d, e) and 1 mm d−1 in (c, f).
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Table 2. Phase distribution of the strong EOF2-mode years based on the YHRI and SCRI. The years underlined are in the negative phase
of the EOF2 mode and the other years are in the positive phase.

YHRI 6 −0.5 −0.5 < YHRI < 0.5 YHRI > 0.5

SCRI> 0.5 1955, 1959, 1969, 1994, 1999,
2002

1962, 1964, 1968, 1973, 1977,
1980, 1993, 2008

1954

−0.5 < SCRI< 0.5 1966, 1988, 2001 1974, 1995 1997, 2007

SCRI6 −0.5 1972, 1978 1953, 1960, 1965, 1967, 1975,
1981, 1989, 2009

1956, 1958, 1963, 1971, 1984,
2000, 2003

In Phase 2 rainfall is also increased in SC (Fig. 6d), simi-
lar to that in Phase 1 (Fig. 6a). However, there are no strong
rainfall anomalies in the YH in Phase 2, in contrast with those
in Phase 1. In Phase 3 rainfall is reduced in SC (Fig. 6e), op-
posite to that in Phase 2 (Fig. 6d). Their difference shows sig-
nificant, positive rainfall anomalies concentrated in SC and
no significant anomalies in the YH (Fig. 6f). This pattern is
named the SC pattern, in which Phases 2 and 3 represent its
positive and negative phases, respectively.

In the above analysis the EOF2-mode cases are then
mainly classified into two patterns: the SS pattern and the
SC pattern. The SS pattern reflects the fact that interannual
variations of rainfall in SC are closely related to those in the
YH, while the SC pattern represents rainfall varying locally
over SC. The two cases in 1999 and 2003, as shown in Figs.
3c and f, distributed in Phases 1 and 4 (Table 2) respectively,
are the SS-pattern cases with relatively equivalent amounts of
interannual rainfall anomalies in both the YH and SC. On the
other hand, the combination of the SS- and SC-pattern cases,
leads to stronger interannual rainfall anomalies in SC thanthe
YH in the composite results, as shown in Figs. 3a and d.

But do both the SS and SC patterns lead to a meridional
shift of the YRRB, the same as that in the composite results in
Fig. 3? Figure 7 shows the latitudinal variation of the YRRB
averaged between 107◦E and 120◦E for the SS and SC pat-
terns, separately. The mean location of the YRRB moves
from 29◦N in the positive phase of the SS pattern to 33◦N
in the negative phase (Fig. 7a), and in the SC pattern from
29◦N to 31◦N (Fig. 7b). The SS and SC patterns both induce
a meridional shift of the YRRB, though the YRRB moves
more northward in the negative phase of the SS pattern, due
to the contribution of both the decreased rainfall in SC and in-
creased rainfall in the YH, compared to the SC pattern related
to decreased rainfall in SC only.

5. Underlying mechanisms

5.1. Local anomalies associated with the SS and SC pat-
terns

To reveal the circulation anomalies responsible, Fig. 8
shows the composite results of horizontal wind anomalies at
850 hPa in summer associated with the SS and SC patterns,
separately. Clearly, the SS pattern, with increased rainfall
in SC and decreased rainfall in the YH in the positive phase
(Phase 1), is significantly associated with a cyclonic anomaly
over SC and the neighboring East China Sea (Fig. 8a). In

Fig. 7. Latitudinal variation of total summer rainfall (units:
mm d−1) averaged zonally between 107◦E and 120◦E for each
case (dotted line) and their mean (solid line) of the (a) SS and
(b) SC pattern. Red lines represent the positive phase and blue
lines the negative phase. The vertical solid lines indicatethe
latitude of the maximum of composite mean total rainfall, the
location of the summer rainy belt in East China, in the positive
(red) and negative (blue) phases.
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Fig. 8. As in Fig. 6 but for the composite results of the WNPSH (contours) and interannual horizontal wind anomalies
at 850 hPa (vectors). The WNPSH is depicted by geopotential height (units: gpm) at 850 hPa, with the contours of
1470, 1490 and 1510. Statistically significant wind anomalies at the 95% confidence level are plotted with bold vectors
in (c, f). The units for wind are given in the top-right cornerof (c). The effect of the topography is masked by grey
shading.

contrast, an anticyclonic anomaly is identified in the nega-
tive phase (Phase 4, Fig. 8b). Their difference shows a sig-
nificant cyclonic anomaly over the SC–East China Sea re-
gion (Fig. 8c). The cyclone-induced northerly anomaly blows
from the YH to SC, which weakens the climatological south-
west summer monsoon in East Asia. Subsequently, the weak-
ened monsoon airflow suppresses northward moisture trans-
port. The latter diverges over the YH and converges over SC
(Fig. 9a). Rainfall decreases in the YH and increases in SC,
concurrent with ascending motion anomalies over SC and de-
scending motion anomalies over the YH (Fig. 9b).

For the SC pattern, the increased rainfall in SC is related
to an anticyclonic anomaly over the northern South China Sea
(SCS) and the Philippine Sea in the positive phase (Phase 2,
Fig. 8d), and the decreased rainfall in SC is associated with
a cyclonic anomaly in the negative phase (Phase 3, Fig. 8e).
Their difference is characterized by a significant anticyclonic
anomaly (Fig. 8f), corresponding to the westward extension
of the western North Pacific subtropical high (WNPSH). Due
to the southerly anomaly in the west of the anticyclonic
anomaly, more moisture is transported to SC (Fig. 9c), to-
gether with ascending motion anomalies (Fig. 9d), enhancing
rainfall over SC.

In summary, in the positive phase, the SS-pattern rain-
fall anomalies are induced by the cyclonic anomaly in the

lower troposphere over the SC–East China Sea region, and
the SC-pattern rainfall anomalies are caused by the anticy-
clonic anomaly over the northern SCS and the Philippine Sea.
The physical processes responsible for the formation of the
two cyclonic and anticyclonic anomalies in the lower tropo-
sphere are discussed in the following subsections 5.2 and 5.3,
respectively.

5.2. Extratropical impact on the SS pattern

The lower-tropospheric cyclonic anomaly over the SC–
East China Sea region, in the positive phase of the SS pat-
tern, is connected with an extratropical wave train originat-
ing from the mid–high latitudes of the North Atlantic in the
upper troposphere (Fig. 10a). To reveal the characteristics
of the associated Rossby wave propagation, the zonal and
meridional components of a wave-activity flux for station-
ary Rossby waves (WWW ) are employed, following Takaya and
Nakamura (2001), which is defined as

WWW =
1

2|VVV

(

u(ψ ′2
x −ψ ′ψ ′

xx)+ v(ψ ′
xψ ′

y −ψ ′ψ ′
xy)

u(ψ ′
xψ ′

y −ψ ′ψ ′
xy)+ v(ψ ′2

y −ψ ′ψ ′
yy)

)

,

where |VVV | is the magnitude of the horizontal vector wind
(u,v) andψ is the stream function. Variables with an overbar
represent their climatological summer mean averaged during
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Fig. 9.As in Figs. 6c and f but for the composite results of interannual anomalies of column (a, c) mois-
ture transport (vectors), which is vertically integrated from 300 hPa to the surface, and its divergence
(contours) and (b, d) vertical pressure velocity at 500 hPa.Statistically significant moisture transport
anomalies at the 95% confidence level are plotted with bold vectors in (a, c), and the units are given at
the bottom of (c). Dark and light shading indicates statistically significant anomalies at the 95% and
90% confidence levels, respectively. The contour interval is 0.5 mm d−1 in (a, c) and 0.01 Pa s−1 in
(b, d).

1951–2011, and variables with subscript and prime notations
signify their partial derivatives and anomalies associated with
the SS pattern.

The wave-activity flux at 200 hPa, related to the wave
train, originates in the mid–high latitudes of the North At-
lantic, extends eastward into northern Europe, and then di-
verts over central Asia at approximately 60◦E southeastward
into the Asian westerly jet (Fig. 10b). Subsequently, it con-
tinues to propagate eastward into East Asia along the Asian
westerly jet, causing a negative geopotential height at 200
hPa over East Asia. A similar spatial distribution of geopo-
tential height at 850 hPa (H850) is also revealed (Fig. 10c),
suggesting a barotropic nature of the extratropical wave train.
The cyclonic anomaly over the SC–East China Sea region in
the lower troposphere is formed as the barotropic response to
the negative upper-tropospheric geopotential height overEast
Asia.

The external forcing related to the SS pattern is also

examined. The composite sea surface temperature (SST)
anomalies show no significant signal in the tropical oceans
and the North Atlantic in the concurrent summer (figure not
shown).

5.3. Effect of the WNP heating on the SC pattern

The anticyclonic anomaly, responsible for enhanced rain-
fall over SC in the SC pattern, is associated with a rainfall
decrease over the northern SCS and the Philippine Sea, based
on the composite GPCP precipitation difference of the three
cases in the positive phase, and three cases in the negative
phase of the SC pattern since 1979 (Table 2). The decrease in
rainfall over the SCS and the Philippine Sea is also supported
by the composite results using the NCEP–NCAR reanalysis
precipitable water data during 1951–2011 (Fig. 11b). The
rainfall reduction–related descent (Fig. 11c) causes an anti-
cyclonic anomaly over the northern SCS and the Philippine
Sea, through divergence near the surface with friction. Mean-
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Fig. 10.As in Fig. 6c but for the composite results of (a) interannualanomalies of geopotential height
and (b) associated Takaya and Nakamura flux (vectors) at 200 hPa, and (c) geopotential height at 850
hPa. Dark and light shading indicates statistically significant anomalies at the 95% and 90% confidence
levels in (a, c). Shading in (b) depicts the location of the climatological westerly jet at 200 hPa. The
contour interval is 6 gpm in (a, b) and 2 gpm in (c). The effect of the topography is masked by grey
shading in (c).

while, the reduced rainfall–related WNP heating sink may ex-
cite a Rossby wave response in the west (Gill, 1980), further
enhancing the anticyclonic anomaly (Lu, 2001; Lu and Lin,
2009).

The SST related to the SC pattern warms in the Bay of
Bengal, the SCS, and the Philippine Sea (Fig. 11d). The re-
duced rainfall over the warm SST anomalies suggests that

the SST anomalies are a response against the anticyclonic
anomaly related to the SC pattern. The anticyclonic anomaly
may increase incoming shortwave radiation into the under-
lying oceans because of cloud cover reduction related to the
suppressed rainfall. It may also suppress the Asian monsoon
westerly in the south, reducing surface evaporation such that
the SST warms.
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    .     . 

Fig. 11.As in Fig. 6f but for the composite results of interannual summer anomalies of (a) horizontal
winds at 850 hPa (vectors) and GPCP precipitation (contours), (b) NCEP–NCAR reanalysis precipitable
water for the entire atmosphere, (c) vertical pressure velocity at 500 hPa, and (d) SST. Dark and light
shading indicates statistically significant anomalies at the 95% and 90% confidence levels, respectively.
The contour interval is 1 mm d−1 in (a), 0.5 kg m−2 in (b), 0.01 Pa s−1 in (c), and 0.1◦C in (d). The
effect of the topography is masked by grey shading in (a).

It is also noted that the WNP sinking-induced Rossby
wave further propagates northeastward (Fig. 11a), resembling
the PJ pattern (Nitta, 1987) or the EAP pattern (Huang and
Sun, 1992). Some previous studies have revealed that the
EOF1 mode is also affected by the EAP pattern triggered by
the WNP heating (e.g. Huang et al., 2007). To distinguish
their difference, Fig. 12 shows the regions with significant
positive H850 anomalies related to the SC pattern and the
EOF1 mode, separately. The significant H850 anomalies re-
lated to the SC pattern cover the SCS and Philippine Sea,
while the anomalies related to the EOF1 mode expand north-
ward, further covering the SC region. The different H850 re-
sponses to the WNP heating are possibly due to the change in
the basic state, since monsoon rainfall peaks in June over SC
and in June–July over the Yangtze River valley. This requires
further investigation in future work. The northward expan-
sion of the H850 anomalies causes the northward shift of the
associated southwesterly anomaly and moisture transport in
the west from SC to the Yangtze River valley. Consequently,
rainfall increases in SC associated with the SC pattern, andin
the Yangtze River valley associated with the EOF1 mode.

6. Conclusion and discussion

In this study, the authors reveal the EOF2 mode of inter-
annual summer rainfall anomalies depicts a meridional shift

    . 
  . 

Fig. 12. The regions with statistically significant geopotential
height at 850 hPa at the 95% confidence level related to the
EOF1 mode (surrounded by the red contour) and the SC pattern
(blue contour). The effect of the topography is masked by grey
shading.

of the YRRB. Moreover, the meridional shift of the YRRB is
mostly due to two different types of rainfall anomaly patterns:
one that reflects an SS pattern of rainfall anomalies between
the YH and SC, and the other with the main rainfall anoma-
lies concentrated in SC. The first pattern is referred to as the
SS pattern and the latter is called the SC pattern. There are 13
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SS-pattern years and 16 SC-pattern years, which account for
three quarters of the total 39 strong EOF2-mode years dur-
ing 1951–2011. Corresponding to a southward shift of the
YRRB, rainfall increases in SC and decreases in the YH in
the SS pattern, and it increases in SC only in the SC pattern.

The SS and SC patterns are related to different circula-
tion anomalies. The SS pattern is associated with a lower-
tropospheric cyclonic anomaly over SC and the East China
Sea, with the northerly anomaly blowing from the YH to SC,
weakening the climatological monsoon southwesterly. The
weakened monsoon suppresses northward moisture transport
and subsequent rainfall in the north, i.e., over the YH, and
enhances rainfall in the south over SC. The SC pattern is,
however, mainly related to an anticyclonic anomaly over the
northern SCS and the Philippine Sea, suggesting a westward
extension of the WNPSH. The enhanced southwesterly in the
west transports more moisture to SC and favors rainfall.

Moreover, two different mechanisms responsible for the
formation of the cyclonic anomaly related to the SS pattern
and the anticyclonic anomaly related to the SC patterns are
proposed. The SS pattern results from an extratropical wave
train originated from the mid–high latitudes of the North At-
lantic. The wave train extends eastward into northern Europe,
diverts over central Asia, at approximately 60◦E, southeast-
ward into the Asian westerly jet, and then propagates east-
ward to finally reach East Asia and cause a near-barotropic
cyclonic anomaly over SC and the East China Sea. For the
SC pattern, the anticyclonic anomaly over the northern SCS
and the Philippine Sea is related to the suppressed rainfallin
the WNP.

The present study carefully examines the EOF2 mode of
interannual summer rainfall in East China and reveals two
different rainfall patterns in the EOF2 mode, with nearly
equivalent numbers of cases (13 SS-pattern cases and 16
SC-pattern cases). The SS pattern reflects a dipole-like
pattern with opposite rainfall variation in the YH and SC,
and the SC pattern represents a monopole-like pattern with
rainfall anomalies concentrated in SC. The existence of the
monopole-like SC pattern associated with the EOF2 mode
may challenge the traditional view of the “dipole” mode of
summer rainfall in East China (Zhu and Chen, 1992; Shen
and Lau, 1995; You et al., 2003; Zhou and Yu, 2005; Chen
et al., 2006). Instead, in this study, we propose that the
EOF2 mode may better depict the latitudinal variation of the
summer-mean YRRB.

We identify two main rainfall patterns associated with the
EOF2 mode: the SS and SC patterns. It is interesting to note
that there is no YH pattern, in which rainfall anomalies are
concentrated in the YH only. In the 39 strong EOF2-mode
years, there are only five years with strong rainfall anoma-
lies in the YH and normal rainfall in SC (Table 2), far fewer
than the 13 SS-pattern years and 16 SC-pattern years. The
absence of the YH pattern is likely due to the much smaller
interannual variance of summer rainfall in the YH than SC
explained by the EOF2 mode (Fig. 2).

The structure of the composite rainfall anomalies in the
positive (Fig. 6d) and negative (Fig. 6e) phases of the SC pat-

tern slightly deviate from their composite difference in Fig.
6f, though they are basically opposite. The deficient rain-
fall in SC in the negative phase deviates southeastward and
the sufficient rainfall in the positive phase deviates north-
westward. The nonlinearity indicated by the different devi-
ation from the range is probably due to the different zonal
extension of the WNPSH (Fig. 8f). Under the control of
the westward-extended WNPSH, anomalous moisture trans-
port by the southwesterly anomaly in the west shifts north-
westward in the positive phase (figure not shown), while that
transported by the northeasterly anomaly shifts southeast-
ward under the eastward-retreated WNPSH in the negative
phase (figure not shown). Accordingly, the rainfall anomalies
move northwestward in the positive phase and southeastward
in the negative phase.

Han and Zhang (2009) investigated anomalies related to
the EOF2 mode of summer rainfall in East China. They pro-
posed that the mode, with increasing rainfall to the south of
the Yangtze River over SC and decreasing rainfall to the north
over the YH, is induced by a southwestward extension of the
WNPSH. In this study, we show that the westward extension
of the WNPSH only contributes to the increased rainfall in
SC. The opposite change in summer rainfall between the YH
and SC (the SS pattern), with above-normal rainfall in SC
and below-normal rainfall in the YH, is related to a cyclonic
anomaly over SC and the adjacent East China Sea, which is
probably affected by the extratropical wave train originated
from the mid–high latitudes of the North Atlantic.
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