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Decadal changes of Meiyu rainfall around 1991 and its relationship
with two types of ENSO
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[1] This study investigates Meiyu (June-July) rainfall from 1980 to 2000 over Yangtze-Huaihe
River valley (YHRV) and reveals a decadal change around 1991 with a seesaw-like
distribution. This decadal change is closely associated with negative phase of preceding winter
El Nifio—Southern Oscillation (ENSO) Modoki (EM) in the pre-1991 epoch and positive phase
of conventional ENSO (CE) in the post-1991 epoch. In response to negative EM (pre-1991
epoch), the source of water vapor is western North Pacific, associated with the eastward retreat
of western Pacific subtropical high (WPSH) and the northward shift of East Asian westerly jet

(EAW]). On the other hand, in response to positive CE (post-1991 epoch), water vapor
generally comes from the South China Sea, associated with the enhancement and westward
advance of the WPSH and southward shift of the EAWJ. Two possible mechanisms are
proposed to explain the relationship between preceding winter sea surface temperature (SST)
and Meiyu rainfall over YHRYV in the two epochs. In the pre-1991 epoch, due to enhanced
precipitation, solar radiation decreases, resulting in SST cooling over western North Pacific in
Meiyu period. An anomalous anticyclone associated with the SST cooling suppresses
precipitation over northern part of YHRV. Meanwhile, an anomalous cyclone accompanied
with the anticyclone locates over East China Sea and brings more precipitation to the southern
part of YHRV. In the post-1991 epoch, the persistent simultaneous warming in eastern
equatorial Pacific and Indian Ocean leads to abundant moisture brought to southern China.
Further analysis suggests that the two types of ENSO have asymmetric features with respect to
the impact of their positive and negative phases on the seesaw-like Meiyu rainfall, which is
closely related with EM La Nifa (CE EI Nifio) in the pre-1991 epoch (post-1991 epoch).

Citation: Zhu, J., D.-Q. Huang, Y.-C. Zhang, A.-N. Huang, X.-Y. Kuang, and Y. Huang (2013), Decadal changes of Meiyu
rainfall around 1991 and its relationship with two types of ENSO, J. Geophys. Res. Atmos., 118,9766-9777, doi:10.1002/jgrd.50779.

1. Introduction

[2] Rainy season or rainband in an East Asia summer mon-
soon (EASM) season is called the Baiu in Japan, the Meiyu
in China, and the Changma in Korea (hereafter referred to as
Meiyu). During Meiyu season, the rainband stagnates over
the Yangtze-Huai River valley (YHRV, 110°E-122°E, 28°N—
34°N), with its eastern edge passing through the Japan
Islands. The main Meiyu season in China starts from late
June and ends in early July. In Meiyu period, heavy precipita-
tion events occur frequently and lead to natural disasters.
Therefore, understanding the variations of Meiyu over YHRV
is important.

[3] East Asian climate has experienced an interdecadal
scale transition since the late 1970s [Wang, 2001; Wu and
Wang, 2002; Yu et al., 2004; Xin et al., 2006; Yu and Zhou,
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2007; Zhou et al., 2009a,b; Zhou and Huang, 2010]. This
transition is also evident in Meiyu [Hu, 1997; Xu, 2001;
Gong and Ho, 2002; Ye and Lu, 2011; Ding, 1992]. Since
late 1970s, the rainband shifted southward over China, with
excessive rainfall along the middle and lower reaches of
YHRYV, and deficient rainfall in northern China [e.g., Hu
et al., 2003; Yu and Zhou, 2007]. Recently, the latest chang-
ing point of Meiyu systems around 2000 has been revealed
[Liang and He, 2008; Si et al., 2009; Huang et al., 2011],
e.g., rainy belt, the persistent Meiyu rainfall, and the spatial
distribution, the onset and withdraw of Meiyu period.
Moreover, some studies indicated that the decadal shift of
summer rainfall and large-scale circulation over East Asia
was around the 1990s. Ding et al. [2008] found that the sum-
mer rainfall in Eastern China demonstrated a decadal shift in
the beginning of 1990s. Yim et al. [2008] indicated a decadal
change in summer monsoon system and western North
Pacific around 1992. Kajikawa and Wang [2012] detected a
significant advance in the onset dates of the South China
Sea summer monsoon around 1993/1994. Yim et al. [2013]
indicated that the interannual variation of the May-June pre-
cipitation in EASM and the processes controlling the varia-
tion have been changed abruptly around the mid-1990s.
Thus far, most efforts undertaken have been focused on the
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(a) Location of 422 stations in YHRV; summer rainfall EOF spatial pattern, (b) EOF1 and
(c) EOF2; and their normalized principle components, (d) PC1 and (e) PC2 during 1980-2000; the running
t test of (f) PC1 and (g) PC2 with a 5year running window. The line in Figures 1d and le indicate
the 11-running average. The dashed lines in Figures 1f and 1g indicate the above 90% confidence level of the
running ¢ test.

decadal scale transition around the late 1970s and 2000 of [4] The oceanic anomaly is an important factor for the var-
Meiyu over YHRV. Moreover, some studies indicated a de- iations of EASM, especially for the interdecadal shift around
cadal shift in 1990s for summer rainfall and the associated late-1970s. For example, the weakening of EASM since late-
large-scale circulations over East Asia. However, whether 1970s is partially due to the warming in Indian Ocean, far
Meiyu has a decadal change in the 1990s during period from  western Pacific, and the tropical central-eastern Pacific [Li

1980 to 2000 is stil

I not clear.

et al., 2010]. Hu [1997] suggested that the change of sea

9767



ZHU ET AL.: DECADAL CHANGE OF MEIYU WITH ENSO

(a)DJF

40N
20N
e {

20S 1

40S

160W 120W 80W

40N

20N
EQ

20S 1

40S T T T
160W 120W 80w

40N

‘;mal‘w;.‘?f‘lm:j,“;—‘
0.05080.1

20N 1

EQ

0.

0.05

¢ oo. .05

4})5 \
A ~0.05)a

160W 120W 80W

20S R

40S

80E 120E 160E
Figure 2. Regression of preceding (a) DJF, (b) MAM, and
(c) simultaneous JJ SST with respect to PC1 for the period of
1980-2000. The shaded areas denotes regions with correla-

tion significance at the 95% confidence level (unit: °C).

surface temperature (SST) over the tropical Indian Ocean and
tropical western Pacific occurring around 19761979 was a
potential reason for the interdecadal change of EASM. Wu
and Wang [2002] noted that the summer rainfall anomaly
along the middle to lower reaches of the Yellow River valley
was caused by the changes in the EASM circulation anomaly
related with El Nifio—Southern Oscillation (ENSO), which
was attributed to the changes in the location and intensity
of anomalous convection over the western North Pacific
and India. As mentioned, some robust SST regions have been
revealed, e.g., South China Sea [Wan et al., 2008; Zhou,
2011], eastern equatorial Pacific [Wang et al., 2000; Wu
and Wang, 2002; Wu et al., 2005; Zhu et al., 2010; Ye and
Lu, 2011], and Indian Ocean [Huang et al., 2010; Yang
et al., 2007; Li et al., 2008]. On decadal transition around
1990s, the dominant SST patterns are still unknown in
despite of the climate importance.

(a)pre—1991

[s] Therefore, the objective of this study is to investigate
the decadal change of Meiyu in 1980-2000 and the associated
SST variations. Specifically, we try to answer the follow-
ing questions:

[6] 1. Whether there is a decadal change in 1980-2000? If
so, what are the dominant SST variations associated with?

[7] 2. What are the possible linkages between SST activi-
ties and the decadal variation of Meiyu?

[8] The rest of the paper is arranged as follows: Section 2
describes the data sets and methods used in this study. In
section 3, the decadal variation of Meiyu rainfall over
YHRYV in 1980-2000 and the relationship with preceding
winter (December-January-February, DJF) SST are investi-
gated. Section 4 shows the three-dimensional circulations
associated with the dominant SST activities. Section 5 dis-
cusses the possible mechanism linking preceding winter
SST and Meiyu rainfall over YHRYV in the two epochs. The
conclusion and discussion are given in section 6.

2. Data and Methodology

[v] Several data sources during period from 1980 to 2000
are used in this study: (1) daily precipitation data (June and
July) of 422 stations in YHRV (Figure la) provided by
China Meteorological Administration, (2) global monthly
SST data from the Hadley Center with a resolution of
1°x 1° [Rayner et al., 2003], (3) global monthly precipitation
data from Global Precipitation Climatology Project Version
2.2 [Huffinan et al., 2011], and (4) monthly atmospheric data
from the National Centers for Environmental Prediction-
National Center for Atmospheric Research reanalysis
[Kalnay et al., 1996].

[10] The statistic techniques of empirical orthogonal func-
tion (EOF) analysis, running ¢ test, and partial correlation are
used in this study. Partial correlation (regression) technique
is used to show exclusive relationship between two variables
while excluding influence arising from another independent
variable [Behera and Yamagata, 2003]. For example, the
partial correlation (regression) between 4 and B, while
excluding the relation arrived because of the correlation
between B and C, is defined as follows,

Y4B — Facrsc

r4pc = \/(1 = VACZ)\/(I " ¢))

where 74, r4c, and rpc are the correlations between A4 and
B, 4 and C, and B and C, respectively. Statistical signifi-
cance of the correlation coefficients is evaluated by a
two-tailed “f test.”

20N
10N

EQ
10S
20S

(b)post—1991
2Nt T, ©
10N

EQ-
108
2054

180

120 150E 180  150W  120W  9OW

Figure 3. Regression of preceding DJF SST with respect to PC2 for the (a) pre-1991 epoch and (b) post-
1991 epoch. The light (dark) shaded areas denotes regions with correlation significance at the 95% (99%)

confidence level (unit: °C).
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Table 1. Positive and Negative Years Based on Principle Component
for EOF2 in 1980-1991 and 1992-2000

1980-1991 1992-2000
Positive years 1983, 1989 1993, 1998
Negative years 1980, 1991 1996, 2000

3. Decadal Changes of Meiyu Rainfall Over
YHRY and its Relationship With Preceding
Winter SST

[11] The EOF analysis is performed to detect the decadal
change of Meiyu (June-July, JJ) rainfall over YHRV. Figure 1
shows the spatial patterns of the first two leading EOF modes
(EOF1 and EOF2) and their corresponding normalized princi-
pal components (denoted as PC1 and PC2, respectively). The
first and second modes explain 32% and 25% of the total vari-
ance, respectively, and are clearly separated from the higher
modes [North et al., 1982].

[12] The EOF1 (Figure 1b) shows a monopole pattern over
the entire YHRV, and the EOF2 (Figure 1c) exhibits a see-
saw-like pattern divided by the Yangtze River. As shown in
Figures 1d and 1f, PC1 is dominated by interannual variation
without significant decadal shift. However, in Figures 1e and
1g, PC2 indicates that the Meiyu rainfall over YHRV ex-
hibits a significant decadal change around 1991. Combined
with spatial pattern of EOF2 (Figure 1c), before 1991, nega-
tive phase implies a real rainfall pattern of “southern drought
northern flood” over YHRV. After 1991, the phase turns to
positive, implying a “southern flood northern drought” rain-
fall pattern. Previous studies indicated that interannual varia-
tion of Meiyu rainfall was closely related to SST variations
[Huang and Wu, 1989; Zhao and Qian, 2009]. As shown in
Figure 2, the regression of SST against PCI1 indicates that
the positive SST anomalies exist over the eastern coast of
Australia in the preceding winter and spring, while over
South China Sea in the simultaneous Meiyu period. This is
consistent with the results of Ma et al. [2012]. However,
for decadal variation shown in PC2, whether the SST varia-
tions leading Meiyu rainfall over YHRV have changed is still
not clear. To solve this, the regression of preceding winter
SST against PC2 is performed for the pre-1991 epoch and
the post-1991 epoch, respectively. In the pre-1991 epoch
(Figure 3a), the dominant areas with significant correlation
are distributed in the following places: the tropical central
Pacific with remarkable tongue-like negative correlation
and northwestern coast of Australia with a significant posi-
tive correlation. This is similar to the ENSO Modoki (EM)
pattern [Ashok et al., 2007; Weng et al., 2007], which is de-
fined as the central equatorial Pacific being warmer while

(a)pre—1991

the flanked areas on both sides along the eastern equatorial
Pacific and western Pacific (primarily on warm pool) being
colder. However, in the post-1991 epoch (Figure 3b), the
significant positive correlation exists over the central and
eastern equatorial Pacific, which is commonly recognized
as conventional ENSO (CE). It indicates the mature phase
(in winter) of the El Niflo event has considerable relationship
with the Meiyu rainfall over YHRYV in the post-1991 epoch.
To confirm these relationships in the two epochs, composite
analysis is used to check the SST variation. The correspond-
ing principle component for EOF2 is separated into two
parts for the pre-1991 and post-1991 epochs. Typical positive
(negative) years are chosen separately for the two epochs
with standard deviation of the principle component exceed-
ing +1(—1) (as shown in Table 1). Figure 4 shows the preced-
ing winter SST differences between the positive and negative
years in the two epochs. Apparently, in the pre-1991 epoch,
the SST variation is characterized by a zonal triple pattern
as “+/—/+” anomalies over “eastern/central/western” part of
tropical region [Ashok et al., 2007], which can be identified
as EM La Nina. In the post-1991 epoch, the SST variation re-
sembles the traditional El Niflo pattern with strong warming
over eastern tropical Pacific [Rasmusson and Carpenter,
1982]. It indicates that the key preceding winter SST regions
related with Meiyu rainfall over YHRYV have changed in dif-
ferent periods. The preceding winter SST signal is negative
EM (positive CE) in the pre-1991 epoch (post-1991 epoch).
Moreover, the SST signals in spring and summer show sim-
ilar decadal changes but with less strength (figure omitted).
The mature phase of ENSO often occurs in boreal winter
and is usually accompanied by a weaker than normal winter
monsoon along the East Asian coast [Zhang et al., 1996;
Tomita and Yasunari, 1996; Ji et al., 1997; Wang et al.,
2000; Wu et al., 2009]. The ocean warming persists through
the following spring and summer and exerts its climatic influ-
ence on East Asia after ENSO, like a discharging capacitor
[Xieetal.,2010; Wu et al., 2009]. Thus, the preceding winter
SST wvariations can be considered as a predictor of Meiyu
rainfall. And we focus on the relationship of preceding winter
SST variations with Meiyu rainfall and its possible mecha-
nisms in the following analysis.

[13] Two indices are calculated to identify the SST varia-
tions during different periods. The EM index is defined by
Ashok et al. [2007], as follows,

EM index = [SSTA], — 0.5 x [SSTA], — 0.5 x [SSTA].

@

[14] The square bracket in equation 2 represents the SSTA
(sea surface temperature anomaly) averaged over a central
region (A: 165°E-140°W, 10°S—10°N), an eastern region
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Figure 4. Composites of preceding DJF SST differences between typical positive and negative years in
the (a) pre-1991 epoch and (b) post-1991 epoch (unit: °C).
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Table 2. Partial Correlation Coefficient Between the PC2 and EM
Index (Nifio3) in 1980-1991 (1992-2000)*

1980-1991 1992-2000 1980-2000
PC2-EM index —0.80 0.16 —0.38
PC2-Nifio3 0.60 0.74 0.51

“The values given in bold are significant at 95% confidence level.

(B: 110°W=70°W, 15°S—5°N), and a western region (C: 125°E—
145°E, 10°S-5°N), respectively. The index is available at http://
www.jamstec.go.jp/frcgc/research/d1/iod/modoki_home.html.
en. The Nifio3, identifying CE, is available at http:/www.
cpc.noaa.gov/data/indices/. Although the correlation between
monthly EM index and Nifio3 is insignificant (R=0.2), the
correlation in winter is much higher (R=0.38 for pre-1991
and R=0.5 for post-1991), exceeding the 95% significant
confidence level. Thus, partial correlation is used to show
exclusive relationship between EM (CE) and PC2 while
excluding influence arising from CE (EM). The partial corre-
lation coefficients during 1980-1991 and 1992-2000 are
shown in Table 2. It indicates a strong negative (positive)
relationship between EM (CE) and Meiyu rainfall in the
pre-1991 epoch (post-1991 epoch).

4. Three-Dimensional Circulations Associated
With EM and CE in the Two Epochs

[15] To understand the variability of Meiyu rainfall associ-
ated with different SST anomalies over the related key regions,
the regional and background atmospheric circulations are ana-
lyzed. Since the correlation between EM index (Nifio3) and
PC2 in the pre-1991 epoch (in the post-1991 epoch) is nega-
tive (positive), in order to compare to the real rainfall pattern
over YHRYV as shown in the description of EOF2, negative
EM index and positive Nifio3 are used to investigate the rela-
tionship between the SST variations and the atmospheric cir-
culations by partial regression.

[16] Water vapor content is one of the major factors directly
affecting the summer rainfall over Eastern China [Zhou and
Yu, 2005]. Figure 5 shows the vertically integrated moisture
transport (VIMT) from 1000 to 300 hPa obtained by the partial
regressions with respect to the preceding winter negative
EM and positive CE in the two epochs. In response to neg-
ative EM (1980-1991) (Figure 5a), a significant westward
VIMT exists over the western North Pacific (20°N—40°N,
115°E-160°E). While in response to positive CE (1992—
2000) (Figure 5b), a significant northeastward VIMT locates

over southern China. This suggests that the sources of water
vapor for Meiyu in response to negative EM (1980-1991) and
positive CE (1992-2000) are different.

[17] The vertical atmospheric circulation is examined to
understand the impacts of negative EM and positive CE on
Meiyu rainfall. In response to negative EM (1980-1991),
since water vapor comes from western North Pacific but rain-
fall is south—north seesaw-like pattern, Figures 6a and 6c
show partial regressions of longitude-height cross sections of
vertical circulations averaged over 28°N-31°N and 31°N—
34°N, respectively. In Figure 6a, significant descent motion
covers southern part (28°N-31°N) of YHRV, and decreased
humidity occupies entire vertical levels. In Figure 6¢, for the
northern part (31°N-34°N) of YHRYV, ascent motion with
dominantly increased humidity locates over eastern area while
descent motion locates over the western area. Combination of
these vertical circulations favors the “southern drought north-
emn flood” pattern of Meiyu rainfall. In response to positive
CE (1992-2000), since VIMT direction is parallel to the rain-
fall from south to north, Figure 6b shows partial regressions
of latitude-height cross sections of vertical circulations aver-
aged over 110°E—112°E. Ascent/descent motion with abun-
dant/insufficient water vapor over the southern/northern part
of YHRV results in the “southern flood northern drought”
pattern for Meiyu rainfall in the post-1991 epoch.

[18] As well known, the Meiyu rainfall is associated with
large-scale atmospheric circulations such as the western
Pacific subtropical high (WPSH), the East Asian subtropical
westerly jet (EAWJ), and other atmospheric circulations
[Akiyama, 1975; Tao and Chen, 1987; Zhang et al., 2006].
Figure 7 shows the anomalies of geopotential height at
500 hPa obtained by partial regressions with respect to the
preceding winter negative EM and positive CE in the two
epochs. In response to negative EM (1980-1991) (Figures 7a
and 7c), prominent feature shows a significant negative
anomaly located over the western part of WPSH (generally
considered as regions surrounded by 5880-line), indicating
anomalous eastward retreat of the WPSH, which may result
in decreased precipitation over southern China. Feng et al.
[2010a] also revealed the western North Pacific anticyclone
shifts the ridge of WPSH westward in summer for the case
of El Nifio years. In response to positive CE (1992-2000)
(Figures 7b and 7d), significant positive anomaly covers the
WPSH region and its western area, indicating the WPSH
strengthens and advances westward. This may result in the
anomalous southwestern VIMT shown in Figure 5b, leading
to the enhanced moisture supply to the southern China.
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Figure 5. Partial regressions of June-July (JJ) VIMT from 1000 to 300 hPa (vector, unit: kg-(ms) ") with
respect to normalized DJF (a) negative EM index for the pre-1991 epoch and (b) positive Nifio3 for the
post-1991 epoch. The regions over 95% significant confidence levels are shaded. The box indicates the

location of YHRV.
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[19] Figure 8

shows the anomalies of zonal wind at 200 hPa

obtained from partial regressions with respect to the preceding
winter negative EM and positive CE anomalies in the two

epochs. In resp

onse to negative EM (Figure 8a), significant

“—/+” dipole anomalies are located over the northern and

(a)pre—1991

southern area of the axis of EAWJ, indicating the enhance-
ment and northward shift of EAWJ over continent, which
may increase precipitation over the northern part of YHRV
[Du et al., 2009]. In response to positive CE (Figure 8b), the
positive anomalies are located over the southern part of the
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Figure 7. Partial regressions of June-July (JJ) geopotential height at 500 hPa (unit: gpm) with respect to
normalized DJF (a) negative EM index for the period of in the pre-1991 epoch and (b) positive Nifio3 in the
post-1991 epoch. The climatology geopotential height at 500 hPa (unit: gpm) (c) in the pre-1991 epoch and
(d) in the post-1991 epoch. The box indicates the location of YHRV. The shaded regions denote with the

correlation significance at the 95% confidence level.
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axis of EAW], indicating the southward movement of EAW]J,
which results in the large precipitation center moving
southward.

5. Possible Mechanisms Linking Preceding Winter
SST and Meiyu Rainfall Over YHRY in the
Two Epochs

[20] Above all, there is a close relationship between the
preceding winter SST and Meiyu rainfall over YHRV.
Then, how does the atmospheric circulation in Meiyu period
establish in the two epochs? Most studies explained the rela-
tionship between preceding winter SST and summer rainfall
over China in the aspect of the outgoing longwave radiation
[Yuan et al., 2012], persistent SST anomalies from winter to
summer [Feng et al., 2010b; Chen et al., 2013], or the central
Pacific warming-induced Philippine Sea anticyclone [Yim
et al., 2013]. To shed light on this, we investigate the atmo-
spheric circulations and precipitation anomalies with seasonal
interval extending in preceding DJF, MAM (March-April-
May), and simultaneous JJ.

[21] Figure 9 shows the regressed SST, 925hPa winds,
precipitation, and sea level pressure (SLP) anomalies with
respect to PC2 in 1980-1991. In the pre-1991 epoch, associ-
ated with the SST cooling over most part of North Pacific
(Figure 9a), positive SLP anomaly over North Pacific lead to

an anomalous anticyclone (Figure 9b), resulting in suppressed
precipitation (Figure 9b). At the same time, associated
with significant warming over East China Sea (Figure 9a), a
cyclone anomaly benefits the enhanced precipitation. This
enhanced precipitation will decrease the downward solar radi-
ation (figures not shown) and results in less warming over East
China Sea in the following MAM (Figure 9c). Meanwhile,
accompanied with the negative SLP anomalies over north-
ern North Pacific (Figure 9d), an anomalous cyclone forms
(Figure 9c), resulting in enhanced precipitation, especially
over the western part (Figure 9d). Consequently, SST cooling
intensifies and a western cooling center forms over western
North Pacific in JJ (Figure 9¢). The surface cooling leads to
an anticyclone associated with the increased SLP (Figures 9¢
and 91), resulting in decreased precipitation over the northern
part of YHRV (Figure 9g). Accompanied with the anticyclone
anomaly, an anomalous cyclone occupies East China Sea with
decreased SLP (Figures 9e and 9f), resulting in increased pre-
cipitation over the southern part of YHRV (Figure 9g).

[22] In the post-1991 epoch, there is an obvious warming
over eastern equatorial Pacific with abundant precipitation
anomalies in DJF, MAM, and JJ. Meanwhile, the warming
over Indian Ocean lasts from DJF to JJ (Figures 10a, 10c,
and 10e). This is in good agreement with the findings of Xie
etal. [2009] and Wu et al. [2009, 2010b], which indicated that
the Indian Ocean warming in response to the atmospheric
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teleconnection forced by an El Nifio event was similar to a bat-
tery charging a capacitor. Additionally, the SST cooling over
western North Pacific between the two warming areas is also
important and has been demonstrated by numerical modeling
experiments in Wu et al. [2010b], which demonstrated that
the colder SST in western North Pacific drives the western
Pacific atmospheric circulation in early summer. This suggests
that more water vapor is transported to southern China while a
positive SLP anomaly covers the northern China, which may
lead to the increased (decreased) rainfall along 20°N-31°N
(31°N-34°N) (Figure 10g).

6. Conclusions and Discussions

[23] This study reveals an obvious decadal change (EOF2)
in Meiyu rainfall over YHRYV around 1991 with a seesaw-like
variation pattern. The regressions show that the rainfall pat-
tern is associated with EM La Nifa (CE El Nifo) in 1980—
1991 (1992-2000).

[24] The source of water vapor is western North Pacific in
respective to negative EM, associated with the western
Pacific subtropical high (WPSH) retreats eastward and the
East Asian westerly jet (EAWJ) exhibits a northward shift.
However, in respective to positive CE, water vapor generally
comes from the South China Sea, which is associated by the
enhancement and westward advancing of the WPSH and
southward shift of the EAWJ. Meanwhile, the vertical struc-
tures of winds and moisture benefit the seesaw-like pattern
over YHRV. In the pre-1991 epoch, the significant ascending
motion and increased moisture occur over the northern part
of YHRYV, while the opposite features occur in the southern
part, vice versa in the post-1991 epoch.

[25] We propose two possible mechanisms to explain how
preceding winter SST affects Meiyu in the two epochs. In the
pre-1991 epoch, the enhanced precipitation over East China
Sea decreases the downward solar radiation and results in
SST cooling in MAM. An anomalous cyclone forms associ-
ated with the negative SLP anomalies over North Pacific,
resulting in enhanced precipitation, especially over the west-
ern part. Consequently, western cooling center forms over
western North Pacific in JJ, leading to an anticyclone associ-
ated with the increased SLP. Accompanied with this, an

anomalous cyclone with decreased SLP covers East China
Sea. These features favor the same seesaw-like rainfall pat-
tern as the EOF2 spatial distribution. In the post-1991 epoch,
the simultaneous warming is indicated over eastern equato-
rial Pacific and Indian Ocean and cooling exits over the west-
ern North Pacific. Correspondingly, more abundant water
vapor has been transported to southern China while a positive
SLP anomaly covers the northern China, which may also
leads to the seesaw-like rainfall pattern over YHRV.

[26] Recent studies revealed the new variant of the El Nifio
phenomenon, EM El Nifio, which occurs frequently after
1990s [Yeh et al., 2009]. However, our study shows a close
relationship between the Meiyu rainfall and EM before
1991. Why is there a close relationship indicated in the earlier
period? Although the EM El Nifio received more attention
mainly after 1990s, some significant EM La Nifia years can
still be picked out by the EM index before 1991 (e.g. 1983,
1989) [Karori et al., 2013; Ashok et al., 2007]. Moreover,
many studies indicated that the CE El Nifio showed signifi-
cant changes in location although the La Nifia was almost
unchanged [Kug et al., 2009; Ren and Jin, 2011]. In the typ-
ical El Nifio of 1997-1998 [McPhaden, 1999; Picaut et al.,
2002], the Yangtze River Valley suffered a severe flood in
summer. Thus, the significant relationship between Meiyu
rainfall and CE in the post-1991 epoch may be linked with
the El Nifio events, which suggests possible asymmetric
influence exists in El Nifio and La Nifia on Meiyu rainfall
in the decadal changes. Previous studies indicated that the
asymmetry in atmospheric circulation anomalies over west-
ern North Pacific and eastern Asia is caused by the asym-
metric SSTA pattern in the tropical Pacific during the
positive and negative phase of both two types of ENSO
events [e.g., Hoerling et al., 1997; Cai et al., 2010; Wu
et al., 2010a; Weng et al., 2011]. Additionally, the SST-
forced teleconnection has changed worldwide [Hartmann
and Wendler, 2005; Rodriguez-Fonseca et al., 2010].
More recently, Karori et al. [2013] indicated that the rela-
tionship between rainfall over the YHRV and the EM La
Nifia is positive and significant, whereas the relationship
between the rainfall and the EM El Nifio is not. In the case
of the CE, its positive phase has a positive influence, while
there is no significant relationship with the negative phase.

9774



ZHU ET AL.: DECADAL CHANGE OF MEIYU WITH ENSO

40N F

20N 1

60N
40N
20N
EQ : = . .
80E 100E 120E 140E 160E
(c)2500

60N

vvvvv

<c<{ @

s

"Ree < {—~

Nyt

40N

B> s

20N

EQ

EQ

60N ===

40N 1

20N 1

100E

Ay VeeVuy
LR RE RS R

A

< <> 77344
AN Pl
> AAARSKY
Pt Ann <

L
<<
<v
A
A
>
7

>

—

25

Figure 12. Composites of JJ zonal winds (a and b) at 200 hPa (unit: m/s), geopotential height (c and d) at
500 hPa (unit: gpm), (e and f) VIMT (kg (ms) ') in EM La Nifia events in the pre-1991 epoch (Figures 12a,
12¢, and 12¢) and CE El Nifio events in the post-1991 epoch (Figures 12b, 12d, and 12f). The box indicates
the location of YHRV. In Figures 12a—12d, the shaded region denote with the correlation significance at the
95% confidence level. In Figures 12a and 12b, the thick solid line indicate the EAWJ axis in the pre-1991
epoch and the post-1991 epoch, respectively. In Figures 12e and 12f, the shaded regions denote the mold of
vertically integrated vapor flux from surface to 300 hPa above 6 kg (ms)~'.

In contrast, this is opposite for the rainfall over South China.
This maybe a possible explanation for the close relationship
indicated between EM La Niflo and Meiyu rainfall over
YHRYV in the pre-1991 epoch. To reveal the asymmetry of
the relationship, we calculate lines of best fit for the positive
and negative phases of the EM and CE. The difference of the
regional-averaged Meiyu rainfall between south (28°N-31°N)
and north (31°N—34°N) is used to identify the seesaw-like
rainfall. Figure 11 shows scatter plots of the normalized
seesaw-like rainfall anomaly against EM index and Nifio3.
The correlation coefficient of the seesaw-like rainfall over
YHRYV with positive Nifio3 is 0.6, and that with the positive
EM index is —0.03. The correlation of the seesaw-like rainfall
with the negative EM index and Nifio3 is —0.28 and —0.12,
respectively. There is a significant positive relationship be-
tween the seesaw-like rainfall and CE, while it is a weak
negative relationship between the seesaw-like rainfall and
EM. Similar results are indicated by Karori et al. [2013].
Furthermore, composite analysis is used to confirm these find-
ings. Compositions are obtained for the years in which the EM
index and Nifio3 exceed +£0.5 standard deviation. Following
the criteria, significant EM La Nifia events during boreal
winter in the pre-1991 epoch occurred in 1983-1984, 1984—

1985,1985-1986, 1988-1989, while typical El Nifio CE
events occurred in 1993-1994, 1994-1995, and 1997
1998 in the post-1991 epoch, and the monthly means from
June and July of each year are used to calculate the compos-
ite mean anomalies. In the case of EM La Nina events,
significant “+ —” anomalies of zonal winds at 200 hPa are
located over the northern and southern part of EAWJ core
(Figure 12a). This favors the northward movement of the
EAW!I and results in the increasing precipitation over north-
ern regions. For the geopotential height at 500 hPa, significant
decreasing anomalies cover northwestern Pacific (130°E-
160°E, 20°N-35°N, Figure 12c), which leads to eastward
retreat of the WPSH, resulting in decreased precipitation over
southern part of YHRV. This is also in agreement with the re-
sults from Feng et al. [2010a]. For the VIMT (Figure 12¢),
the moisture has been brought to the northern part of China
from western North Pacific, which is in accordance with the
regression result of negative EM index. In the case of CE El
Nifio events, significant “— +” anomalies of zonal winds at
200 hPa are located over the northern and southern part of
EAWI core (Figure 12b). This favors the southward move-
ment of the EAWJ and increases precipitation over southern
part. Enhancement of WPSH brings plentiful moisture to
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southern China from South China Sea (Figure 12f). These cir-
culations tend to induce positive rainfall anomalies in the
southern regions but negative anomalies in the northern part.
Overall, in response to EM La Nifia (pre-1991 epoch) and CE
El Nifio (post-1991 epoch), circulations as winds and water
vapor favor the seesaw-like rainfall pattern. However, in the
EM EI Niflo (pre-1991 epoch) and CE La Nifia (post-1991
epoch), no significant circulations have been found in the
compositions (figure not shown), especially for the EAWJ
and water vapor.

[27] In this study, we find the Meiyu anomalies have a sig-
nificant decadal shift around 1991 and are associated with
EM (negative phase) and CE (positive phase) during differ-
ent periods only based on diagnostic analysis. The related
numerical simulation and dynamical analysis should be car-
ried out in the future.
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