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Abstract The relationship between the tropical Indian
Ocean (TIO) and East Asian summer monsoon/precipita-
tion has been documented in many studies. However, the
precursor signals of summer precipitation in the TIO sea
surface temperature (SST), which is important for climate
prediction, have drawn little attention. This study identi-
fied a strong relationship between early-spring TIO SST
and subsequent early-summer precipitation in Northeast
China (NEC) since the late 1980s. For 1961-1986, the
correlations between early-spring TIO SST and early-
summer NEC precipitation were statistically insignificant;
for 1989-2014, they were positively significant. Since the
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late 1980s, the early-spring positive TIO SST anomaly was
generally followed by a significant anomalous anticyclone
over Japan; that facilitated anomalous southerly winds over
NEC, conveying more moisture from the North Pacific.
Further analysis indicated that an early TIO SST anomaly
showed robust persistence into early summer. However,
the early-summer TIO SST anomaly displayed a more sig-
nificant influence on simultaneous atmospheric circulation
and further affected NEC precipitation since the late 1980s.
In 1989-2014, the early-summer Hadley and Ferrell cell
anomalies associated with simultaneous TIO SST anomaly
were much more significant and extended further north to
mid-latitudes, which provided a dynamic foundation for the
TIO-mid-latitude connection. Correspondingly, the TIO
SST anomaly could lead to significant divergence anoma-
lies over the Mediterranean. The advections of vorticity by
the divergent component of the flow effectively acted as a
Rossby wave source. Thus, an apparent Rossby wave origi-
nated from the Mediterranean and propagated east to East
Asia; that further influenced the NEC precipitation through
modulation to the atmospheric circulation (e.g., surface
wind, moisture, vertical motion).

Keywords Tropical Indian Ocean - Northeast China’s
summer precipitation - Interdecadal shift - Interannual
relationship

1 Introduction

The Indian Ocean is the world’s third-largest ocean. The
tropical Indian Ocean (TIO) is connected to the largest
warm pool on earth, and it makes an important contribu-
tion to climatic changes in situ and surrounding regions via
its interaction with the atmosphere (e.g., Annamalai et al.
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2005; Li et al. 2006; Zhou 2011). Recent studies have indi-
cated a greater influence of the TIO on climate variability
than had previously been supposed (Schott et al. 2009).

Bounded to the north by Asia, the TIO is a major source
of moisture and energy for Asian monsoon regions; thus, it
exerts a substantial impact on East Asian climate (Li and
Mu 2001; Xu and Fan 2012, 2014; Jiang et al. 2013; Tian
and Fan 2013). Peng (2012) demonstrated that warming
anomalies in the eastern TIO lead to intensification of the
perturbation in the Southern Branch Trough and enhance-
ment of moisture transportation, and then the winter pre-
cipitation increases in southern China. Wang and Chen
(2012) determined that atmospheric water vapor through-
out the summer in southeastern China primarily derives
from the TIO.

The basin-wide warming pattern is the leading mode
in the TIO, which is closely linked to the Asian climate—
especially East Asian summer precipitation (Luo et al.
1985; Yan and Xiao 2000; Yuan and Zheng 2004; Chen
et al. 2010; Cheng and Jia 2014; He 2015). Yang et al.
(2007b) considered the significant increasing sea sur-
face temperature (SST) trend of the Indian Ocean basin
to be one reason for the weakening of the Asian summer
monsoon circulation and southward shift of the summer
rain band in China. Studies have revealed the influence
of the SST anomaly in the TIO on the South Asian high
(SAH) (e.g., Yang et al. 2007a; Li et al. 2008). Analyses
of observations and atmospheric general circulation mod-
els have indicated that a warm Kelvin wave anomaly led by
warming anomaly in the TIO is vital to the formation of
the anomalous anticyclone over the subtropical Northwest
Pacific which results in an increased Meiyu-Baiu precipi-
tation over East Asia (Xie et al. 2009) as well as above-
normal summer surface air temperature in south China and
below-normal summer surface air temperature in north-
east China (Hu et al. 2011). Yang et al. (2009) suggested
that the warming SST anomalies in the TIO could induce
a new atmospheric heating source in South Asia through
a positive feedback and then generate significant circum-
global teleconnection over the mid-latitude of the Northern
Hemisphere.

Recently, increasing attention has been paid to the dec-
adal variability in the SST signals in the East Asian circu-
lation (Wang and He 2012; He and Wang 2013a; He et al.
2013; Wang et al. 2013a, b; Fan et al. 2016; Li et al. 2017).
Based on both observations and numerical simulations, Xie
et al. (2010) investigated the strengthening of the TIO tele-
connection with the Northwest Pacific since the mid-1970s,
and they attributed the interdecadal change to the enhance-
ment of the TIO SST variability in summer. The enhanced
impact of the TIO on the SAH since the late-1970s has
been confirmed by Qu and Huang (2012). The authors
proposed that the change in the locations of the TIO SST
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anomalies and the changes in the mean SST and its varia-
bility jointly produce the distinct responses of tropospheric
temperature, which accounts for the strengthening of the
TIO’s influence on the SAH. Yang et al. (2015) noted that
the previous winter and spring SST anomaly in the TIO has
exerted an intensified effect on the subsequent May precipi-
tation in eastern Northwest China since the mid-1970s.

Located in the middle and high latitudes, Northeast
China (NEC) is a major breadbasket of China. Precipita-
tion variability in the NEC has a great impact on food pro-
duction, people’s lives, and social development. Recent
studies have revealed that summer precipitation in NEC is
influenced by atmospheric circulation anomalies over high
latitudes (Han et al. 2015; Wang and He 2015) as well as
over tropical oceans (Feng et al. 2006; Zhou and Wang
2014). The TIO SST anomaly is a predominant contribu-
tor to summer climate predictability over the Northwest
Pacific and East Asia (Wang et al. 2013a, b; Chowdary
et al. 2011; Yang et al. 2015); interdecadal changes in the
ocean—atmosphere connection have been detected in many
previous studies (He and Wang 2013b; Li et al. 2014a,
b, 2015). Accordingly, in the present study, we aimed to
investigate potential instability in the relationship between
the preceding SST in the TIO and summer precipitation
over NEC on the interannual time scale. We also examined
the related mechanisms.

The rest of the paper is organized as follows. Section 2
describes the data sets and methods used in this study. Sec-
tion 3 investigates the strengthened relationship between
the early-spring SST in the TIO and precipitation in the
following early summer in NEC. Conclusions appear in
Sect. 4.

2 Data and methods

The monthly atmospheric reanalysis data set used in this
study is the National Center for Environmental Prediction/
National Center for Atmospheric Research global atmos-
pheric reanalysis data set for 1948—2015 at a resolution of
2.5° x 2.5° (Kalnay et al. 1996). The monthly mean SST
data set on a 1.0° x 1.0° latitude-longitude grid is derived
from the Met Office Hadley Center for 1870-2015 (Rayner
et al. 2003). An advanced monthly gridded precipitation
observation data set over China (CNO05.1; Wu and Gao
2013), is also used in the study. The CNOS5.1 data set is
constructed based on information from over 2400 observa-
tion stations in China; it has a relatively high resolution of
0.5° x 0.5° for 1961-2014. That data set has been widely
used in the regional climate changes and the high-resolu-
tion climate model validation (Wu et al. 2015; Zhou et al.
2016; Wang et al. 2017), which can also ensures the robust-
ness of the precipitation anomaly related to the Indian
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Ocean SST anomaly. The common time period for this
study was from 1961 to 2014.

NEC is defined as the region in China north of 38°N and
east of 115°E. Since the interannual variability in NEC pre-
cipitation shows consistent changes in May and June (fig-
ures not shown), this study focused on early-summer pre-
cipitation in that region.

To emphasize interannual variability, all data were fil-
tered using the Butterworth 11-year high-pass filter before
analysis. We defined the NEC precipitation (NECP) index
as the normalized interannual component of area-aver-
aged precipitation during early summer in NEC using the
CNO5.1 dataset. In this study, early spring refers to the
mean for March and April (MA), and early summer is the
average for May and June (MJ). We used Student’s ¢ test
to detect the significance in the regression and correlation
analyses.

3 Results

3.1 Strengthened relationship between early-spring
SST and NECP

We observed that a barely significant relationship existed
between early-summer NECP and the early-spring TIO
SST, as implied by previous studies on the relationship
between the spring SST anomalies in the TIO and summer
precipitation in China (Zhou and Wang 2006; Jiang et al.
2009). To detect whether there exists instability in that
relationship, we present in Fig. 1 the sliding correlation
between the early-summer NECP index and the previous
early-spring SST in the TIO. Since the sliding window is
21 years, the central year is 1971 for the period 1961-1981,
for example. A positive correlation begins to appear in the
northern TIO in the late 1980s. With time, that positive
correlation expands southward and dominates the southern
TIO after the 2000s. Figure 1 suggests that an apparently
strengthened connection exists between the early-spring
SST in the TIO and early-summer NECP after the late
1980s.

To facilitate our analysis, we defined the MA SST_
Indian index as the normalized area-averaged SST during
the early spring in the TIO (0°-30°S, 45°-120°E). The
time series for the NECP index (blue solid line) and MA
SST_Indian index (red dashed line) appear in Fig. 2a. It is
notable that the co-variability between the two indexes is
not highly consistently in-phase during the entire period.
The co-variability is more apparent after the late 1980s.
To illustrate this, we calculated the 21-year-sliding corre-
lations between the two indexes. As shown in Fig. 2b, no
significant correlations are observed before the late 1980s
(R=0.02; not significant). By contrast, significant positive

correlations are detected after the late 1980s (R=0.50;
above 99% confidence interval), implying that the MA
SST_Indian might have had an enhanced influence on
NECP after the late 1980s. To validate the decadal change
in the interannual relationship between the MA SST_Indian
and NECP, we take two sub-periods based on Fig. 2: P1
(1961-1986) and P2 (1989-2014), each period consisting
of 26 years. We then examined the spatial distributions of
the correlation coefficients between the preceding early-
spring SST anomaly in the TIO and the NECP index for
the two sub-periods. During P1, the correlations do not
show any areas of significance in the TIO (Fig. 3a); how-
ever, during P2, significant positive correlations are located
in the TIO, especially in the southern portion (Fig. 3b).
Additionally, El Nifio—Southern Oscillation (ENSO) has
been considered as the most striking interannual climate
variability over Pacific. When the linear influence of ENSO
has been removed, such decadal strengthening of the rela-
tionship between the early-spring SST anomaly in the TIO
and the subsequent early-summer precipitation in NEC is
replicated (figure not shown), indicating that the impact of
the preceding early-spring SST anomaly in the TIO on the
NECEP is robust. These results confirm that the early-spring
SST in the TIO is a potential driver for the interannual
variability in the subsequent early-summer precipitation in
NEC after the late 1980s.

3.2 Associated atmospheric circulation anomalies

To better understand the strengthened impact of the previ-
ous early-spring TIO on the NEC precipitation in the early
summer after the late-1980s, we examined in this section
the associated atmospheric circulation anomalies. Figure 4
displays the features of the lower-level horizontal wind
anomalies during early summer associated with the MA
SST_Indian and NECP indexes for the two sub-periods.
During P1, warming SST anomalies in the TIO correspond
to a significant anomalous anticyclone and cyclone over,
respectively, the tropical western Pacific and regions south
to Japan (Fig. 4a). No significant wind anomalies occur
over NEC. To provide some details about the atmospheric
circulation associated with the early-summer precipitation
anomaly in NEC, we presented in Fig. 4c the surface wind
anomaly regressed on the simultaneous NECP index. When
the early-summer precipitation shows a positive anomaly,
the occurrence of the anticyclonic-cyclonic-anticyclonic
wind anomaly patterns can be observed longitudinally from
the Sea of Okhotsk to the equatorial western Pacific. The
anomalous southerly extends along East China and the
anomalous southeasterly prevails over NEC. It signifies
that the above-normal early-summer NECP is generally
companied with anomalous southwesterly or southeasterly
flows over NEC during P1. However, the early-summer
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Fig. 1 Sliding correlations between the previous early-spring SST
in the tropical Indian Ocean (TIO) and the early-summer precipita-
tion in NEC (the NECP index). The sliding window is 21 years with
1-year interval. The year of each panel indicates the central year of

wind anomalies following the MA TIO SST anomalies
are mainly confined to the western North Pacific. Conse-
quently, the MA SST_Indian-associated horizontal wind
anomalies have little influence on the early-summer pre-
cipitation in NEC.

By contrast, dramatic changes occur after the late
1980s. During P2, warming MA SST anomalies in the
TIO are followed by anomalous anticyclonic wind fields
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the window. Dark (light shadings ) indicate values that significantly
exceeded the 95% (90%) confidence level, estimated using Student’s

1 test

over northern Europe and anomalous cyclonic wind fields
over the northern Baikal region (Fig. 4b). The westerly
anomalies over the Baikal region facilitate the transpor-
tation of water vapor and cold air from inland areas east-
ward into NEC. Additionally, an abnormal anticyclone is
located over the Northwest Pacific, along with anomalous
southerlies in the west flank of that anticyclone conveying
warm moist air into NEC. The zonally oriented anomalous
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Fig. 2 a Time series of the normalized NECP (blue solid line) and
MA SST_Indian (red dashed line) indexes for 1961-2014. b The

21-year-sliding correlation coefficients between the two indexes.

Fig. 3 Geographic distribution
of the correlation coefficients
between the previous early-
spring SST in the TIO and the
NECP index for a 1961-1986
and b 1989-2014. Dark (light
shadings) indicate values that
significantly exceeded the 95%
(90%) confidence level, esti-
mated using Student’s ¢ test

Fig. 4 Linear regression
pattern of the early-summer
horizontal wind at 850 hPa
(UV850, unit: m s_l) against
the MA SST_Indian index for a
1961-1986 and b 1989-2014.
¢, d As in (a, b) but with the
NECP index. Dark (light) shad-
ings indicate values that signifi-
cantly exceeded the 95% (90%)
confidence level, estimated
using Student’s 7 test

anticyclone-cyclone-anticyclone pattern located in Europe,
the Baikal region, and Northwest Pacific exhibits a wave-
like character. It is notable that an intensified cyclone
occupies the northern TIO during P2, suggesting a poten-
tial air-sea interaction over the TIO. Significant southerlies
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northwest to that cyclone extend northwestward to Europe,
indicating that the TIO can affect the atmospheric circula-
tion over Europe during the latter sub-period. Interestingly,
the horizontal wind anomalies concurrent with the early-
summer NECP agree well with those associated with the
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MA TIO SST anomaly (Fig. 4d); this implies a possible
effect of the MA TIO SST anomaly on the early-summer
NECP.

Moisture flux is of great importance for precipi-
tation processes (Li et al. 2011, 2012). Li and Zhou
(2012) noted a significant relationship between the sum-
mer moisture circulation over East Asia—western North
Pacific and SST anomalies in the Indian Ocean. Previ-
ous studies also showed that the tropical Indian Ocean
and South China Sea are major water vapor sources for
summer precipitation in East China (e.g., Li et al. 2014a,
b; Sun and Wang 2015). Hence, the TIO SST-associated
moisture conditions are explored in this section. During
P1, the positive MA SST_Indian index features an anom-
alous moisture divergence centered over the subtropical
western Pacific and an anomalous convergence of mois-
ture centered over the Arabian Sea (Fig. 5a). The strong
easterly over the tropical western Pacific transports warm
wet currents across the maritime continent to the Bay of
Bengal, and turns into southwesterly over south to Tibet
Plateau. The anomalous southwesterly flow transports
moisture from South China Sea and the Bay of Bengal
to South China and the Yangtze River valley, instead of
northward to NEC. Therefore, the moisture flux anoma-
lies are tiny over NEC, and the lower-level specific
humidity anomalies are insignificant over NEC (Fig. 5c).
During P2, the moisture divergence over the subtropi-
cal western Pacific shifts westward and dominates the

Fig. 5 Linear regression pat- (a) 1961-1986

MA SST_Indian & Moisture

Philippines, and the convergence over the Arabian Sea
becomes amplified (Fig. 5b). The anomalous easterly
over the maritime continent becomes intensified, trans-
porting water vapor from the tropical western Pacific
westward to Indian. Anomalous southeasterly at the north
flank of the moisture convergence turns into westerly and
southwesterly that carry moisture to eastern China. In
addition, there is an anomalous divergence of moisture
over Japan, which is not present during P1. The periph-
eral southerly flow conveys water vapor deriving from the
western North Pacific and invades NEC across the south-
ern boundary, which is favorable for the increased spe-
cific humidity over NEC, especially over the western and
southeastern regions (Fig. 5d). Those results indicate that
the early-summer moisture anomalies that follow the MA
TIO SST anomaly are more favorable for the NECP dur-
ing P2 than in P1.

To illustrate the anomalous dynamic process associated
with the early-summer NEC precipitation anomaly, Fig. 6
presents the vertical movement cross section along 47.5°N
during the early summer associated with the MA SST_
Indian index. We selected 47.5°N because that latitude
is at the midpoint of the meridional orientation in NEC
(38°-55°N). During P1, in response to anomalous MA
SST warming in the TIO, the anomalous upward motion
is statistically insignificant over NEC in early summer
(Fig. 6a). However, during P2, the anomalous ascending
movement becomes intensified and statistically significant;
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the strongest values are located over central NEC (Fig. 6b).
Enhanced upward motion and increased moisture content
are conducive to the formation of a wet climate.

3.3 Possible mechanisms

SST anomalies show good seasonal persistence because of
oceanic “memory”. To examine the potential persistence of
the MA TIO SST anomaly, a May—June (MJ) SST_Indian
index is defined as the normalized area-averaged SST dur-
ing early summer in the region—as we did with the MA
SST_Indian index. Figure 7a illustrates the time series
of the MA and MJ SST_Indian indexes. The two indexes

Fig. 6 Vertical-horizontal cross (a) 1961-1986

along 47.5°N section

have consistently in-phase variabilities over the entire
period (Fig. 7a), with a correlation coefficient of 0.84. The
21-year-sliding correlations between the MA and MJ SST_
Indian indexes imply the strong persistence of SST anoma-
lies in the TIO from early spring to early summer (Fig. 7b).
Therefore, we speculate that the intensified connection
between the early-spring TIO and early-summer NECP
may be attributed to the decadal change in the simultaneous
relationship between the TIO and NECP. To validate that
speculation, we further investigate the relationship between
the NECP and MJ SST_Indian indexes. It suggests that the
NECP and MJ SST_Indian indexes do not appear to be con-
sistently correlated (Fig. 8a): the correlation coefficient is

(b) 1989-2014 along 47.5°N section
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21-year-sliding correlation coefficients between the two indexes. Hor-

izontal black solid lines denote the 90 and 95% confidence levels esti-
mated using Student’s 7 test
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about 0.22 for 1961-2014, which is barely statistically sig-
nificant. After inspecting their sliding correlation, we find
that the correlation coefficients are hardly significant before
the late 1980s, as expected; however, they become statisti-
cally significant after that (Fig. 8b). The temporal evolution
of the MJ SST_Indian index with NECP is consistent with
that of the MA SST_Indian index, which primarily sup-
ports our speculation. These results indicate that the SST
anomalies in the TIO can be well maintained from early
spring into early summer; however, the MJ SST_Indian dis-
plays an intensified linkage to the simultaneous precipita-
tion in NEC after the late 1980s. Therefore, the preceding
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Fig. 9 Linear regression pattern of the early-summer zonal mean
mass stream function (unit: 10° kg s™!) with regard to the MJ SST_
Indian index for a 1961-1986 and b 1989-2014. Dark (light) shad-
ings indicate values that significantly exceeded the 95% (90%) confi-
dence level, estimated using Student’s ¢ test

Fig. 10 Lag correlations

(a) MA SST_Indian & Hadley Cell

early-spring SST_Indian exerts an enhanced impact on pre-
cipitation in early summer in NEC after the late 1980s.

A relevant question arises: what accounts for the dec-
adal strengthening of the MJ SST_Indian—-NECP relation-
ship? The meridional cells are of great importance for the
exchanges of mass, heat, and momentum between the trop-
ics and mid- to- high-latitudes. Figure 9 displays the linear
regression of the zonal mean mass stream function during
the early summer with regard to the MJ SST_Indian index
in the two sub-periods. During P1, the MJ SST_Indian
index is concurrent with significant Hadley cells. The
northern Ferrell cell is detected to a lesser extent. By con-
trast, during P2, the northern Hadley cell is quantitatively
larger and spatially broader. Notably, the northern Ferrell
cell becomes significant and expands poleward. However,
some previous studies have revealed the preceding impacts
of the spring Hadley circulation (HC) on the SST anoma-
lies in the Indian Ocean (Zhou 2012; Zhou and Cui 2008).
In order to further examine the interaction between SST
anomalies in the TIO and the Hadley cell, the lead—lag
correlations between the HC and MA SST_Indian are also
calculated. We used the maximum positive value of the
interannual zonal mean stream function occurring within
the latitudinal zone of 0°-30°N to depict the intensity of
the northern Hadley circulation (Zhou and Wang 2006). As
can be seen in Fig. 10a, during P1, the significant correla-
tion of the MA SST_Indian index with the HC index occurs
from April, and peaks till June when MA SST_Indian
leads HC by about 2-3 months. The correlations are insig-
nificant in other months. For 1989-2014, their correlation
becomes significant in January, but decreases after that,
and then peaks in May when the MA SST_Indian leads HC
by about 1-2 months, and then weakens (Fig. 10b). These
results suggest that on the interannual time scale, the main
physical process of the air-sea interaction over this region
is the oceanic forcing to the atmosphere for the two sub-
periods. The MJ SST_Indian may have an enhanced effect
on atmospheric circulation over the mid-latitudes of Eura-
sia through the northern cell circulations; this situation
favors the connection between the tropical and mid-latitude
systems.
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It should be noted that Fig. 9 provides some evidence for
the dynamic mechanism for the interdecadal change in the
connection between the TIO SST and mid-latitudes. How-
ever, the specific dynamic process as to how the TIO SST
affects the NEC precipitation is still unavailable because
the stream function is zonally averaged owing to the con-
sideration of mass conservation. Toward providing specific
details, Fig. 11 illustrates the features of the anomalous
velocity potential and divergent winds in the lower and
upper troposphere related to the MJ SST_Indian index.
During P1, when warming SST anomalies occur, two
respective divergent centers appear over the Arabian Sea
and the tropical western Pacific in the lower troposphere
(Fig. 11b); an anomalous convergent center is situated over
the subtropical Southwest Pacific in the upper troposphere
(Fig. 11a). Correspondingly, anomalous anticyclonic wind
field and moisture divergence are apparent over the sub-
tropical western Pacific (Figs. 4a, 5a). Meanwhile, anom-
alous upward movement is evident over the southwestern
TIO (Fig. 12a). The anomalous descending and ascending

motion anomalies are also observed, respectively, over the
ocean east to the Philippines and the ocean south to Japan
(Fig. 12a). Those results are consistent with the meridional
dipolar wind anomalies over the western Pacific associated
with the MA SST_Indian index (Fig. 4a). During P2, both
the lower-level divergence and upper-level convergence
over the western Pacific become more intense (maximum
value increases) and expand poleward (Fig. 11c, d). Those
results are in accordance with the occurrence of anoma-
lous anticyclonic wind field and moisture divergence over
the Northwest Pacific after the late 1980s (Figs. 4b, 5b).
Notably, anomalous low-level convergence and upper-level
divergence are dominant over the region stretching from
the TIO to the northern Europe. Accordingly, during P2,
anomalous upward movement dominates the TIO and the
Mediterranean, together with downward motion prevailing
over the tropical Western Pacific (Fig. 12b).

It has been suggested that heating anomalies in the TIO
could lead to divergent flow over the Mediterranean in the
upper troposphere (Chen and Huang 2012). Furthermore,

Fig. 11 Linear regression pat-
tern of the early-summer veloc-
ity potential (unit: 107 m? s™")
at 700 and 250 hPa with regard
to the MJ SST_Indian index for
a, b 1961-1986 and ¢, d 1989—
2014. Vectors indicate divergent
wind component (unit: m s™!)
and are significant at the 90%
confidence level, as estimated
using Student’s ¢ test. Dark
(light) shadings indicate values
that significantly exceeded the
95% (90%) confidence level,
estimated using Student’s 7 test

Fig. 12 Linear regression

pattern of the early-summer 60N
vertical velocity at 500 hPa
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the advections of vorticity by the divergent component
of the flow act as an effective Rossby wave source (Sard-
eshmukh and Hoskins 1988). From this perspective, it is
possible that the TIO SST anomaly could induce an east-
ward propagating Rossby wave in P2, though it fails to
do so in P1. This is evident in Fig. 13, which displays
the linear regression pattern of the 300-hPa quasi-geos-
trophic stream function and the related wave activity flux
(WAF) with regard to the MJ SST_Indian index during
the two sub-periods. The WAF is computed according to
Plumb’s formulation (Plumb 1985), and it can describe
the propagation of stationary Rossby waves. Associated
with warming MJ SST_Indian anomalies during P2, an
apparent eastward propagation of a Rossby wave is vis-
ible over the mid-latitudes of Eurasia; having originated
in the Mediterranean Sea, it then diffused into Northeast
Asia (Fig. 13b, vectors). This wave pattern could also be
recognized in the associated stream function anomaly
field. The alternative occurrence of negative-positive-
negative-positive anomalies exhibits a wave-like pat-
tern, extending from Eurasia eastward toward to the Sea
of Okhotsk (Fig. 13b, contours). However, during P1, no
evident wavelike pattern occurs over the mid-latitudes of
Eurasia in the upper troposphere (Fig. 13a).

(2)1961-1986

MJ SST_lIndian & WAF300
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Fig. 13 Regression maps of the early-summer wave activity flux
(vectors, unit: m? s™2) and quasi-geostrophic stream function (con-
tours, unit: 10° m? s_l) at 300 hPa with regard to the MJ SST_Indian
index for a 1961-1986 and b 1989-2014. Dark (light) shadings indi-
cate values that significantly exceeded the 95% (90%) confidence
level, estimated using Student’s # test
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4 Conclusions

This study investigates temporal variations in the con-
nection between the early-spring TIO SST with the early-
summer NECP for 1961-2014. We observed a dramatically
different correlation distribution in the TIO. The TIO SST
anomaly in early spring shows a significant positive cor-
relation with NEC precipitation in early summer during
1989-2014. However, for 1961-1986, the correlation is
statistically insignificant. Further analysis indicates that the
early-spring positive TIO SST anomaly for 1989-2014 is
generally followed by a significant anomalous anticyclone
over Japan, which favors anomalous southerly wind over
NEC and brings more water vapor from the North Pacific.

The SST anomalies in the TIO are well maintained
from early spring to early summer throughout the entire
period. After the late-1980s, the north Hadley and Ferrell
cells associated with the TIO SST anomaly become more
significant and extend northward to mid-latitudes; thereby,
the TIO SST anomaly may have exerted an enhanced influ-
ence on atmospheric circulation over the mid-latitudes
of Eurasia. Correspondingly, the associated divergence
anomaly over the western Pacific becomes intensified and
expands poleward, which induce the occurrence of anom-
alous wind fields and moisture fluxes over the Northwest
Pacific after the late 1980s (Figs. 4b, 5b). Additionally, the
TIO SST anomaly can also have led to a significant diver-
gence anomaly over the Mediterranean. The advection of
vorticity by the divergent component of the flow induces an
effective Rossby wave source (Sardeshmukh and Hoskins
1988). Thus, a significant Rossby wave originates from the
Mediterranean and propagates eastward to East Asia; that
leads to anomalous atmospheric circulation over the mid-
latitudes of Eurasia, which then produces the precipitation
anomaly over NEC.

The precursor of East Asian (including China) summer
precipitation in the tropic ocean has been explored by many
previous studies (Yuan et al. 2008a, b; Feng et al. 2011;
Chen et al. 2012). Yuan et al. (2008a) found that the Indian
Ocean Dipole mode impacts the onset and activities of the
South China Sea summer monsoon in the following year
via influencing the anomalous South Asian High and sub-
tropical high over the western Pacific. Additionally, Yuan
et al. (2008b) investigated the impacts of the basin-scale
Indian Ocean SST anomaly on the South China Sea sum-
mer monsoon onset. They proposed that the spring warm-
ing (cooling) SST anomalies in the Indian Ocean contribute
to a later (an earlier) South China Sea summer monsoon
through an intensified (a weakened) Philippines Sea anti-
cyclone. The intensification and location of the anticyclone
also result in summer precipitation anomalies in China via
anomalous moisture transport and subtropical high activ-
ity, which has been reported by Feng et al. (2011). These
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studies imply that the Indian Ocean SST might be a useful
predictor for the East Asian summer precipitation. In our
study, it is revealed that the relationship between the early-
spring TIO SST and the early-summer NECP is unstable.
It means that such changes should be taken into account in
the climate prediction. Additionally, the result in this study
is mainly based on observations and diagnostic analysis,
and modelling studies are required to further explore the
physical dynamics.
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