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An extreme northward displacement of the western Pacific subtropical high (WPSH) was
detected during the boreal mid-late summer (July-August) of 2018, bringing record-
breaking heat waves over northern East Asia. Negative sea surface temperature (SST)
anomalies in the northern India Ocean (NIO) are usually accompanied with a northward
shift of the WPSH. However, no prominent NIO SST anomalies were observed during the
2018 boreal summer. It is found that this extreme northward-shifted WPSH event is largely
attributed to the accumulated effect of intra-seasonal oscillation (ISO) convection
anomalies over the tropical western North Pacific (WNP). The accumulated effect on
the WPSH meridional location is further supported by their significant correlation based on
the data since 1979. While the relationship between the NIO SST anomalies and WPSH
meridional location has substantially weakened since the late 1990s, the accumulated
effect of the tropical WNP ISO convections keeps playing a crucial role in modulating the
WPSH meridional displacement. The active WNP ISO activities can stimulates a poleward
propagating Rossby wave train, which favors a northward shift of the WPSH. Our results
suggest that the accumulated effect of the tropical WNP ISO convections should be
considered when predicting the WPSH during the boreal mid-late summer season.
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INTRODUCTION

As a crucial component of the East Asian summer monsoon circulation system (Rodwell and
Hoskins, 2001), the western Pacific subtropical high (WPSH) has pronounced climate impacts over
East Asia (e.g., Tao and Xu, 1962; Huang, 1963; Lau and Li, 1984; Tao and Chen, 1987; Ding, 1994;
Zhao and Chen, 1995). The strength, shape, zonal and meridional displacements of the WPSH is
closely associated with the intensity and distribution of precipitation and temperature over China
(e.g., Tao and Zhu, 1964; Tao and Chen, 1987; Chang et al., 2000a; Chang et al., 2000b; Zhou and Yu,
2005). For example, when the WPSH strengthens and extends westward, abundant warm and moist
air is brought from tropical seas to the land, which increases the precipitation over eastern China. On
the contrary, a weak and eastward shifted WPSH generally leads to less precipitation there (e.g.,
Akiyama, 1973; Tao and Chen, 1987; Kodama, 1992; Chang, 2004;Wang et al., 2009; Fan et al., 2013).
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The WPSH has prominent sub-seasonal variability with
significant meridional movements. In general, the WPSH
locates over the South China Sea from late-March to May, and
then jumps northward to about 22°N around mid-June, resulting
in the onset of plum rain (or Meiyu in China) over the middle-
lower reaches of Yangtze River. After mid-July, the WPSH jumps
northward again with its center around 30°N, leading to the end
of plum rain and the onset of rainy season in northern China (e.g.,
Chen and Chang, 1980; Tao and Chen, 1987; Wang, 2002; Ding
and Chan, 2005; Ninomiya and Shibagaki, 2007; Sampe and Xie,
2010).

The WPSH exhibits significant interannual and interdecadal
variabilities, and great efforts have been devoted to investigate the
possible mechanisms (e.g., Tao and Chen, 1987; Lu, 2001; Chung
et al., 2011; Xu et al., 2015; Wang et al., 2017). On the interannual
timescale, the variability of the WPSH is closely linked to the
climate variability over the tropics. In particular, El Niño-
Southern Oscillation (ENSO), the most prominent year-to-year
climate fluctuation, exerts remarkable influence on the WPSH.
During El Niño developing summers, the warm sea surface
temperature (SST) anomalies in the central-eastern tropical
Pacific can trigger an anomalous cyclonic circulation over the
western North Pacific (WNP) (Wang and Zhang, 2002), and
weaken the WPSH. In the subsequent autumn, an anomalous
anticyclonic circulation forms and develops and can persist to the
next summer via the local air-sea interaction (Wang et al., 2000;
Wang and Zhang, 2002), the Indian Ocean (IO) capacitor effect
(e.g., Xie et al., 2009), and the Combination-mode dynamics (e.g.,
Stuecker et al., 2015; Zhang et al., 2015; Zhang et al., 2016).
Correspondingly, theWPSH tends to be intensified andmaintains
over the WNP during the El Niño decaying summer. On the
decadal timescales, it is proposed that the WPSH experienced a
prominent decadal change during the late 1970s (Gong and Ho,
2002). For example, the WPSH tends to be stronger and shifts
southwestward due to the enhanced heating of the Indo-Pacific
warm pool (Zhou et al., 2009). However, these arguments were
challenged by other studies (e.g., He et al., 2015; Wu and Wang,
2015). They show that this decadal change cannot be observed
when measuring the WPSH using dynamic factors such as
vorticity, and the so-called decadal westward extension of the
WPSH could be a manifestation of global warming.

Northern East Asia witnessed record-breaking heat waves
during the 2018 boreal mid-late summer (July-August). The
“2018 China Climate Bulletin”, released by the China
Meteorological Administration (CMA), shows that the average
temperature from July to August in northeastern China was
25.1 °C, 1.3 °C higher than normal, which recorded the highest
temperature since 1961. 47 stations there experienced a record-
breaking daily maximum temperature. It has been reported that
these extreme heat waves are closely associated with the
maintenance of the extreme northward-shifted WPSH (Ding
et al., 2019; see Figure 1). This unexceptional phenomenon
reminds us that investigations on the possible mechanisms for
the WPSH meridional movement is of great importance for
future prediction of the WPSH and associated summer heat
waves. However, compared with the variability of WPSH
intensity, little attention has been paid to investigate the

variability and mechanisms of the WPSH meridional locations.
Early studies proposed that the tropical WNP convection
anomalies can modulate the WPSH meridional
displacement through the Pacific-Japan (PJ) or the East
Asia–Pacific pattern (Nitta, 1987; Huang and Li, 1987),
which is featured by an atmospheric teleconnection with
two centers respectively over the tropical WNP and mid-
latitudinal region (Kosaka and Nakamura, 2006; Kosaka
et al., 2011). The atmospheric circulation anomalies during
2018 mid-late summer also resembles the PJ teleconnection
pattern (Figures 1A), which suggests a possible linkage
between the extreme northward shift and the anomalous PJ
pattern. The previous studies have shown that the PJ pattern is
significantly correlated with ENSO in preceding winter (e.g.,
Xie et al., 2009; Kosaka et al., 2011; Kosaka et al., 2013). The El
Niño-induced delayed warming in the tropical Indian Ocean
anchors the WNP anticyclone through exciting an
atmospheric Kelvin wave in the WNP, which comprises the
tropical lobe of the PJ pattern (Xie et al., 2009). However, the
observation shows a weak La Niña event in the preceding 2017/
2018 winter. And the northern Indian Ocean (NIO) did not
show prominent SST anomalies during 2018 summer. Thus, it
seems that this weak La Niña event or the NIO SST anomalies
is not the primary reason for the WPSH extreme northward
displacement in 2018 boreal mid-late summer. One latest
research suggested this heatwave event can be largely
contributed by the abnormally enhanced Madden-Julian
Oscillation (MJO; Madden and Julian, 1971) convections
over the tropical WNP (Hsu et al., 2020).

It is compelling to expect that the western Pacific intra-
seasonal oscillation (ISO) may have impacts on the
meridional displacement of the WPSH, since it acts as a
key factor for the extreme northward shift of the WPSH in
2018. We in this paper find that, on the interannual timescale,
both the NIO SST anomalies and the accumulated effect of
ISO convection anomalies over the tropical WNP play
important roles in modifying the WPSH north-south
location. While the contribution of the NIO SST anomalies
has substantially weakened since the late 1990s, the
accumulated effect of ISO convection anomalies exert a
stable impact on the WPSH meridional displacement. The
remainder of this paper is organized as follows. Data and
Methodology introduces data, methodology and several
definitions of climate indices. The interannual variability of
the WPSH meridional displacement and the associated SST
and convection anomalies are described in Interannual
Variability of the WPSH Meridional Displacement and Its
Related Ocean-Atmospheric Features. In Importance of Two
Factors on the WPSH Meridional Location, an empirical
model is established to forecast the WPSH meridional
location based on the NIO SST anomalies and the
accumulated intra-seasonal OLR (Accu-ISO) index defined
to measure the accumulated effect of ISO convection
anomalies. We also investigate the decadal change in
relationship of the WPSH meridional movement with these
two key factors. Finally, discussions and major conclusions
are illustrated in Summary and Discussion.
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DATA AND METHODOLOGY

In this study, the monthly and daily mean atmospheric reanalysis
datasets derived from the National Centers for the Environmental
Prediction-Department of Energy (NCEP–DOE) Atmospheric
Model Intercomparison Project-II reanalysis datasets (Kanamitsu
et al., 2002) are utilized. The horizontal resolution is 2.5° × 2.5°.
The global monthly SST anomalies are investigated based on the
National Oceanic and Atmospheric Administration (NOAA)
Extended Reconstructed SST analysis, version 5 (ERSSTv5,
Huang et al., 2017) with the resolution of 2° × 2°. The
interpolated daily mean outgoing longwave radiation (OLR)
data on 2.5° × 2.5° grids are provided by the NOAA
(Liebmann and Smith, 1996). The precipitation data on 2.5° ×
2.5° grids are taken from Climate Prediction Center Merged
Analysis of Precipitation (CMAP) (Xie and Arkin, 1997).

The mid-late summer (July-August) is our focus in this study.
The WPSH ridge index, which is used to measure its meridional
displacement, is defined by using the interface between the
easterly and westerly of the subtropical high at the 500hPa
geopotential height: the averaged latitudes satisfying both u �
0 and zu/zy > 0 conditions in a closed 5880 gpm contour over the
area (10–60°N, 110–150°E) (Zhao, 1999; Liu et al., 2012). The
boreal summer intra-seasonal oscillation (BSISO) index is used to

describe the ISO activity. Following the previous studies (Lee
et al., 2011; Lee et al., 2013), the BSISO index is measured as the
multivariate (MV)-EOF analysis of daily OLR and 850 hPa zonal
wind anomalies over the Asian summer monsoon (ASM) domain
(10°S–40°N, 40°–160°E). BSISO1, comprised by the first and
second MV-EOF modes, represents northward/northeastward
propagating oscillations with an oscillating period of
30–60 days. BSISO2, comprised by the third and fourth MV-
EOF modes, captures the northward/northeastward propagating
oscillations with a 10–30-days oscillating period. The PJ pattern is
defined as the leading empirical orthogonal function (EOF) mode
of the mid-late summer mean 850-hPa relative vorticity over the
western north Pacific (0°–60°N, 100°–160°E), and the PJ index is
represented as the normalized PC1 time series (e.g., Kosaka and
Nakamura 2010; Kosaka et al., 2013).

Anomalies were derived relative to the whole studying period
(1979–2019) and the long-term linear trend is removed to avoid
possible impacts of the global warming. The conclusions remain
qualitatively the same even with the non-detrended data. To focus
on the intra-seasonal variability when discussing the impact of
ISO on the WPSH, the annual cycle (mean and first three
harmonics of climatological annual variation) is removed from
the daily mean OLR and 850 hPa zonal wind anomalies, and the
running mean of the last 120 days is also subtracted to eliminate

FIGURE 1 | (A) Distribution of the 500hPa geopotential height anomaly during the 2018 boreal mid-late summer (shading in m) and the climatological meanWPSH
(contours in m). (B) Monthly evolution of the WPSH ridge index in 2018 (blue line), remaining years (gray line) and climatological mean (red line). The yellow shading
denotes 1 standard deviation of the climatological mean WPSH ridge index. (C) Time evolution of the WPSH ridge index (bar) and PJ index (gray line) during the boreal
mid-late summer from 1979 to 2019. The red/blue bars represent the northward/southward WPSH.
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the effects of the interannual variability (Wheeler and Hendon,
2004; Lee et al., 2013). All statistical significance tests are
performed based on the two-tailed Student’s t-test.

INTERANNUAL VARIABILITY OF THE
WESTERN PACIFIC SUBTROPICAL HIGH
MERIDIONAL DISPLACEMENT AND ITS
RELATED OCEAN-ATMOSPHERIC
FEATURES

As shown in Figures 1B, the WPSH ridge is usually located
around 26.5°N in July and moves northward to near 29°N in
August. However, an extreme northward shifted WPSH was
detected during the 2018 summer. In June 2018, the WPSH
was located at about 22°N, almost the same position as the
climatological mean. Then the WPSH suddenly jumped from
22°N to about 33°N in July andmaintained at this latitude through
August. This meridional position is much more northward
shifted than the climatological mean, especially for July. The
WPSH ridge index during mid-late summer 2018 was far beyond

one standard deviation (yellow shading) and was the most
northward-shifted since 1979. We hereafter focus on the July-
August averaged north-south location of the WPSH and try to
investigate the possible reasons for this extreme event in 2018. It
is clearly shown that the WPSH meridional location exhibits
strong interannual variability with the largest value occurring in
2018 (Figure 1C), further confirming the extremity of the WPSH
latitudinal location.

To examine the atmospheric circulation related to the WPSH
latitudinal movement, the 850 hPa vorticity anomaly is regressed
upon the WPSH ridge index (not shown). A poleward wave train-
like atmospheric circulation pattern can be detected over East Asia
and its adjacent oceans, with two opposite centers respectively over
the subtropical WNP (10°–25°N) and mid-latitude region
(30°–40°N). This meridional structure resembles the PJ pattern,
and the WPSH ridge index is highly correlated with the PJ index
(r � 0.65, statistically significant at 95% confidence level). Their
high consistency (Figures 1C) suggests that they are possibly
driven by same forcings. Since the PJ pattern acts as the bridge
between the tropical and extra-tropical atmospheric circulation
(e.g., Huang and Li, 1987; Nitta, 1987), we then consider the
possible forcings from the tropics.

FIGURE 2 | (A) Regressed SST anomalies (shadings in °C) and 850 hPa wind anomalies (vectors in m/s) upon the WPSH ridge index during boreal mid-late
summer of 1979–2017. Anomalies are shown only when they are significant at the 95% confidence level. The red box denotes the region where the NIO index is defined.
(B) SST anomalies (contours in °C, from −1.5 to 1.5 by 0.3) and precipitation anomalies (shadings in mm/day) during boreal mid-late summer 2018. Solid and dashed
lines in (B) denote positive and negative values, respectively.
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As illustrated in the introduction, the tropical SST is an
important factor affecting the WPSH meridional movement.
We here regress the simultaneous anomalous SST and
horizontal wind onto the WPSH ridge index (Figures 2A). A
northward-shifted WPSH is accompanied by significant negative
SST anomalies in the northern Indian Ocean (NIO) and WNP.
Correspondingly, an anomalous cyclone and anti-cyclone
prevails over the WNP and near Japan, respectively. This
result indicates that the NIO SST anomalies may exert a
significant impact on the WPSH through modifying the WNP
atmospheric anomalies. The warming NIO SST can suppress the
convection over the WNP by inducing an anomalous anti-
cyclone there as a response of a Kelvin wave response
(Watanabe and Jin, 2002; Yang et al., 2007; Xie et al., 2009).
The WNP atmospheric anomalies then influence the mid-
latitudinal circulation through the PJ pattern, which tends to
modulate the WPSH meridional location, consistent with the
former study (Nitta, 1987). Along with the negative SST
anomalies over the WNP during summer 2018, we observe
positive precipitation anomalies there (Figures 2B), suggesting
that the SST anomalies are possibly forced by the anomalous
atmospheric circulation. Therefore, the SST anomalies may be
not the ultimate reason for this meridional movement of the
WPSH in summer. In the mid-late summer of 2018, weakly
negative SST anomalies appear over the NIO (Figures 2B), which
may have some impact on the WPSH north-south location
anomaly. However, it is not strong enough to be used to
explain the extreme northward shift of the WPSH in 2018.

Previous studies suggest that the ISO-associated convection
activities can play an important role in the extreme temperature
and precipitation anomalies over eastern China (e.g., Hong and
Li, 2009; Hsu et al., 2016; Chen and Zhai, 2017; Hsu et al., 2017).
The western tropical Pacific ISO has been recognized as an

important forcing for the generation and maintenance of the
abnormal northward shift of theWPSH in 2018 (Hsu et al., 2020).
The BSISO1 index is used here to describe the ISO activity, since it
can describe the ISO activities over the WNP more realistically
compared with the MJO index (e.g., Lee et al., 2011; Chen and
Zhai, 2017). The BSISO2 index showed a relatively weak
evolution during the 2018 Northeast Asian heatwave period,
suggesting a weak effect on the northward shift of WPSH in
this case. In fact, Hsu et al. (2017) documented that the BSISO2
shows a closer relationship between heat waves over India and the
Yangtze River basin, and the BSISO1 exerts significant influences
over the Northeast Asia. The similar result can be found in
Figures 3A, which shows the phase space diagram of BSISO1
from 1st July to 31st August. It can be observed that the BSISO1 is
very active over the South China Sea (Phase 6–7) and WNP
(Phase 8) area, especially from 7th July to 1st August and from
3rd August to 22nd August.

To verify the impacts of WNP ISO activities on the WPSH
associated circulation, we composite the OLR and 850 hPa wind
anomalies of the active ISO days in Phases 6–8 of BSISO1 during
boreal mid-late summer from 1979 to 2019. The active ISO days are
selected when the BSISO1 amplitude [represented by (PC12 + PC22)
1/2] exceeds one standard deviation. As shown in Figures 3B, during
Phases 6–8 of the BSISO1, the anomalous convection is enhanced
over the South China Sea and Philippine Sea, accompanying by
prevailing cyclonic circulation anomalies over its northwestern part.
Suppressed convection can be detected over the Indian Ocean and
the Maritime Continent. Simultaneously, large-scale anticyclonic
circulation anomalies are evident over northern China and Japan.
It can be seen that the active BSISO1 over the South China Sea and
WNP can influence the WPSH mid-latitudinal location by
stimulating a poleward propagating Rossby wave train resembling
the PJ teleconnection pattern.

FIGURE 3 | (A) The phase space diagram of BSISO1 during the 2018 boreal mid-late summer. Each color represents ten days from July 1st to August 31st and the
numbers correspond to the date. (B) Composite OLR (shading in W/m2) and 850hPa wind anomalies (vectors in m/s) of active BSISO1 days in Phase 6–8 during boreal
mid-late summer of 1979–2019. The days are selected when the ISO amplitude (PC12 + PC22)1/2 exceeded 1. The stippled area and the green vectors denote the
corresponding values are significant at the 95% significance level. The purple box in (B) denotes the key area (10°–20°N, 120°–160°E) of WNP region.
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In order to explain the long-lasting extreme northward
displacement of the WPSH in summer 2018, we then define
an accumulated intra-seasonal OLR anomaly (Accu-ISO) index
over the tropical WNP (10°–20°N, 120°–160°E) to investigate the
importance of the accumulated effect of ISO convections on the
WPSH meridional displacement. The Accu-ISO index is defined
as the summation of tropical WNP-averaged intra-seasonal OLR
anomalies from 1st July to 31st August in each year. This index
may comprise both the amplitude and persistence of the ISO
convective anomalies over the tropical WNP. It is shown in
Figure 4 that this Accu-ISO index is negatively correlated
with the WPSH ridge index (r � -0.52, significant at the 95%
confidence level). It suggests that the accumulated effect of ISO
convections may also play a critical role on the north-south
location of the WPSH during mid-late summer. During the
summer of 1979 to 2019, the accumulated effect of ISO
convections is the strongest in 2018, which may be responsible
for the extreme northward shift of the WPSH and the associated
summer heat waves during this summer.

IMPORTANCE OF TWO FACTORS ON THE
WESTERN PACIFIC SUBTROPICAL HIGH
MERIDIONAL LOCATION
To examine the performance of the two key processes in
predicting the WPSH north-south location, we construct a
multivariate linear regression model based on the NIO and the
Accu-ISO indices. Following the previous study (Xie et al., 2009),
the NIO index is defined as the area-averaged SST anomalies over

the NIO region (Figure 2; red box). As shown in Figure 5, these
two indices are not correlated with each other (r � 0.06,
insignificant at the 95% confidence level), suggesting their
linear statistical independence. Figure 6 shows the time series
of observed WPSH ridge index (blue line), and reconstructed
WPSH ridge index based on the NIO index (purple line) and
based on both the NIO and Accu-ISO indices (red line). The
reconstructed WPSH index using both the NIO and Accu-ISO
indices is highly correlated with the observed index (R � 0.68).
The variance of theWPSH ridge index explained by both the NIO
and Accu-ISO indices (R2 � 47%) is much higher than that by the
NIO index only (R2 � 23%). It should be noted that the inclusion
of the Accu-ISO index realistically captures the extreme WPSH

FIGURE 4 | Scatter plot of the WPSH ridge index as a function of the
Accu-ISO anomalies over WNP (10°–20°N, 120°–160°E). The 2018 case is
shown as the red star. The corresponding correlation coefficient between
these two indices (R) is also displayed.

FIGURE 5 | Scatter plot of the Accu-ISO anomalies over WNP
(10°–20°N, 120°–160°E) and the NIO index. The corresponding correlation
coefficient between these two indices (R) is also displayed.

FIGURE 6 | Time series of the observedWPSH ridge index (blue line), the
reconstructed WPSH ridge index based on the NIO index (purple line), and
based on both the NIO and Accu-ISO indices (red line). The explained
variances of the two regressed indices (R2) are also displayed.
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north-south movement in 1988, 1998 and 2018. These results
suggest that the Accu-ISO index other than the NIO index
provides an additional physical-based predictor for the WPSH
north-south location.

We also calculate the variance pattern of 500 hPa geopotential
height explained by the regression model with the NIO index only
(Figures 7A) and with both the NIO and Accu-ISO indices
(Figures 7C). It can be seen that the NIO index can explain
more than 45% of the 500 hPa geopotential height variance over
the tropical region, but only explain around 10% variance over
the Korea peninsula (Figures 7A). When the Accu-ISO index is
further considered in the regression model, the 500hPa
geopotential height variance explained is significantly
improved, especially in the widened part over the northeastern
China and Korea peninsula (Figures 7C). The 500hPa
geopotential height variance is increased by about 25% over
the WNP and 15% over north East Asian, which largely
reflects the variability of WPSH north-south location (Figures
7E). This point is also clearly verified by the comparison among
the reconstructions of the 500hPa geopotential height anomalies

in 2018 based on different regression models (Figures 7B,D,F).
The reconstructed 500 hPa geopotential height anomalies based
on both the NIO and Accu-ISO indices accurately captures two
geopotential height anomalies centers over the WNP region and
northern East Asia, which is much more realistic than those
reconstructed by the NIO index alone.

To verify how well both the NIO SST anomalies and
accumulated effect of ISO convections contribute to the
prediction skill of the WPSH meridional displacement, an
empirical prediction model is developed using the multiple
linear regression method based on both the NIO and Accu-
ISO indices:

WPSH ridge index � − 0.37 × NIO − 0.43 × Accu-ISO (1)

Due to the limited sample size, the first 36-years are used to act
as a training period to estimate the regression coefficients and the
residual 5-years are viewed as an independent testing period
(Figure 8). It can be seen that during the training period, the
empirical model can captures 39% variance of the observed

FIGURE 7 | Performance of linear regression models in capturing the boreal mid-late summer 500 hPa geopotential height anomaly. The explained variance for the
anomalous 500 hPa geopotential height by the regressionmodel with (A) the NIO index only, (C) both the NIO and Accu-ISO indices, and (E) their difference. Distribution
of (B) the observed 500 hPa geopotential height anomaly (shading in m) in 2018 boreal mid-late summer, the reconstructed 500 hPa geopotential height anomaly based
on the (D) NIO index predictor only and (F) both the NIO and Accu-ISO indices.
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WPSH ridge index (R � 0.62; blue line). During the independent
testing period, 98% variance of the WPSH meridional north-
south movement is captured by the model (red line). Although
there are only five cases in this period, the high correlation
coefficient (R � 0.99) suggests that this empirical model offers

a relatively accurate prediction of the WPSH meridional
displacement.

Previous studies argued that the Indian Ocean SST has
experienced a prominent decadal change around the late 1990s
due to the Inter-decadal Pacific Oscillation (IPO)-induced

FIGURE 8 | Time evolution of the observed WPSH ridge index (bars) and the empirical model fitted values (lines) during the boreal mid-late summer from 1979 to
2019. The red and blue lines represent the training and testing results, respectively.

FIGURE 9 | (A) Time evolution of the 21-years running correlation coefficients of the WPSH ridge index with NIO index (blue line) and Accu-ISO index (red line). The
green line denotes the 21-years running standard deviation of the NIO index. The black dashed line denotes the 95% confidence level based on the two-tailed Student’s
t test. Scatterplot of the WPSH ridge and NIO index during the mid-late summer of (B) 1979–1998 and (C) 1999–2019.
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atmospheric adjustment (e.g., Dong et al., 2016; Ummenhofer et al.,
2017; Mohapatra et al., 2020). So, it deserves attention whether the
impacts of the NIO SST anomalies on the WPSH north-south
location displays decadal changes. We in Figures 9A show the 21-
years-window running correlations of the WPSH ridge index with
the NIO and Accu-ISO indices. It can be seen that the correlation
coefficient between the WPSH ridge and NIO indices exhibits
prominent decadal variations. While the NIO SST anomalies
exhibit a strongly weakened association with the WPSH ridge
after the late 1990s (blue line), the relationship between the Accu-
ISO andWPSH ridge indices is consistently significant throughout
the entire period (red line). We also display the different responses
of the WPSH meridional displacement to the NIO SST anomalies
before and after the late 1990s. Consistent with the results shown in
Figures 9A, the WPSH ridge and NIO indices are significantly
correlated during 1979–1998 (Figures 9B), while a non-significant
relationship is found during 1999–2019 (Figures 9C). These results
indicate that the NIO SST anomalies play relatively minor role on
the WPSH north-south location after the late 1990s comparing
with that of the accumulated effect of ISO convections. This point
is further illustrated clearly in the time series of the observed and
linearly regressed WPSH ridge indices (Figure 10). During
1979–1998, the WPSH meridional displacement is reconstructed
well based on both the NIO and Accu-ISO indices with the major
contribution from the NIO SST anomalies (R2 � 54%). Since the
impact of the NIO SST anomalies has weakened after the late 1990s

(R2 � 4%), the linear regression with both the NIO and Accu-ISO
indices can only captures 34% variability of the north-south shift of
the WPSH (R � 0.58) and the correlation is mainly contributed by
the accumulated effect of ISO convections (R2 � 30%). Considering
the weakened relation of the NIO SST anomalies with the WPSH
meridional locations in recent decades, we also examine the validity
of Eq. 1 but with only Accu-ISO index involved. In the last 5-years
independent period, 72% variance is captured by the statistically
model as a predictor of the Accu-ISO index. It suggests that the
NIO SST anomalies play some contribution on the WPSH
meridional locations despite that it is not a main predictor.

SUMMARY AND DISCUSSION

An extreme northward shift of WPSH was detected during the
2018 boreal mid-late summer, bringing record-breaking heat
waves over northern East Asia region. Observed analyses show
that the WPSH north-south location is statistically related to the
NIO SST anomalies. However, weakly negative NIO SST
anomalies in mid-late summer 2018 cannot explain the
extreme northward shift of WPSH. The accumulated effect of
ISO convections over the tropical WNP can also exert significant
impacts on the WPSH north-south location, through exciting a
poleward propagating Rossby wave train. During the mid-late
summer from 1979 to 2019, the accumulated effect of ISO
convections is the strongest in 2018, which is largely
responsible for the extreme northward-shifted WPSH. While
the modulation effect of the NIO SST anomalies has
substantially weakened since the late 1990s, the accumulated
effect of the WNP ISO convections exhibits a stationary
relationship with the WPSH latitudinal movement.

At present, the reason for the weakened relationship between the
NIO SST and the WPSH meridional displacement after the late
1990s is still unknown. We in Figure 9A display the 21-years-
window running variance of the NIO index (green line). A
remarkable decadal variation of NIO SST can also be observed
around the late 1990s, which is consistent with the decadal change of
the NIO-WPSH ridge relationship. It suggests that the variability of
the NIO SST anomalies weakened in recent years, which possibly
leads to a less modulation on the East Asian atmospheric circulation.

The BSISO1 during summer (July-August) 2018 exhibited
very different propagation features from typical ISO events,
with strong and quasi-stationary activities maintaining over
the South China Sea and WNP (Phases 6–8) for up to 40 days.
Many extreme climate events in recent years have been linked to
similar abnormal ISO activities with relatively longer phase
duration. For instance, the extreme drought during autumn
and winter 2009/10 over southwestern China coincided with
pro-longed suppressed MJO convection over the Bay of Bengal
(Lv et al., 2012). However, the underlying mechanisms for these
exceptional ISO events are not clear. During July-August 2018,
remarkable moisture surpluses and strengthened cyclonic
anomalies can be observed over the South China Sea and
WNP (not shown), which could be the reason for the
maintenance of the local enhanced BSISO1 activity (Hsu and
Lee, 2005; Maloney 2009; Kim et al., 2014; Sobel et al., 2014).

FIGURE 10 | (A) Time series of the observed WPSH ridge index (blue
line), the reconstructed WPSH ridge index based on the NIO index (purple
line), and the reconstructed WPSH ridge index based on both the NIO and
Accu-ISO indices (red line) for the mid-late summer of 1979–1998. (B)
Same as (A) but for 1999–2019. The explained variances of the two regressed
indices (R2) are also displayed.
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In this study, we mainly focus on the important impacts of the
accumulated effect of WNP ISO convections on the WPSH
meridional movement and emphasize its role in capturing the
extreme of northward shift of the WPSH in mid-late summer
2018. Contributions of other forcings, such as the anthropogenic
forcing, should also be noted, since it has been reported to increase the
probability of the extreme events (Imada et al., 2019; Qian et al., 2020).
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