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ABSTRACT: The mei-yu withdrawal date (MWD) is a crucial indicator of flood/drought conditions over East Asia. It is
characterized by a strong interannual variability, but its underlying mechanism remains unknown. We investigated the possible
effects of the winter sea surface temperature (SST) in the North Pacific Ocean on the MWD on interannual to interdecadal time
scales. Both our observations and model results suggest that the winter SST anomalies associated with the MWD are mainly
contributed to by a combination of the first two leading modes of the winter SST in the North Pacific, which have a horseshoe shape
(the NPSST). The statistical results indicate that the intimate linkage between the NPSST and the MWD has intensified since the
early 1990s. During the time period 1990-2016, the NPSST-related SST anomalies persisted from winter to the following seasons
and affected the SST over the tropical Pacific in July. Subsequently, the SST anomalies throughout the North Pacific strengthened
the southward migration of the East Asian jet stream (EAJS) and the southward and westward displacement of the western North
Pacific subtropical high (WPSH), leading to an increase in mei-yu rainfall from 1 to 20 July. More convincingly, the anomalous
EAIJS and WPSH induced by the SST anomalies can be reproduced well by numerical simulations. By contrast, the influence of
the NPSST on the EASJ and WPSH were not clear between 1961 and 1985. This study further illustrates that the enhanced
interannual variability of the NPSST may be attributed to the more persistent SST anomalies during the time period 1990-2016.
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1. Introduction strong interannual variability that is closely related to flood
and drought disasters in these regions (Liu et al. 2013; Qian
et al. 2008).

Numerous studies have explored the impact of large-scale
atmospheric circulations, the sea surface temperature (SST),
and atmospheric teleconnections on mei-yu rainfall (Choi et al.
2019; Du et al. 2017; Enomoto et al. 2003; Gu et al. 2009; Huang
1992; Li et al. 2019; Wang and Wang 2018; Xie et al. 2009; Ye
and Chen 2019), but there has been limited research on the
mei-yu withdrawal date (MWD). The MWD has strong inter-
annual variability (Zheng et al. 2016) and is highly correlated
with mei-yu rainfall (Huang et al. 2012). An extremely early or
late MWD may lead to serious drought or flood disasters. For
example, the extremely late MWD in 2016 led to above-normal
rainfall over the YHRB and caused economic losses of 99.31
billion CNY in China (Zhao et al. 2018), whereas the early
MWD in 1994 caused massive droughts and shortages of po-
table water in Jiangsu and Anhui provinces in China (Chen 1995).
The MWD is associated with subseasonal changes in the atmo-
spheric circulation over East Asia, such as the East Asian jet

& Supplemental information related to this paper is available  stream (EAIJS) and the western North Pacific subtropical high
at the Journals Online website: https://doi.org/10.1175/JCLI-D-19- (WPSH) (Lin and Lu 2008; Su et al. 2017; Kuwano-Y oshida et al.

In addition to the northward advance of the East Asian
summer monsoon (EASM) after its onset in May, the rainy
season over eastern China experiences two abrupt northward-
jump periods and three stagnation periods (Tao and Chen
1987; Wang and LinHo 2002). The three latter periods consist
of the first rainy period over south China, the mei-yu over the
Yangtze-Huaihe River basin (YHRB; shown in Fig. 1), and the
rainy period over North and Northeast China (Gu et al. 2018; Guo
and Wang 1981), which correspond to three stages during the
northward shift of the EASM (Ding 1992; Ding and Chan 2005).
The mei-yu denotes the monsoon rainy season that occurs from
mid-June to early July over the YHRB, Japan, and the southern
Korean Peninsula (Ding et al. 2007; Li et al. 2019; Tanaka 1992).
The mei-yu season is dominated by persistent rainy events and is
characterized by a short period with heavy rainfall (Ding et al. 2007,
Li and Zhang 2014; Wang et al. 2005). The mei-yu rainfall has a

0768.51. 2013). The MWD also indicates the beginning of the rainy season
over North and Northeast China (Ding 1992; Tao and Chen 1987)
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FIG. 1. The YHRB (black box) and five stations selected for cal-
culating the MWD (black dots).
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and Lu 2018). Thus studies of the MWD are important in im-
proving short-term climate forecasting of the EASM.

The SST anomalies of various oceans have remarkable im-
pacts on the EASM generally. Recently, much research has
pointed out that the SST anomalies over North Atlantic play an
important role in the East Asian and North Pacific summer
climate. The SST anomalies can affect the EASM, the rainfall
amount in the monsoon transitional zone of China, and the
relationship between El Nifio-Southern Oscillation (ENSO)
and the EASM (Chen et al. 2018; Zhao et al. 2019; Zuo et al.
2019; Choi and Ahn 2019). Especially, the SST over the North
Pacific has a large effect on the climate and ecosystems of the
surrounding regions (Chao 1977; Matsumura et al. 2016; Sun
etal. 2008; Zheng et al. 2014; Zhu et al. 2011). The extratropical
SST anomalies over the North Pacific are primarily forced by
the local atmosphere (Cayan 1992) but can also affect climate
anomalies in East Asia (Frankignoul and Sennechael 2007
Frankignoul et al. 2011; Kwon and Deser 2007; Liu et al. 2006)
and the EASM (Matsumura et al. 2016; Yu et al. 2016, 2018). In
addition, Kuwano-Yoshida et al. (2013) have suggested that
the SST and evaporation anomalies near the rainband of mei-
yu-baiu play a vital role in maintaining the mei-yu-baiu. The
Pacific decadal oscillation (PDO), the first leading mode of the
SST over the extratropical North Pacific, profoundly affects
the climate in the Northern Hemisphere (Mantua and Hare
2002; Mantua et al. 1997; Zhu et al. 2015). In addition, the North
Pacific Gyre Oscillation (NPGO)/Victoria mode, which is the
second leading mode of the SST over the extratropical North
Pacific, also significantly influences the climate and ecosystems
of the Pacific region (Di Lorenzo et al. 2008; Ding et al.
2015a,b). Ding et al. (2015b) showed that the Victoria mode in
the boreal spring-summer affects the tropical SST over the
Pacific Ocean during the following seasons through ocean—air
interactions and the anomalous subsurface ocean temperature
and may even develop into ENSO. Wu et al. (2006) addressed
the mechanism by which the interdecadal change in the tropical
Pacific SST is modulated by the interdecadal variation in the
SST of the extratropical Pacific Ocean. These studies suggest
that the East Asian climate is significantly influenced by SST
anomalies over the extratropical North Pacific, leading to
the question of whether the SST in the extratropical North
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Pacific can affect the mei-yu and even the MWD. First, we
detected the relationship between SST in different seasons
over North Pacific and MWD. In July, the SST anomalies
associated with the MWD mainly located in the Kuroshio
Extension and the tropical eastern Pacific (Fig. S1d in the online
supplemental material). The MWD-related SST anomalies
appear in the entire extratropical North Pacific in winter
(Fig. S1a). Additionally, the SST anomalies’ evolution from the
previous winter to July partly exhibits a feature of continuity.
We therefore investigated the relationship between the SST in
the extratropical North Pacific in the preceding winter and the
MWD and addressed the underlying mechanisms.

The North Pacific SST is characterized by multiscale variabilities
from the interannual and decadal to multidecadal time scales (Jin
1997; Miller and Schneider 2000; Trenberth 1990; Yeh et al. 2011).
Previous studies have found that the SST in the extratropical North
Pacific showed interdecadal changes around the late 1970s and late
1980s, which induced a midlatitude climate transition on the in-
terdecadal time scale (Deser and Phillips 2006; Xiao and Li 2007,
Yeh et al. 2011). Another motivation for this study was therefore to
examine whether the MWD is affected by the interdecadal change
in the SST in the extratropical North Pacific.

This paper is arranged as follows. Section 2 details the datasets
and methods used. Section 3 explores the recent intensified re-
lationship between the MWD and the SST in the extratropical
North Pacific. Section 4 considers the mechanisms for the impact
of the extratropical North Pacific SST on mei-yu withdrawal
since the early 1990s. Section 5 addresses the possible effects of
the intensified interannual variability of the North Pacific SST
since the early 1990s. Section 6 discusses our conclusions.

2. Datasets and methods
a. Datasets

We used global daily atmospheric reanalysis data for the time
period 1961-2016 from the National Centers for Environmental
Prediction-National Center for Atmospheric Research reanalysis
dataset, including the specific humidity, horizontal winds, vertical
velocity, geopotential height, and air temperature with a hori-
zontal resolution of 2.5° X 2.5° and 17 vertical pressure levels
(Kalnay et al. 1996). We used a gridded daily precipitation ob-
servation dataset with a horizontal resolution of 0.25° X 0.25°
from >2400 observation stations in China (CN05.1) to support the
results obtained from the reanalysis dataset during the time period
19612016 (Wu and Gao 2013). We compiled the SST during
the time period 1961-2016 from the National Oceanic and
Atmosphere Administration Extended Reconstructed SST V5
dataset with a resolution of 2.0° X 2.0° (Huang et al. 2017). We
calculated the MWDs from a daily precipitation observational
dataset from 756 stations in China during the time period 1979-
2016. These data were supplied by the National Meteorological
Information Center of the China Meteorological Administration.

We also used the SST from the first 30 ensemble members of the
Community Earth System Model (CESM)-Large Ensemble
Community Project (LENS) datasets (Kay et al. 2014). Each en-
semble member in these datasets is forced by the same historical
radiative fluxes for the time period 1920-2005 and with the RCP8.5
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radiative fluxes for the time period 2006-2100. The first 30 mem-
bers of CESM-LENS are employed in this study; those members
are subject to the identical external radiative forcing but beginning
from slightly different atmospheric initial conditions. We used only
the time period 19612005 to analyze the interannual variabilities
of the SST. We removed the warming trends in each member at
each grid point before analyzing the CESM-LENS datasets.

b. Definition of MWD

We defined the MWD using the number of precipitation
days from five selected stations [shown in Fig. 1; Wuhan (30°37' N,
114°08'E), Nanjing (32°00'N, 118°48'E), Wuhu (31°20'N, 118°23'E),
Jiyjiang (29°44'N, 116°00'E), and Shanghai (31°24'N, 121°27'E)]
and the position of the WPSH ridge (Ding et al. 2007; Li et al.
2019). We defined the MWD according to the following six
criteria. 1) Rainy days were defined as when the daily precipi-
tation at more than two of the five selected stations was >0.1 mm
and the total precipitation of all five stations was >10mm. 2) At
least five rainy days occurred in the subsequent 10 days following
the first rainy day. 3) The WPSH ridge was located within 20°-25°N.
4) If these three conditions were satisfied, then the first rainy day
was assigned as the mei-yu onset date. 5) One or more precipitation
events usually occurred during the mei-yu period and each pre-
cipitation event had more than six consecutive rainy days as defined
in criterion 1, with an average rainfall for the five stations >25 mm.
6) The second day of the last precipitation event during the mei-yu
period was defined as the MWD. The mei-yu period refers to these
days from the mei-yu onset date to withdrawal date. Additionally,
the definition of the mei-yu employed in this study originates
from the definition of mei-yu of the China National Climate
Center. The mei-yu definition applies to monitoring of the mei-
yu in China, and it also has a wide range application in some
previous studies (e.g., Li et al. 2019; Yao et al. 2019; Ding et al.
2007). Therefore, we think the five stations and the several
thresholds of precipitation selected in this definition can rep-
resent the change in mei-yu to a large extent.

c. Numerical simulations and statistical procedures

We used the Community Atmosphere Model version 4
(CAM4) (Gent et al. 2011) to examine the impact of the SST on
the MWD. CAM4 is the atmospheric component of the CESM
and has finite-volume dynamics and 26 hybrid sigma—pressure
levels. Section 4 details the design of the experiment. We used
Student’s f test to estimate the significance levels. We removed
the linear trends for all data before analysis and used a 5-day
running average for the daily datasets.

Because the mei-yu is influenced by previous winter ENSO,
in this study the winter ENSO signals should be removed for all
climate variables following the method of An (2003), and the
following formulation is used:

&= ¢4—7 X cov(é¥, Z)Ivar(Z),

where £* indicates the original climate variables, Z is a time
series, cov means the temporal covariance between ¢* and Z,
and var means the variance. The term £ indicates new variables,
of which the signal covariants with Z are removed from ¢*, and
the ENSO variability is described by the Nifio-3.4 index.
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FIG. 2. (a) Regression map of the MWDs for the winter SST
(unit: K) in the North Pacific. The hatched and dotted areas indi-
cate the 95% and 90% confidence levels, respectively, based on
Student’s ¢ test. Time series of (b) the MWDs and the NPSSTI
(detrend) and (c) the 13-yr sliding correlation between MWDs and
the NPSSTI. The asterisk indicates a 99% confidence level based
on Student’s ¢ test.

3. Recent intensified relationship between the MWD and
SSTs over North Pacific in winter

Statistically, the average MWD during the time period 1979—
2016 occurred on 10 July and its standard deviation was
10.6 days. The earliest and latest MWD occurred in 1994 and
1998, respectively (Fig. 2b: blue curve). The large interannual
variability in the MWD implies a large interannual variability
of the YHRB rainfall.

To examine the relationship between the preceding winter
(December-February) SST over the extratropical North Pacific
and the MWD, we regressed the SST on the MWD. Figure 2a
shows that the dominant SST pattern over the extratropical
North Pacific related to the MWD has a horseshoe shape
characterized by negative anomalous SSTs west of 150°W
between 20° and 40°N and positive anomalies in the im-
mediate surroundings. We refer to this mode as the NPSST.
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FIG. 3. (a) Regression map of the MWDs for precipitation (unit:
mm day ') averaged along 110°-122°E during 1979-2016.
(b) Regression map (unit: mm day ') of the NPSSTI averaged
along 110°-122°E during 1990-2016. The hatched and dotted areas
in (a) and (b) indicate the 95% and 90% confidence levels, re-
spectively, based on Student’s 7 test. (c) Normalized time series of
the NPSSTI, the MWDs, and the EMJP.

The NPSST resembles the PDO (Mantua et al. 1997) and
NPGO (Ding et al. 2015b) patterns, and the NPSST bears a
close resemblance to those related to the Arctic Oscillation
(AO) and North Pacific Oscillation (NPO) (Nakamura et al.
2006; Chen et al. 2015; Vimont et al. 2003). Here, the NPSST
index (NPSSTI) was obtained by projecting the NPSST onto
the SST after removing the ENSO signals (Fig. 2b, red line).
The correlation coefficient between the NPSSTI and MWD
was 0.46, which passed the Student’s ¢ test at the 0.01 signifi-
cance level. The changes in the time series of the NPSSTI and
MWD were more consistent after the early 1990s (Fig. 2b).
We therefore used the 13-yr sliding correlation to examine
the change in the relationship. Figure 2c shows that the positive
correlation between the NPSSTI and MWD occurs over the
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(b) the 13-yr sliding correlation. The red line indicates the 90%
confidence level based on Student’s ¢ test.
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whole period, with an increasingly significant relationship after
the early 1990s. These results indicate that the relationship
between the NPSSTI and MWD shows a clear interdecadal
variability.

Previous studies have suggested that the amount of rainfall
over the YHRB in July is closely related to the MWD (Huang
et al. 2012; Zhao et al. 2018). To examine the covariability of
the MWD and simultaneous precipitation, we conducted a
temporal evolution analysis of the YHRB precipitation in July
corresponding to the variations in the MWD and NPSST, re-
spectively (Fig. 3). The corresponding precipitation based on
the regression pattern with regard to the MWD during 1979-
2016 spans from 1 to 25 July, whereas the significant positive
precipitation anomaly based on the regression pattern with
respect to the NPSSTI during 1990-2016 spans from 1 to
20 July. These results suggest that the NPSST leads to the
change in the MWD by affecting precipitation between 1 and
20 July. In general, the average MWD occurs on 10 July and
thus the change in the NPSST-related precipitation could ef-
fectively affect the MWD. We then defined a precipitation
index using the average precipitation in early to mid-July
(EMJP; from 1 to 20 July) to further examine the enhanced
relationship between the NPSST and MWD since the early
1990s (Fig. 3c). The correlation coefficients between the
NPSST and the EMJP during 1979-89 and 1990-2016 were 0.27
and 0.51, respectively, which corresponds with our assumption
and indicates that the results are robust.

We conducted a similar analysis with the period traced back
to 1961 to verify whether the enhanced relationship between
the EMJP and the NPSST is valid on a longer time scale
(Fig. 4a). The results obtained from the 13-yr sliding correla-
tion indicated that the enhanced relationship between the
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FIG. 5. Regression map on the NPSSTI for the pentad-mean precipitation (unit: mm day ') during 1-25 Jul and 1-20 Jul over the mei-yu
region for (a) 1961-85 and (b) 1990-2016. The purple and black dotted areas indicate the 90% and 95% confidence levels, respectively,

based on Student’s ¢ test.

EMJP and the NPSST (Fig. 4b) is robust and there is a sig-
nificantly enhanced positive relationship from the late 1980s to
the early 1990s. We therefore divided the analysis period into
two periods to investigate the enhanced relationship and
physical linkage between the NPSST and the MWD. We de-
fined the first time period as from 1961 to 1985 and the second
time period from 1990 to 2016.

We explored the NPSST-related anomalous pentad rainfall
during 1-20 July in the first and second time periods, respec-
tively (Fig. 5). Figure 5a shows that in the first time period the
precipitation associated with the NPSST was not significant
over the YHRB in the first four pentads of July, with only
small-scale positive anomalies at Huaihe River (around 32°N)
from 16 to 20 July. By contrast, the large-scale significant
positive precipitation related to the NPSST in the second time
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period occurred over the YHRB during first four pentads of July
and showed roughly the same features over the whole period of
1-20 July (Fig. 5b). In addition, the NPSST-related precipitation
pattern from 21 to 25 July shifted to the reverse mode, with
significant negative precipitation anomalies occurring over the
YHRB, which implies the end of the mei-yu. We therefore
suggest that the linkage between the NPSST and the MWD has
strengthened since the early 1990s and has contributed to the
anomalous precipitation over the YHRB from 1 to 20 July.

4. Mechanism for the significant impacts of the NPSST on
the MWD since the early 1990s

The analysis in section 3 showed a significantly strength-
ened linkage between the NPSST and the MWD. We next
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investigated the different influences of the NPSST on the at-
mospheric circulation and climate systems (e.g., the EAJS and
WPSH) to address the possible effect of the NPSST on the
MWD, and further to explore the differences between the first
and second time periods to determine the factors contributing
to this enhanced relationship and the physical mechanisms
behind it.

The climatological southwesterly winds are prevailing over
YHRB during 1-20 July in both two periods (Figs. 6a,b), which
indicates the amount water vapor transported into YHRB. In
the first time period, there were weak northerly anomalies
associated with the NPSST in the YHRB at 850 hPa (Fig. 6¢),
which could impede the northward advance of the EASM and
prolong the mei-yu period. The anomalous ascending motion
related to the NPSST was located in the YHRB (28°-34°N),
which led to a slightly above-normal rainfall (Figs. 6e and 5a).
Some studies have also indicated that, as a result of the high
meridional humidity gradient in the mei-yu front, the relative
humidity may have an important role during the mei-yu period
(Ding et al. 2007; Sun et al. 2019). We therefore also analyzed
the relative humidity to examine the effects of the NPSST on
the mei-yu. In the first time period, there is a weak positive
anomalous relative humidity over the YHRB, which could
slightly intensify the mei-yu front (Fig. 6g). The results
suggest a positive and insignificant correlation between the
NPSST and the MWD, in agreement with the conclusions of
section 3. By contrast, in the second time period, the significant
southerly anomalies dominate over the YHRB, which could
transport moist air to the mei-yu rainbands (Fig. 6d). The
strong and significant ascending motion related to the NPSST
is located in the YHRB, which supports the above-normal
rainfall (Fig. 6f) in the mei-yu period. The profound positive
relative humidity anomaly associated with the NPSST
suggests a strong mei-yu front (Fig. 6h). Therefore the NPSST-
related atmospheric circulation anomalies support the en-
hanced correlation between the NPSST and the MWD.

Some studies have addressed the observation that the MWD
is closely related to changes in the atmospheric circulation over
East Asia on a subseasonal time scales (Dong et al. 2010; Su
et al. 2017). The atmospheric circulation associated with the
MWD could be changed by the WPSH and the EAJS. The
NPSST-related WPSH and EAJS were therefore analyzed in
the two time periods to investigate this enhanced relationship.
In the first time period, the EAJS is located around 40°N and
the NPSST-related zonal wind anomalies dominate over the
YHRB, accompanied by weak positive geopotential height
anomalies associated with NPSSTI (Figs. 7a,c). Therefore both
the NPSST-related WPSH and EASJ show the causes of the
weak correlation between the NPSST and the MWD. By
contrast, in the second time period, the results show that in-
tense westerly winds dominate over southern China, which
leads to the southward displacement and intensification of the
EAIJS (Fig. 7b). Previous studies have suggested that the as-
cending and descending motion are generally located in the
south and north, respectively, of the EAJS core (Fan et al.
2013; Lu et al. 2011). Thus, the southward displacement of the
EAIJS implies that the divergence at upper levels occurs over
the YHRB and results in ascending motion. The NPSST-
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related positive geopotential height anomalies dominate over
the south of South China Sea and the Philippine Sea (Fig. 7d),
which leads to the westward and southward displacement of
the WPSH and favors the transport of moisture to the mei-yu
rainband, strengthening the mei-yu front (Li et al. 2019;
Matsumura et al. 2015). These results show the NPSST could
change the position and strength of the EAJS and WPSH in the
second time period. The anomalous EAJS and WPSH then
cause vertical motion and the transport of water vapor, re-
spectively and, as a consequence, the MWD is changed.

We also explored how the winter NPSST can affect the
MWD by changing the WPSH and EAJS after the early 1990s.
Figure 8 shows the evolution of the SST and surface winds
associated with the NPSST over the Pacific in different time
periods. It is clear that a significant horseshoe pattern of the
SST anomaly dominates over the extratropical Pacific in both
time periods and the anomalous SST and surface winds over
the tropical eastern Pacific show similar features to the Pacific
meridional mode (PMM) (Figs. 8a,e). The PMM presents an
anomalous north-south SST gradient in the tropical eastern
Pacific coupled with anomalous southwesterly winds in the
northeasterly trade regime (Chang et al. 2007; Chiang and
Vimont 2004; Zhang et al. 2009a,b). The PMM acts as an ef-
fective conduit to influence the extratropical-tropical interac-
tion and has a maximum variance in the winter and spring. We
calculated the correlation coefficient between the NPSST and
PMM index (www.esrl.noaa.gov/psd/data/timeseries/monthly/
PMMY/) and the results are shown in Table 1. The correlation
coefficients in winter in the first and second time periods are
0.42 and 0.61, respectively. Both correlations are above the
95% confidence level, but the correlation is stronger in the
second time period. The anomalous surface cyclone appears
around 40°N in both the first and second time periods in winter.
In the first time period, the cyclone mainly describes the fea-
tures of the Aleutian low (AL), whereas in the second time
period the cyclone anomaly mainly expresses the features of
the southern pole of the North Pacific Oscillation (NPO)
(Rogers 1981). Additionally, to examine the different rela-
tionship between NPSSTI and AL/NPO in the two time pe-
riods we calculate the correlation coefficients between them,
and the AL and NPO index are defined by time series of EOF1
and EOF2 mode of winter SLP, respectively. The correlation
coefficients between NPSSTI and AL (NPO) in the first and
second time periods are 0.58 (0.39) and 0.08 (0.55); the results
also suggest that the NPSST has a closer relationship with the
NPO in the second time period. In addition, stronger south-
westerly winds are located in the central to eastern tropical
Pacific during the second time period than during first time
period, which shows a stronger correlation between the PMM
and NPSST during the second time period. The southwesterly
winds warm the SSTs in situ by wind-evaporation-SST feed-
back (Chiang and Vimont 2004; Xie et al. 2009).

The horseshoe-shaped SST structure begins to collapse in
the following spring in the first time period (Fig. 8b). By con-
trast, the SST mode can persistent into the following season
and toward July, with a clear development of significant posi-
tive SST anomalies over the tropical regions from winter to
July in the second time period (Fig. 8f). The anomalous surface
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FIG. 6. The climatological distributions of wind fields (unit: m s~*) at 850 hPa for 1-20 Jul during (a) the first and
(b) the second time periods. The red box denotes the YHRB region. Regression map of the NPSSTI for (c),(d) the 850-
hPa wind field (unit: m s~ '), (e),(f) omega (unit: 107> Pas™") averaged along 110°~122°E, and (g),(h) the relative
humidity (unit: %) averaged along 110°-122°E for 1-20 Jul during (c),(e),(g) 1961-1985 and (d),(f),(h) 1990-2016. The
dark and light shading in (c) and (d) indicate the 90% and 95% confidence levels, respectively, based on Student’s ¢
test; the dotted areas in (c) and (e) indicate the 95% confidence levels based on Student’s ¢ test.
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FIG. 7. Regression map on NPSSTI for (a),(b) the zonal wind at 200 hPa (unit: m s ') and (c),(d) the geopotential
height at 500 hPa (unit: gpm) for 1-20 Jul during (a),(c) 1961-85 and (b),(f) 1990-2016. The dotted area indicates
the 95% confidence level based on Student’s ¢ test and the contours in (a),(b) and in (c),(d) indicate the jet
(>20ms ™% interval is 5ms ') and WPSH (5880 and 5870 gpm isoclines) during their respective periods.

wind is more concentrated in the area south of 30°N than in
winter (Figs. 8e,f). In particular, an anomalous cyclone appears
to locate over the tropical central-western Pacific (150°E-
150°W), accompanying an anomalous anticyclone over the
tropical eastern Pacific (150°-90°W). The anomalous cyclone
and anticyclone give rise to a warming SST over the tropical
central-western Pacific, enhanced the warming anomaly.
Negative SST anomalies occur over the northwestern Pacific,
enhancing the zonal gradient of the SST and reinforcing the
westerly anomaly over the western Pacific. Thus the enhanced
westerly winds further strengthen the positive SST anomalies
along the equator through air-sea interactions and a positive
Bjerknes feedback process (Fig. 8g) (Bjerknes 1969). Meanwhile,
previous studies have pointed out that the anomalous westerly
winds over the tropical western Pacific in spring also can trigger
the eastward propagating warm Kelvin waves to warm the SST in
the tropical central-eastern Pacific (Huang et al. 2001; Lengaigne
et al. 2004; Chen et al. 2014). The NPSST-related SST and surface
wind anomalies show a more significant PMM pattern, which may
be a crucial factor in enhancing the tropical Pacific SST anomaly
in June. Consequently, the positive SST anomalies over the
tropical Pacific can persist into July, which resembles the process
revealed by Ding et al. (2015b) in which the Victoria mode affects
the ENSO. We use the Nifio-3.4 index to represent the SST
anomaly over the central-eastern Pacific and then calculate the
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correlation coefficient between the NPSST in winter and the
Nifio-3.4 index in June and July. The results show that a high
correlation occurs in the second time period and the correlation
coefficients in June and July are above the 95% confidence level
(Table 1). The results also imply that the NPSST could affect the
SST over the central-eastern Pacific in the second time period.
The NPSST-related SST over the ocean east of Japan also appears
to be clearly different between the first and second time periods;
there are larger and stronger negative SST anomalies in the sec-
ond time period than in the first time period (Figs. 8d.f).

Yu et al. (2018) reported that the positive SST anomalies
over the ocean east of Japan could have led to less precipitation
in the Yangtze River basin in summer since 1990 by changing
the meridional temperature gradient. Previous studies also
suggested that the summer WPSH could be affected by the
tropical Pacific SST after the early to mid-1990s (He and Zhou
2015; Wu and Wang 2019; Yun et al. 2010). Therefore the
anomalous SST in July over the throughout the North Pacific
induced by the NPSST has a key influence on the variations in
the WPSH and EAJS from 1 to 20 July, which, in turn, affects
the MWD.

Moreover, in this part, we also explore how the NPSST-
related SST anomalous in July cause the anomalies of EAJS
and WPSH during the second time period. The EAJS anom-
alies are mainly affected by the distribution of temperature



15 MAY 2021

1961—}985, DJF

LI ET AL.

3877

60N

30N

60N

LN N
s
5 /
RN

30N

90E 120E 150E 180 150W  120W 90W

1961 -1?85, MAM

90E 120E 150E 180 150W  120W 90W

1 990—2|01 6, MAM

60N

30N

t - —
NS Y

90E 120E 150E 180 150W  120W 90W

(c) SST relg. NPSS‘I’I

|
150W  120W

180

90E 120E 150E 90w

1990-|2016, Jun

60N ,‘,g —> - 60N
30N :( -~ L aon
o N (AN
CAAR AL
& g
—x B
0 2 \:\\\: ~ \ﬁ‘ 0
NN 3
o/ e
I e
90E 120E 150E 180 150W 120W 90W 90E 120E 150E 180 150W 120W 90W

(d) SST reg. NPSSTI 19611985, Ju

1990|—2016, Ju

60N

30N

60N

30N

180 90W

150W

90E 120E 150E 120W

-0.56 -0.42 -0.28 -0.14

0

180 90W

150W

120E 150E 120W

0.14 0.28 0.42 0.56

FIG. 8. (a)—(d) Regression map of the SST (colors; the dotted area indicates the 95% confidence level based on
Student’s ¢ test) and surface wind field (vectors; only those >90% confidence level are plotted) in winter, spring,
June, and July, respectively, during 1961-85. (e)—-(h) Regression map of the SST (colors; the dotted area indicates
the 95% confidence level based on Student’s ¢ test) and surface wind field (vectors; only those >90% confidence

level are plotted) in winter, spring, June, and July, respectively, during 1990-2016.

anomalies, especially the meridional temperature gradient, at
middle to upper levels of the troposphere. Thus, we examine
the NPSST-related anomalous temperature and meridional
temperature gradient anomalies at middle to upper levels
(mass-weighted average from 500 to 200 hPa) in the second
time period; notably, we multiply the temperature gradient
anomalies by a minus sign for more vivid descriptions of results
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(Figs. 9a,b). The positive and negative temperature anomalies
are located in the central-eastern Pacific and near Northeast
Asia, respectively. The NPSST-related air temperature anom-
alies roughly correspond to the NPSST-related SST anomalies
in July (Fig. 8h), but the air temperature is tilted to the
northwest. Those distributions of temperature anomalies give
rise to a stronger minus meridional temperature gradient
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TABLE 1. Correlation coefficients between the NPSSTI and
different indexes in the two time periods. One asterisk (*) indicates
>95% confidence level, and two asterisks (**) indicate >99%
confidence level, based on Student’s ¢ test.

PMM_ PMM_ Nifio- Nifio-

winter spring 3.4_June 3.4 _July
NPSSTI_pre 0.42% 0.17 -0.16 —-0.03
NPSSTI_post 0.61%#* 0.67%** 0.58%%* 0.46%*

around 30°N over East Asia, which implies the southward
displacement and intensification of EAJS. In addition, the
vertical motion and heating source play a vital role in the po-
sition and strength of the WPSH (Wang et al. 2006, 2011; Li
et al. 2019). The anomalous upwelling and downwelling motion
in the second time period associated with the NPSST locate
around 10° and 20°N over the western Pacific (Figs. 9c.e),
roughly matching the positive and negative SST anomalies
over western Pacific associated with the NPSST in July, re-
spectively (Fig. 8h). The downwelling motion around 20°N
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over western North Pacific results in the southward displace-
ment of the WPSH. Meanwhile, apparent NPSST-related at-
mospheric heating anomalies, which are calculated based on
Yanai et al. (1973), describe a negative anomaly around the
20°N over western North Pacific (Fig. 9d). The negative
anomalies of atmospheric apparent heating favor a southward-
shifting WPSH (Wang et al. 2006). Notably, the atmospheric
apparent heating anomalies coincide well with the anomalous
vertical motion. Thus, the EASJ and WPSH during 1-20 July
are caused by NPSST-related SST anomalies in July via
changing air temperature and vertical motion associated with
the NPSST in the second time period.

Furthermore, we used numerical simulations to verify this
mechanism that the anomalous SST in July associated with
NPSST impacts the EASJ and WPSH, ultimately influencing
the mei-yu. We employ the CAM4 and design two experiments
as follows. The first experiment is 50 years of integration forced
with the climatological SST and sea ice boundary conditions,
defined as the control run (Ctrl); the second experiment is the
same as the first, but the anomalous SST shown in Fig. 10a is
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FIG. 9. Regression map of mass-weighted average (a) temperature and (b) minus the meridional temperature
gradient from 500 to 200 hPa during 1-20 Jul onto NPSSTI in the period 1990-2016. Regression map of (c) omega at
500 hPa, (d) atmospheric apparent heating (Q,), and (e) omega averaged along 150°E~180° during 1-20 Jul onto
NPSSTI in the period 1990-2016. The dotted areas indicate the 90% confidence level based on the Student’s ¢ test.
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FI1G. 10. (a) Forced SST anomaly in July in the sensitivity experiment relative to the control experiment, (b) the
difference in precipitation averaged along 110°-122°E between the sensitivity and control experiments, and the
difference in the (c) zonal wind at 200 hPa and (d) the geopotential height at 500 hPa between the sensitivity and
control experiments during 1-20 Jul. The dotted areas indicate the 90% confidence level based on Student’s ¢ test.
The contours in (c) and (d) indicate the jet stream and the WPSH during 1-20 Jul in the control experiment.

added as the July SST (defined as the sensitivity experiment,
Exp). The anomalous SST in July is obtained by the compos-
ited SST anomaly of the years exceeding one standard devia-
tion of the NPSSTI during 1990-2016. The first 20 years are used
for the model spinup and the last 30 years are used for analysis. It
should be noted that the 30-yr mean values are equivalent to the
values from an ensemble of 30 samples created by different
initial atmospheric and land surface conditions.

Figure 10b shows the precipitation averaged along 110°—
122°E in July for the two experiments. It is clear that positive
precipitation anomalies dominate in the YHRB and the max-
imum positive value center occurs around 11 July, which sup-
ports the above-normal precipitation and later MWD in the
sensitivity experiment. To compare the differences between
the EAJS and WPSH in the two experiments, we analyze the
zonal wind at 200 hPa and the geopotential height at 500 hPa
between the sensitivity and control runs (Figs. 10c,d). As a
result of the systematic errors in the model, there are some
differences in the climate systems (the EASJ and WPSH) be-
tween the control run and the real atmosphere. Compared with
the observed datasets, the EASJ in the control run is weaker
and in a more northward position, whereas the WPSH is
stronger in the control run. The composite analysis of the zonal
wind at 200 hPa between the control and sensitivity runs shows
that the significant intensified westerly winds dominate around

Brought to you by UNIVERSITETSBIBLIOTEKET | | Unauthenticated | Downloaded 03/21/22 02:12 PM UTC

35°N (colors in Fig. 10c) and the maximum zonal wind is lo-
cated north of 40°N (green lines in Fig. 10c). These results
imply that the strengthened and displaced southward EAJS is
expressed more in the sensitivity experiment than in the con-
trol run. The composite analysis of the geopotential height at
500 hPa shows the significant areas of high pressure located in
the south of the South China Sea and the Philippine Sea (colors
in Fig. 10d). These results suggest that the intensified and dis-
placed westward and southward WPSH can be seen in the
sensitivity experiment. These results from numerical experi-
ments confirm the observational results. Therefore both the
numerical results and the observations support the conclusion
that the NPSST-related SST over the Pacific in July can exert
great a large effect on the MWD by modulating the WPSH and
EAIJS in the second time period.

5. Possible mechanism for the enhanced persistent SST
anomaly over the North Pacific after the early 1990s

This section discusses the possible mechanism for the more
persistent SST anomalies associated with the NPSST during
the second time period. The NPSST mode is similar to the
pattern of the PDO and NPGO. To explore the relationship
between the NPSST and PDO/NPGO, we use the empirical
orthogonal function (EOF) to analyze the winter SST (the
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FIG. 11. The EOF mode of the winter North Pacific SST during 1961-2016: (a),(b) EOF1 and EOF2, respectively;
(d),(e) the time series of EOF1 and EOF2, respectively, (c) the combined mode of EOF1 and EOF2, and (f) the
time series of the combined mode. The black lines in (d)—(f) indicate the NPSSTIL.

signals of ENSO have not been removed) over the North
Pacific during 1961-2016. Figure 11 shows the spatial distri-
bution of the leading two modes and the corresponding time
series. The first two leading modes are independent of each
other and are statistically distinguished from the other modes
according to the rule given by North et al. (1982). The first and
second leading modes present a PDO-like mode and a NPGO-
like mode, respectively, which explain 31% and 17.9%, re-
spectively, of the variance of the variability in the SST over the
North Pacific. Figures 11d and 11e show the time series of the
PDO-like and NPGO-like mode indexes, respectively, and
both PDO-like and NPGO-like modes show clear interannual
to interdecadal variabilities. Because the NPSST has similar
spatial features to the PDO-like and NPGO-like modes, we
calculate the spatial and temporal correlation coefficient be-
tween the NPSST and PDO-like/NPGO-like modes. The spatial
(temporal) correlation coefficient between the NPSST and the
PDO-like mode is 0.43 (0.58) and the spatial (temporal) corre-
lation coefficient between the NPSST and the NPGO-like mode
is 0.68 (0.73), with all correlation coefficients above the 99%
confidence level. We directly sum the distributions of the PDO-
like and NPGO-like modes due to their independence (Fig. 11c).
Similarly, we also sum the time series of the PDO-like and
NPGO-like modes (Fig. 11f). The pattern correlation coefficient
between the new mode (PDO-like + NPGO-like) and the
NPSST is 0.78 and their temporal correlation coefficient is 0.91.

Similarly, Zhang et al. (2018) used the combined EOF leading
modes to explore the relationship between stratospheric ozone
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loss and the polar vortex, so the method that we use to combine
the PDO-like and NPGO-like modes is reliable. When we re-
move the linear ENSO signals from the SST, the pattern and
time correlations between the NPSST and the combined mode
of EOF1 are up to 0.88 and 0.95, respectively. However, the
EOF1 and EOF?2 are not independent of each other, so we keep
the linear ENSO signals; the results are robust with or without
the ENSO linear signals. We therefore conclude that the NPSST
mode is caused by a combination of PDO-like and NPGO-
like modes.

Previous studies have suggested that the decadal change in
the interannual variability of the SST could cause the decadal
change in the influence of the SST. Ding et al. (2015b) suggest
that the interannual variability of the Victoria mode deter-
mines the linkage between the Victoria mode and the ENSO.
When the Victoria mode has a pronounced interannual vari-
ability, its impact on the ENSO is stable and vice versa. Yeh
etal. (2011) showed that the interdecadal change in the climate
over the North Pacific is dominated by the interdecadal change
in the interannual variability of the PDO-like and NPGO-like
modes. Therefore we examined the interannual variabilities of
the NPSST, PDO-like, and NPGO-like modes by conducting a
15-yr running-variance analysis. The interannual variability of
the PDO-like mode is stronger before the early 1980s and
decreases after the early 1980s, then recovers significantly after
the early and mid-1990s (blue line in Fig. 12). By contrast, the
interannual variability of the NPGO-like mode is smaller be-
fore the mid-1980s and rapidly increases after the mid- and late
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FI1G. 12. The 15-yr sliding variances of the NPSSTI, PC1, and PC2.

1980s. The changes in the interannual variabilities of the PDO-
like and NPGO-like modes are consistent with previous studies
(Bond et al. 2003; Ding et al. 2015b; Yeh et al. 2011). The
changes in the interannual variabilities of both the PDO-like
and NPGO-like modes lead to a stronger interannual vari-
ability of the NPSST since the early 1990s. Therefore the strong
interannual variability may have a crucial role in the recently
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face wind anomalies dominant north of 20°N. By contrast, the
anomalous SLP fields in the second time period show a dipole
mode (the NPO) and the anomalous surface wind extends
south of 20°N, which enhances air-ocean interactions and leads
to more persistent SST anomalies (Figs. 13a,b). With respect to
the atmospheric circulation anomalies related to the PDO-like
pattern, the SLP and surface wind anomalies resemble the
NPSST-related pattern in the first time period (Fig. 13c). In the
second time period, however, the SLP fields also present a
monopole mode, but this seems to move more eastward and
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F1G. 13. The (a) NPSSTI-, (c) PC1-, and (e) PC2-related SLP (colors; the dotted area indicates the 95% confi-

dence level based on Student’s ¢ test) and surface winds (vectors; only those >95% confidence level are plotted)
during 1961-85. The (b) NPSSTI-, (d) PC1-, and (f) PC2-related SLP (colors; the dotted area indicates the 95%
confidence level based on Student’s ¢ test) and surface winds (vectors; only those >95% confidence level are
plotted) during 1990-2016.
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southward, which resembles the southern pole of the NPO
(Fig. 13d). Subsequently, the anomalous surface winds extend
to the south of 20°N during the second time period. In both the
first and second time periods, the NPGO-like related SLP
anomaly resembles the NPO. However, the anomalous NPO
pattern in the second time period has a greater amplification
and its position is more southward than that in the first time
period (Figs. 13e,f). The anomalous NPO pattern with a
greater amplification and more southward position may have a
close relationship with enhanced interannual variability of the
NPGO-like mode in the second time period. Figures 13d and
13f show that the PDO- and NPGO-like related anomalous
SLP and winds are similar to each other south of 50°N in the
second time period.

The NPSST, as the combined mode of the PDO- and
NPGO-like modes and the signals of the PDO- and NPGO-
like related anomalies, may strengthen the NPSST-related
southern pole of the anomalous NPO pattern. The intensity
of the NPSST-related anomalous SLP is about —2 hPa, which is
greater than that of the PDO- and NPGO-like related
anomalous. Previous studies have found that the southern
pole of the NPO modulates the influence of the extratropical
circulation on tropical regions (Di Lorenzo et al. 2010;
Furtado et al. 2012; Xie et al. 2019; Yu et al. 2018).
Additionally, in order to examine the effects of PDO-like and
NPGO-like mode on the SST anomalies, the evolution of SST
anomalies associated with the PC1 and PC2 are analyzed,
respectively. The results are similar to the NPSST-related
results, the SST anomalies are more significant and persistent
in second time period (not shown). Therefore the strong in-
terannual variabilities of both the PDO- and NPGO-like
modes lead to the intensified interannual variability of the
NPSST and resultin an enhanced southern pole of the NPO, a
more persistent SST anomaly and, ultimately, the anomalous
SST in July affects the MWD.

Furtherly, we use the SST of first 30-member model results
from CESM-LENS datasets during 1961-2005. First, we obtain
the NPSSTTI of the model through the projection of the NPSST
mode to the all SSTs (30 members X 45 years) in all individual
members of CESM-LENS. We then investigate whether the
NPSST is a combined mode of first two leading modes in the
model. Figures 14a—c show the spatial distribution of first two
leading modes of the model’s SST, which suggest that the
NPSST mode could also be a result of the combination of the
first two leading modes of the SST over the North Pacific based
on the model simulations. The scatterplots of time series of
leading modes versus NPSSTI in model also suggest that the
NPSST mode is a combination of the PDO- and NPGO-like
modes. Thus, the results revealed by the CESM-LENS dataset
indicate that the results of the observations are robust.
Meanwhile, we also conduct the EOF using ensemble-mean
SST of CESM-LENS for confirming the robustness of the
NPSST mode; the results are similar to results revealed by
ensemble-mean SST (Fig. S2). The results suggest that the
external forcing from the climate system also could influence
the PDO-like, NPGO-like, and NPSST modes. More expla-
nations about the results revealed by CESM-LENS will be
discussed in the next section.
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6. Conclusions and discussion

The mei-yu is an important component of the EASM and its
variability and evolution have an essential role in the distri-
bution of rainbands over East Asia (Li and Zhang 2014). The
MWD signals the end of the monsoon rainy season over the
YHRB and the start of the rainy season over North and
Northeast China (Tao and Chen 1987). The MWD has a large
interannual variability and is therefore difficult to forecast.
Because the North Pacific SST has important effects on the
climate over the Pacific Ocean and nearby areas, we explored
the relationship between the MWD and the SST over the
North Pacific in the preceding winter to unravel the mechanism
of the interannual to interdecadal variability of the MWD.

The MWD-related SST anomaly over the extratropical
North Pacific in winter (the NPSST) shows a horseshoe mode,
with positive anomalous SSTs west of 150°W between 20° and
40°N and negative anomalies over the surroundings. The
NPSST is a combined mode of PDO-like and NPGO-like
modes, as confirmed in both the observed and modeled SSTs.
The correlation coefficient between the NPSSTI and the MWD
is 0.46 and a sliding correlation shows that the significant
linkage between the NPSST and MWD has increased since the
early 1990s. In addition, the NPSST-related anomalous pre-
cipitation over the YHRB spans from 1 to 20 July after the
early 1990s, which suggests that the NPSST affects the MWD
through the anomalous precipitation in this time period. The
enhanced relationship between the NPSST and the MWD is
confirmed in long-term observation datasets by the precipita-
tion index over the YHRB from 1 to 20 July. We therefore
divided the study period into two periods (1961-85 and 1990—
2016) to address the enhanced relationship between the NPSST
and the MWD.

In the second time period, the NPSST-related circulation,
vertical motion, and relative humidity anomalies on 1-20 July
describe significant signals and could directly change the
MWD. By contrast, the NPSST-related anomalies do not show
significant signals in the first time period. The NPSST-related
climate systems support the suggestion that the NPSST affects
the circulation, vertical motion, and relative humidity by
changing the intensities and positions of the WPSH and EAJS
in the second time period. In general, a positive NPSST cor-
responds to an intensified and displaced southward displaced
EAJS and an intensified and southward and westward dis-
placed WPSH on 1-20 July. This results in ascending motion
over the YHRB and strengthens the mei-yu front, leading to a
delay in MWD and vice versa. However, the NPSST-related
anomalies of the WPSH and EAJS are negligible in the first
time period, thus the NPSST does not have a significant effect
on the MWD during the first time period. We also analyzed the
evolution of the SST associated with the NPSST in the two time
periods and the results show that, compared with the first time
period, the SST anomalies associated with the NPSST are more
sustainable and could affect the SST over the tropical Pacific
Ocean in the following months in the second time period. The
anomalous SST over the North Pacific in July then changes the
WPSH and EAJS via anomalous air temperature at middle to
upper levels of troposphere and vertical motion and, as a
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FI1G. 14. The EOF modes of the winter North Pacific SST obtained from the first 30 members of the CESM-LENS
dataset during 1961-2005 (30 members X 45 years) and the scatterplot of time series in EOF modes vs NPSSTL. (a),(b)
The EOF1 and EOF2 mode, respectively. (d),(e) The time series of EOF1 and EOF2 vs NPSSTI, respectively. (c) The
combined mode of EOF1 and EOF2. (f) The time series of the combined mode of EOF1 and EOF2 vs NPSSTI. The
abscissa and ordinate in (d)—(f) denote the NPSSTI and time series, respectively. The black lines in (d)—(f) denote
the regression line upon NPSSTL. (g) The raw indices of NPSST mode from all 30 members (gray curves), the
ensemble-mean SST (black curve), the mean of the four members that match the observations (blue curve), and the
NPSST in observation (red curve). (h) As in (g), but for the 15-yr sliding variance of normalized time series.

consequence, affects the MWD. This result is confirmed using  time periods. The running variances of the NPSST, PDO-like,
an atmospheric general circulation model. and NPGO-like modes show that the PDO-like and NPGO-

We also explored the possible mechanisms in the different like modes have greater interannual variabilities in the sec-
processes of the evolution of the SST in the first and second ond time period and give rise to an NPSST with a greater
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interannual variability in this period. The NPSST-related SLP
shows significant NPO-like anomalies, especially the southern
pole of the NPO with a larger amplitude and more southward
location. The anomalous NPO (mainly the southern pole of the
NPO) enhances the impact of the extratropical and tropical
regions. The NPSST-related SST anomaly persists to July and
leads to an anomalous SST over the tropical Pacific Ocean.

The PDO-like and NPGO-like modes show greater inter-
annual variabilities in recent decades, when the greater inter-
annual variabilities of the leading mode of the SST lead to a
strengthened effect of the extratropical SST in winter on the
climate over East Asia during following months. Our obser-
vations show that there is a significantly enhanced interannual
variability of the NPSST. Meanwhile, the results from CESM-
LENS also confirm the NPSST mode is combination mode of
PDO- and NPGO- like modes. Thus, in this section, we will
discuss the possible mechanism of the enhanced interannual
variabilities of NPSST mode using the CESM-LENS datasets.
It can be assumed that the spreads of the intermember and
ensemble means indicate the internal climate variability and
external forcing, respectively (Deser et al. 2016). As shown in
Fig. 14g, the contribution of atmospheric internal variability to
the amplitude of NPSST variance is larger than the externally
forced one (Fig. 14g, gray curves vs black curve). However,
only four individual members have shown an increasing of
interannual variability (Fig. 14h, blue curves). On the other
hand, the interannual variability of forced-NPSST mode has
also shown a similar increasing trend as the observation
(Fig. 14h). Therefore, it is implied that the observed increase of
interannual variability of the NPSST could be induced by both
atmospheric internal variability and external forcing, while the
amplitude of the increase depends on the internal variability.
We acknowledge that such conclusions should be further
confirmed by multimodel simulations in future.

Furthermore, Joh and Di Lorenzo (2017) reported that the
NPGO and PDO have shown increased coupling in recent
decades, which has led to marine heatwaves in the northeast
Pacific. They further investigated the future trend of the cou-
pling relationship between the NPGO and the PDO and
showed this to be very robust in the model projection for 2100
under the RCP8.5 scenario. Our study shows that the coupling
and interannual variabilities of the PDO and NPGO have an
important effect on the climate and ecosystem over the Pacific
Ocean and the nearby areas. Further work is required to con-
sider how the interannual variabilities of the dominant modes
of the North Pacific will change in the future and how the re-
lationship between the North Pacific SST and the mei-yu (even
the climate over East Asia) will be affected by the global cli-
mate change. On the other hands, the key effects of NPO
anomalies induced by the strengthened interannual variabil-
ities SST on the enhanced relationship between the NPSST
and MWD are emphasized in this study. Meanwhile, previous
studies have suggested that the Atlantic multidecadal oscil-
lation (AMO) exert remarkable influences on the PDO
and climate over the Pacific region, and can also modulate
the relationship between the NPO and SST anomalies over
the Pacific (McGregor et al. 2014; Li et al. 2016; Chen et al.
2019). Thus, the AMO might partly modulate the relationship
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between the NPSST and MWD, and the hypothesis should
also be addressed in the future.
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