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Abstract

The Taiwan Strait has the largest temporal variability in the wintertime sea surface temperature (SST) along the China
coast. The warming and cooling trends reach about+1 °C per decade in winter during 1982-1999 and 1999-2014,
respectively, which are about 4 times larger than neighboring coastal area and open ocean. Previous studies have noted
these opposite trends, but the cause remains unclear due to insufficient study on teleconnections of this local signals to
large-scale climate signals (e.g., Pacific Decadal Oscillation, PDO; El Nifio—Southern Oscillation, ENSO). Using different
period filters, wintertime SST anomaly in the Taiwan Strait (TS-SSTa) of different timescales were separated and con-
nected to the large-scale climate signals. Besides the impact of global warming, we also found that the interdecadal signal
of PDO contribute significantly to the warming and cooling trends of the wintertime TS-SSTa during 1982-2014 (mostly
the positive PDO phase). During the positive PDO phase, a sea level pressure (SLP) dipole develops at the North Pacific,
leading to a northeasterly wind jet along the Eurasian eastern coast, and affecting the interdecadal wintertime TS-SSTa
through the East Asia Winter Monsoon (EAWM) and North Pacific Subtropical Gyre. During the negative PDO phase,
the influence from North Pacific weakens, and the tropical Pacific has a greater influence on the interannual wintertime
TS-SSTa through the northward movement of the ENSO-related cyclone/anticyclone anomaly over East Asia. Thus, the
influence from North Pacific (PDO) and tropical Pacific (ENSO) alternately control the TS-SSTa variation during the
positive and negative PDO phases.

Keywords Sea surface temperature - Pacific Decadal Oscillation - El Nifio—Southern Oscillation - North Pacific
Oscillation - North Pacific Gyre Oscillation - Taiwan Strait

1 Introduction 1987). The EAWM has significant impacts on both local

and remote climates (Chang and Lau 1982; Huang et al.

The East Asia Winter Monsoon (EAWM) is one of the most
conspicuous climate phenomena that often brings severe
cold surges and heavy snow to China during the boreal win-
ter season (Ma and Chen 2021). It is associated with a pow-
erful atmospheric circulation system and is generated by the
significant thermal contrast between the large Eurasian land-
mass and the Indo—Pacific Ocean (Ding and Krishnamurti
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2007). Consequently, efforts were made to understand the
EAWM variability and its governing processes (e.g., Huang
et al. 2003; Huang et al. 2007; Wang et al. 2010). Previous
studies reported that EAWM can be influenced by both the
extratropical (Gong et al. 2001; Huang et al. 2017; Wu et al.
2006, 2009) and tropical climate variabilities (Annamalai et
al. 2005; Ma and Chen 2021).

The El Niflo—Southern Oscillation (ENSO) is recog-
nized as a significant factor influencing the EAWM vari-
ability (Webster et al. 1998; Zhang et al. 1996). The ENSO
is characterized with a strong interannual sea surface tem-
perature (SST) variability over the tropical Pacific and is
known to have strong impacts on the interannual variabili-
ties of both the tropics and extra-tropics (Alexander et al.
2002; Ma and Chen 2021). Many studies focused on how
the ENSO affects EAWM. Zhang et al. (1996) argued that
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the El Niflo can suppress convections over the western
tropical Pacific. Wang et al. (2000); Zhang et al. (2017),
and Kim et al. (2017) suggested that the ENSO impacts the
EAWM primarily through the formation of an anomalous
low-tropospheric anticyclonic/cyclonic circulation over
the western North Pacific near the Philippines. They noted
that an anomalous low-level anticyclone develops during
the mature phase of El Nifio in boreal winter and weakens
the EAWM through a southwesterly wind anomaly in the
western flank of the anticyclone. Consequently, the mature
phase of El Nifio is often accompanied by a weaker EAWM,
lower surface heat loss from the ocean, incoming of warmer
water from the south, and a correspondingly warmer SST in
the China coastal seas. In contrast, the mature phase of La
Nifia is accompanied by a stronger EAWM and a colder SST
in the China coastal seas (He and Wang 2013; Wang et al.
2000, 2008; Zhang et al. 1997).

Meanwhile, previous studies reported that the ENSO—
EAWM relationship can be modulated by the North Pacific
interdecadal climate variabilities such as the Pacific Decadal
Oscillation (PDO, Kim et al. 2014; Wang et al. 2008). The
PDO is the most dominant interdecadal SST oscillation in
the North Pacific (Gershunov and Barnett 1998; Mantua et
al. 1997; Wang et al. 2008, 2013) noted that the relationship
between the ENSO and EAWM is not robust on the interan-
nual timescale when the PDO is in its positive phase, though
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Fig. 1 Sea surface temperature (SST) anomaly trend (from
the OISST data, color shading, °C/year) in the China coastal
seas during 1982-1999 (a) and 1999-2014 (b). Color shad-
ing and gray points represent the SST trends at the 90%
and 95% significance levels, respectively. The solid blue
line represents the 150 m isobath, presenting a steep slope.
The dashed red box denotes the area of the Taiwan Strait.
(c) The Taiwan Strait-SST anomaly (TS-SSTa) time series
from 1982 to 2021, area-averaged within the dashed red box
in (a) and (b) with water depth less than 150 m
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ENSO has a strong impact on the EAWM when the PDO is
in its negative phase. In addition, Kim et al. (2014) argued
that the ENSO-EAWM relationship can be significantly
strengthened when the PDO and ENSO are in phase, i.e.,
when El Nifio occurs during the positive PDO phase or La
Nifa occurs during the negative PDO phase. In contrast, the
EAWM remains relatively unchanged when the PDO and
ENSO are out of phase.

The North Pacific Oscillation (NPO) is characterized by
a large-scale atmospheric meridional dipole in the SLP and
geopotential height over the North Pacific (Rogers 1981;
Wallace and Gutzler 1981). The corresponding large-scale
oceanic oscillation forced by the NPO is known as the
North Pacific Gyre Oscillation (NPGO, Chhak et al. 2009;
Di Lorenzo et al. 2008). As the second dominant EOF mode
of winter sea surface height variability in the North Pacific,
NPGO describes the strength variability of North Pacific
Subtropical Gyre, a circulation system composed of Kuro-
shio, Kuroshio extension, North Pacific Current, California
Current, and North Equatorial Current (Jiang et al. 2013;
Joh and Di Lorenzo 2017) found a significant correlation
between winter NPGO and the following winter PDO from
extratropical/tropical teleconnections, implying the close
relationship between the NPGO and PDO. Moreover, Di
Lorenzo et al. (2010) found the NPGO is also closely related
with ENSO, especially the central Pacific El Nifio events.

The Taiwan Strait is located in the subtropical mon-
soon regime of the western North Pacific, and it links two
marginal seas, namely, the East China Sea and the South
China Sea (Fig. 1). The average depth of the Taiwan Strait is
roughly 50 m. The detailed bathymetry is complicated and
comprises a deep submarine channel in the southeast, a mid-
strait ridge, and a submarine valley in the northern strait
(Boggs et al. 1979). The circulation, which is determined by
the currents and temperature and salinity distributions, thus
shows a complex pattern that depends on the bathymetry
and the East Asian monsoon wind (Jan et al. 2002, 2006;
Yang 2007). In winter (approximately from mid-December
to the following mid-March) when the northeasterly mon-
soon wind prevails, the western part of the strait is domi-
nated by a southward-flowing coastal current known as the
China Coastal Current (CCC, Hong et al. 2011; Zhao et al.
2020). It brings cold and less-saline water from the Yellow
Sea and East China Sea through the strait into the South
China Sea as far south as the Hainan Island (110°E, 20°N)
in years of anomalously strong monsoon (Guan and Fang
2006; Hu et al. 2010; Pan et al. 2013). The eastern part of
the strait is dominated by a northward-flowing current that
flows against the monsoon wind and brings warm and more-
saline water from the Kuroshio and South China Sea to the
East China Sea (Chen et al. 2016; Jan et al. 2006; Jan et
al. 2002). Yang (2007) suggested that the warm current is
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driven by the northward pressure head of the Kuroshio. A
cross-strait recirculation pattern often develops in the strait
under the conflict between the wind and the pressure head,
resulting in fronts where the cold and less-saline CCC water
encounters the warm and more-saline water from the Kuro-
shio (Liao et al. 2018; Oey et al. 2014).

As the Taiwan Strait is a subtropical strait connecting two
marginal seas, the SST anomaly in this strait (hereinafter,
referred to as TS-SSTa) exhibits the largest temporal vari-
ability along the China coastal seas. Similarly, our previous
work suggested that signal of the temperature variability
can be amplified in a strait connecting two neighboring
seas, through the study of the heat transport between the
Indo-Pacific Ocean and Southern Ocean (Liao et al. 2019).
Several previous studies focused on the temporal variability
characteristics of the SST in the China coastal seas, espe-
cially the Taiwan Strait. Oey et al. (2013) suggested that
the warming of the eastern China coastal seas in the recent
decades was associated with a stronger northeasterly wind
and on-coast wind convergence from the open Pacific. Bel-
kin and Lee (2014) reported three epochs of TS-SSTa mul-
tidecadal variations from 1957 to 2011, and the associated
regime shifts occurred in 1976 and 1999. They also found
that the long-term TS-SSTa variability is pronounced in
winter, when the warming and cooling rates can be about + 1
and —1 °C/decade before and after 1999. Wang and Oey
(2014) attributed the TS-SSTa variability to the strengths of
the sideway movements of the Kuroshio front to the north-
east of Taiwan. Liao et al. (2015) further reported a relatively
weak coastal warming trend in the low and mid-latitudes
after 1998, including the China coastal seas. Moreover, the
SST variability has serious consequences on the ecosystem
of China coastal seas (Oey et al. 2018; Xu et al. 2013).

The Taiwan Strait is located at the boundary of the trop-
ics and subtropics, and thus the local signal of the TS-SSTa
variability can be significantly affected by the large-scale
signals of PDO from subtropics and ENSO from tropics.
Therefore, the Taiwan Strait is a good example to explore
local responses to the large-scale climate signals. Mean-
while, it is necessary to assess the causes of TS-SSTa vari-
ability, especially considering the continuous threat of
anthropogenic warming and increased abuse of coastal seas
(Lima and Wethey 2012). However, several previous stud-
ies on the Taiwan Strait only focused on the extreme cold
events and the local dynamics (e.g., Liao et al., 2013, 2018);
Liao et al. (2015) reported the response of coastal SST in the
low and mid-latitudes to global warming, while the effects
of other climate signals were not involved. Therefore, con-
tributions of the large-scale signals such as PDO and ENSO
on the TS-SSTa variability have not been comprehensively
analyzed as yet. That is largely due to insufficient work to

connect the local signals in the Taiwan Strait to those large-
scale signals. (Liao et al., 2013).

The Pacific Ocean is mainly controlled by the large-
scale climate signals of ENSO (Wang and Picaut 2002),
PDO (Wang et al. 2008), global warming (Liao et al. 2015),
NPO (Rogers 1981), and NPGO (Di Lorenzo et al. 2008).
As aforementioned, NPO/NPGO is closely connected with
PDO and ENSO. Therefore, it is reasonable to assume that
the large-scale signals of ENSO, PDO, and global warm-
ing mainly impact the SST variability in the Northwestern
Pacific, especially the Taiwan Strait. Therefore, we explored
the contributions of these signals on the TS-SSTa variabil-
ity based on their typical timescales in this study. Different
period filters were applied to extract the different signals
within the long-term TS-SSTa data. Using this method, the
present study demonstrates the complicated connections
between the TS-SSTa variability and the large-scale signals,
within which the modulation of PDO on the TS-SSTa vari-
ability is relatively novel and has not been clearly reported
before. The remainder of this manuscript is organized as
follows. Section 2 describes the observational datasets and
analysis methods. Section 3 presents the TS-SSTa tempo-
ral variability and its correlations with the PDO/ENSO.
Section 4 describes the mechanisms that explain the PDO
modulation of the PDO/ENSO-SST relationship. Finally,
the results are discussed and summarized in Sects. 5 and 6,
respectively.

2 Data and Methods
2.1 Data

Two SST datasets were used in this study. The first data-
set is the monthly Optimum Interpolation SST data on
a 0.25°x0.25° grid from 1982 to 2021 (OISST, Reynolds
and Chelton 2010). OISST has the advantage of relatively
high horizontal resolution and can reflect the detailed spa-
tial characteristics of the warming/cooling trends in the
Taiwan Strait, as the study by Oey et al. (2013). However,
it is temporally too short to analyze the interdecadal signal
related to PDO. Hence, the second dataset we applied is the
temporally longer UK Meteorological Office Hadley Centre
SST climatology (HadISST) data, as the study by Belkin et
al. (2014). It dates back to 1870, and has monthly temporal
resolution and 1° x 1° spatial resolution (Rayner et al. 2003;
Rayner et al. 2000).

Note that the hydrographic data density increased sharply
in 1957, which was the International Geophysical Year
(1957-1958). Therefore, the SST data from 1957 to 2021
were used to analyze the basin-scale relationship between
the PDO and SST in this study (Belkin 2009; Belkin and

@ Springer

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



3362

Y. Zhang et al.

Lee 2014). Note also that the wintertime SST was con-
structed by averaging the monthly data of January, Febru-
ary, and March. In this paper, “SST” refers to the wintertime
SST unless indicated otherwise.

The Nifio3.4, PDO, and the North Pacific Oscillation
(NPO)/North Pacific Gyre Oscillation (NPGO) indexes
were obtained from the National Oceanic and Atmospheric
Administration. The indexes averaged from December, Jan-
uary, and February were used in this study. Note that time
series of these indexes were standardized by dividing each
series by their corresponding standard deviations.

Furthermore, the monthly sea level pressure (SLP,
2.5°%2.5° gridded), surface wind (2.5°x2.5° gridded), and
surface air temperature (SAT, 2.5°%2.5° gridded) data from
1948 to 2021 were obtained from the National Centers for
Environmental Prediction (NCEP) to explore the mecha-
nism of large-scale climate signals on local signals.

2.2 Methods

In this study, the temporal variability signals related to
ENSO, PDO, and global warming were isolated using
different filters based on their typical timescales. Firstly,
ENSO is generally considered to have an interannual quasi-
period of 2—7 years (Wang and Picaut 2002). Therefore,
an 8-year high-pass filter was reasonably used to obtain
the ENSO-related interannual signal (Liu and Di Lorenzo
2018). Note that a 4-year high-pass filter was also applied to
further demonstrate the interannual variability with higher
frequency; Secondly, as shown in Fig. S1, the PDO waxes
and wanes approximately every 15 to 30 years, indicating
an interdecadal period of about 30-60 years (Wang et al.
2008). Hence, an 8—60-year band-pass filter was applied
to preserve the interdecadal signal related to PDO. Note
that for the relatively short OISST (1982-2021), a 8-year
low-pass filter was sufficient to derive its interdecadal sig-
nal related to PDO; Thirdly, as noted in Schlesinger and
Ramankutty (1994), the signal of global warming is usually
regarded as a low-frequency signal with a period of 65-70
years, rather than just a linear trend. Therefore, a 60-year
low-pass filter can effectively filter out the signal related to

global warming. Note that the slightly different filters gave
qualitatively similar results for the following analyses.

In addition, Morlet wavelet analysis was performed to
demonstrate the temporal variation of the TS-SSTa power
spectrum (Torrence and Compo 1998). Morlet wavelet anal-
ysis has the advantage of demonstrating the temporal varia-
tion of the TS-SSTa power spectrum. Hence, it can present
the TS-SSTa power spectrum during different PDO phase
periods, highlighting the modulation of PDO on the PDO/
ENSO-SST relationship. The TS-SSTa time series was
standardized by dividing it by its standard deviation before
the wavelet analysis. Meanwhile, the interannual compo-
nent of the SST variation is calculated as the integral of the
wavelet power with period less than 8 years divided by the
total power from 1957 to 2017.

3 Results

3.1 TS-SSTa Trends and Correlations with the PDO/
ENSO

The SST anomaly (SSTa, from OISST) in the China coastal
seas shows a significant warming trend from 1982 to 1999
(Fig. 1a) and a cooling trend from 1999 to 2014 (Fig. 1b).
This SSTa trend is especially strengthened in the Taiwan
Strait (Fig. 1). During the warming period, the TS-SSTa
increases at a rate of 1.20 °C/decade (p<0.01, Fig. lc;
Table 1). The area of the strongest warming is located on the
western side of the Taiwan Strait, with a maximum warm-
ing rate of 2.78 °C/decade. On the other hand, during the
cooling period, relatively less coastal areas experienced sig-
nificant cooling (Fig. 1b). The TS-SSTa decreases at a rate
of —0.80 °C/decade (p<0.01, Fig. 1c; Table 1). The stron-
gest cooling region occurs on the western side of the Taiwan
Strait, and the maximum cooling rate is —2.20 °C/decade.
The co-occurrence of the maximum warming and cooling
trends in the western Taiwan Strait indicates the potential
role of the CCC on the TS-SSTa temporal variability. As the
CCC depends strongly on the strength of the EAWM, the
TS-SSTa variability may also be related in part to the large-
scale atmospheric variability of the EAWM.

Table 1 Trends of the area-averaged Taiwan Strait sea surface temperature anomaly (TS-SSTa) and the interannual (8-year high-pass filtered),
interdecadal (8—60-year band-pass filtered), and long-term (60-year low-pass filtered) TS-SSTa during the warming and cooling periods, i.e.,
before and after 1999. The percentages in bold show the contributions of the different signals to the SST trend

Unit: °C/decade

1982—-1999 (warming)

1999-2014 (cooling)

TS-SSTa (OISST)
TS-SSTa (HadISST)

Interannual TS-SSTa (HadISST)
Interdecadal TS-SSTa (HadISST)
Long-term TS-SSTa (HadISST)

1.20 (p<0.01)
1.02 (p<0.01, 100%)

0.08 (p=0.55, 8%)
0.42 (p<0.01, 41%)
0.52 (p<0.01, 51%)

~0.80 (p<0.01)
~0.49 (p=0.04,
100%)

0.02 (p=0.91, —4%)
~0.31 (p=0.05, 63%)
~0.20 (p<0.01, 41%)
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As noted by Kim et al. (2017); Wang et al. (2000), the
EAWM may be affected by the ENSO primarily through an
anomalous low-tropospheric anticyclonic/cyclonic circula-
tion over the western North Pacific. Therefore, the El Nifio
years are supposed to be accompanied by warming in East
Asia, whereas the La Nifia years are accompanied by cool-
ing in East Asia. However, the situation appears to be differ-
ent in the Taiwan Strait. As shown in Fig. 2a, the TS-SSTa is
not correlated with the ENSO (R=-0.04, p=0.83, Table 2),
but it has a significant negative correlation with the PDO
(R=-0.43, p<0.01, Table 2). Likewise, the interdecadal
TS-SSTa (8-year low-pass filtered) is significantly anticor-
related with the PDO (R=-0.47, p<0.01, Fig. 2b; Table 2),
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Fig.2 (a) Time series of the TS-SSTa (from OISST, red solid line, same
as in Fig. 1c), the Pacific Decadal Oscillation (PDO) index (8-year
low-pass filtered, black solid line), and the Nifio3.4 index (green solid
line). (b) Time series of the interdecadal TS-SSTa (8-year low-pass
filtered, red solid line) and the PDO index (8-year low-pass filtered,
black solid line). (¢) Time series of the interannual TS-SSTa (8-year
high-pass filtered, red solid line) and the Nifio3.4 index (green solid
line). The blue dashed box shows a period of negative PDO phase from
2007 to 2013

while the interannual TS-SSTa (8-year high-pass filtered)
shows no correlation with the ENSO (R=-0.01, p=0.94,
Fig. 2¢c; Table 2). However, a positive correlation (R=0.64,
p=0.12, Table 2) exists between the interannual TS-SSTa
and ENSO from 2007 to 2013, which is a short period of
the negative PDO phase. This finding suggests that the PDO
possibly modulates the relationship between the TS-SSTa
and ENSO on the interdecadal timescale. However, the
OISST data are not sufficiently long (1982-2021) to regard
the 8-year low-pass filtered TS-SSTa as an interdecadal sig-
nal. Therefore, the interdecadal modulation of the PDO on
the relationship between TS-SSTa and ENSO was further
analyzed using the longer HadISST data, as described in
Sect. 3.2.

The spatial distributions of the SST-ENSO and SST—
PDO correlation coefficients in the western North Pacific
from 1982 to 2021 are shown in Fig. 3. Figure 3a shows
the positive and negative correlations between the SST and
ENSO in the eastern and western equatorial Pacific, respec-
tively, reflecting the influence of ENSO on the SST in the
Pacific Ocean. Similar to the observations made from Fig. 2a,
no SST-ENSO correlation is found in the Taiwan Strait (see
the magnified view in Fig. 3¢); While in Fig. 3b, the SST is
negatively correlated with the PDO in most western North
Pacific, including China coastal seas from southern East
China Sea to the northern South China Sea, especially the
Taiwan Strait (see the magnified view in Fig. 3d). The SST
and PDO are significantly correlated along the path of the
Kuroshio. It is interesting that the regions with significant
SST—ENSO and SST-PDO correlations seem to be spatially
complementary in the China coastal seas (Fig. 3¢ and d).
In addition, the area of the regions with significant SST—
PDO correlation exceeds that with SST-ENSO correlation
(Fig. 3¢ and d), indicating that the SST temporal variability

Table 2 Correlation and regression coef-

ficients between TS-SSTa and the Pacific
Decadal Oscillation/El Nifio—Southern
Oscillation (PDO/ENSO) index. The OISST
data are from 1982 through 2021, and
HadISST data are from 1957 through 2021.
Values that pass the 95% significance test
are shown in bold

OISST 1982-2021 (mostly in positive PDO phase)
TS-SSTa vs. PDO —0.43 (p<0.01)
TS-SSTa vs. ENSO -0.04 (p=0.83)
TS-SSTa (8-year low-pass) vs. PDO —0.47 (p<0.01)
TS-SSTa (8-year high-pass) vs. ENSO  -0.01 (»p=0.94)
TS-SSTa (8-year high-pass) vs. ENSO  0.64 (p=0.12, from 2007 to 2013)

Positive PDO phase Negative PDO phase
HadISST (correlation coefficient R)
TS-SSTa (8-60-year band-pass) vs. —0.64 (p<0.01) 0.06 (p=0.77)
PDO
TS-SSTa (8-year high-pass) vs. ENSO  0.31 (p=0.10) 0.36 (p=10.02)
TS-SSTa (4-year high-pass) vs. ENSO  0.17 (p=0.37) 0.58 (p <0.01)
HadISST (regression coefficient Rr)
TS-SSTa (8—60-year band-pass) to PDO —0.43 (p <0.01) -0.10 (p=0.77)
TS-SSTa (8-year high-pass) to ENSO  0.08 (p=0.10) 0.16 (p=10.02)
TS-SSTa (4-year high-pass) to ENSO 0.03 (p=0.37) 0.13 (p <0.01)
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Fig. 3 (a, b) Spatial distributions of the correlation coefficients (a)
between SST anomaly (from OISST data) and the El Nifio—South-
ern Oscillation (ENSO), as well as (b) between the SST anomaly and
the PDO, in the North Pacific from 1982 to 2021. (c, d) A magnified
view of the region of the China coastal seas (red dashed box) in (a, b),
respectively. Color shading and gray points represent correlations at
the 90% and 95% significance levels, respectively

in the China coastal seas is dominated by the PDO from
1982 to 2021.

3.2 Modulation of PDO on the Relationship
between TS-SSTa and PDO/ENSO

To further demonstrate the interdecadal modulation of the
PDO on the TS-SSTa—PDO/ENSO relationship, the longer
HadISST data from 1957 to 2021 were used. As shown in
Fig. 4, the TS-SSTa time series was divided into three com-
ponents: the interannual variation related to ENSO (8-year
high-pass filtered), interdecadal variation related to PDO
(8-60-year band-pass filtered), and long-term variabil-
ity related to global warming (60-year low-pass filtered),
based on the filtering methods described in Sect. 2.2. Fig-
ure 4a shows consistent long-term variability between the
wintertime TS-SSTa and the wintertime global mean SST
anomaly, testifying that the long-term variability of the TS-
SSTa is related to global warming. Meanwhile, the TS-SSTa
from HadISST also shows significant warming and cool-
ing trends during the periods 1982—-1999 and 1999-2014,
respectively; however, their values differ slightly from the
corresponding trends seen in the OISST data. The long-term
variability of TS-SSTa significantly contributed to its warm-
ing (+0.52/+1.02) and cooling (-0.20/-0.49) rates during
1982-1999 and 1999-2014, respectively (see Table 1).
As aforementioned, it is assumed that the Northwestern
Pacific, including the Taiwan Strait, is mainly impacted by
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large-scale signals of ENSO, PDO, and global warming.
Hence, the remaining interannual and interdecadal varia-
tions of the TS-SSTa are related to ENSO and PDO, respec-
tively, due to their consistent timescales. These relations
will be discussed further in the following sections.
According to the PDO index, we define 1957-1977 as
the negative PDO phase period, 1978-2006 as the positive
PDO phase period, and the short period of 2007-2013 is
in the negative PDO phase period. For the whole period of
1957-2021, the interdecadal TS-SSTa and PDO are not cor-
related (R=-0.06 (p=0.65, Fig. 4c); the 4-year high-pass
filtered interannual TS-SSTa is also weakly correlated with
the ENSO with a correlation coefficient R of 0.36 (p=0.02,
Fig. 4d). Note that we used the 4-year high-pass filtered
interannual TS-SSTa here, and the 8-year high-pass filtered
interannual TS-SSTa gives qualitatively similar results.
However, it is important to note that the relationship between
the TS-SSTa and PDO/ENSO can be strongly influenced by
the PDO phase, as demonstrated earlier using the OISST
data. From Table 2, when the PDO is in its positive phase,
the interdecadal TS-SSTa is significantly anticorrelated
with the PDO (R=-0.64, p<0.01), with a relatively large
regression coefficient of —0.43 (p<0.01) (notice that all the
values are normalized); In contrast, the 4-year high-pass fil-
tered interannual TS-SSTa is not correlated with the ENSO
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Fig. 4 (a) Time series of the TS-SSTa (from HadISST, red solid line),
the long-term variability of the TS-SSTa (60-year low-pass filtered,
black dashed line), the wintertime global mean SST anomaly (magenta
solid line, left scale) and the long-term variability of the wintertime
global mean SST anomaly (magenta dashed line, left scale) from 1957
to 2021. (b) Time series of the interannual TS-SSTa (8-year high-pass
filtered, red solid line), interdecadal TS-SSTa (8—60-year band-pass
filtered, blue solid line), and the long-term variability (60-year low-
pass filtered, black dashed line) of the TS-SSTa from 1957 to 2021. (c)
Time series of the interdecadal TS-SSTa (8—60-year band-pass filtered,
blue solid line), and the PDO index (8—60-year band-pass filtered,
black solid line) from 1957 to 2021. (d) Time series of the interannual
TS-SSTa (4-year high-pass filtered, red solid line), and the Nifio3.4
index (green solid line) from 1957 to 2021
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(R=0.17, p=0.37), with a weak regression coefficient of
0.03 (p=0.37). However, when the PDO is in its negative
phase, the interdecadal TS-SSTa is not correlated with the
PDO (R=0.06, p=0.77), and the associated regression coef-
ficient is relatively small (Rr=-0.10, p=0.77); In contrast,
the 4-year high-pass filtered interannual TS-SSTa is signifi-
cantly correlated with the ENSO (R=0.58, p<0.01), with a
relatively strong response (Rr=0.13, p<0.01).

Moreover, Fig. 5a shows that the 11-year moving corre-
lation coefficient between the 4-year high-pass filtered inter-
annual TS-SSTa and ENSO is negatively correlated with the
PDO (R=-0.51, p<0.01) on the interdecadal timescale, i.e.,
the correlation between the TS-SSTa and ENSO is signifi-
cant in the negative PDO phase and vice versa. The wavelet
analysis shown in Fig. 5b and c indicates that the interan-
nual signal (period less than 4 years) of the TS-SSTa related
to ENSO increases significantly during the negative PDO
phase period (blue solid line in Fig. 5c), as compared with
the positive PDO phase period (red solid line in Fig. 5c).
Above all, these statistics demonstrate clearly that the PDO
phase can modulate the power spectrum of TS-SSTa, and
therefore the response of TS-SSTa to the PDO/ENSO on the
interdecadal timescale. To be specific, during the positive
PDO phase period, the TS-SSTa has a strong interdecadal
signal and a significant negative correlation with the PDO;
In contrast, during the negative PDO phase period, the inter-
annual signal dominates the TS-SSTa, which has a signifi-
cant positive correlation with the ENSO.

The spatial distributions of the SST-ENSO and SST—
PDO correlation coefficients during the different PDO
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Fig. 5 (a) Time series of the 11-year moving correlation coefficient
(Rc) between the 4-year high-pass filtered interannual TS-SSTa and
ENSO (red solid line, scale on the left axis), and the interdecadal PDO
index (8—60-year band-pass filtered, black solid line, scale on the right
axis). (b) The Morlet wavelet power spectrum of the standardized TS-
SSTa. The contours show the 90% significance level. (c) The time-
averaged wavelet power spectrum for the positive (red solid line) and
negative (blue solid line) PDO phase periods and for the whole period
of 1957-2021 (black solid line). The red dashed line shows the 90%
significance level

phases in the North Pacific from 1957 to 2021 are shown
in Fig. 6. As mentioned in Fig. 4, during the positive PDO
phase period, the interdecadal SST is highly anticorrelated
with the PDO in the western North Pacific, especially in the
China coastal seas (Fig. 6a). However, this correlation van-
ishes during the negative PDO phase period (Fig. 6b). On
the other hand, although the interannual SST is significantly
correlated with the ENSO in the low latitudes, this area of
credible correlation is not observed in the China coastal seas
during the positive PDO phase period (Fig. 6¢). During the
negative PDO phase period, the correlation between the
interannual SST and ENSO becomes more significant and

-08 -06 -04 -0.2 ] 0.2 0.4 0.6 0.8

R(;n(erde(adal SST, PDO) (PDO-)
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Fig.6 (a,b) Spatial distributions of the correlation coefficients between
the interdecadal SST (8—60-year band-pass filtered) and the PDO dur-
ing the positive (a) and negative (b) PDO phases in the North Pacific.
(c, d) Spatial distributions of the correlation coefficients between the
interannual SST (8-year high-pass filtered) and ENSO during the posi-
tive (c) and negative (d) PDO phases in the North Pacific. Color shad-
ing and gray points represent correlations at the 90% and 95% signifi-
cance levels, respectively
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Fig.7 Same as Fig. 6, but for National Centers for Environmental Pre-
diction (NCEP) surface air temperature (SAT)

@ Springer

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



3366

Y. Zhang et al.

extends to the Taiwan Strait (Fig. 6d). Similar results can
be derived using the NCEP SAT data from 1948 to 2021
(Fig. 7). Along the Chinese coast and especially in the Tai-
wan Strait, the interdecadal SAT has a significant anticor-
relation with the PDO during the positive PDO phase period
(Fig. 7a), and the interannual SAT is highly correlated with
the ENSO during the negative PDO phase period (Fig. 7d).
Note that the variabilities of the SST and SAT are highly
consistent, especially in the middle and low latitudes (fig-
ures not shown). Consistently, the interannual component
of the SST variation related to the ENSO is relatively small
in the western North Pacific during the positive PDO phase
period (Fig. 8a), whereas it is highly strengthened and
extended when the PDO is in its negative phase, especially
in the China coastal seas (Fig. 8b and c).

From the above analysis, we can conclude that along the
Chinese coast and especially in the Taiwan Strait, the PDO
has a dominating influence on the SST/SAT variability on
the interdecadal timescale during the positive PDO phase
period, whereas the interannual component of the SST/SAT
variability is strengthened and dominated by the ENSO dur-
ing the negative PDO phase period. In a word, PDO can sig-
nificantly change the power spectrum of the TS-SSTa and
thus modulate the relationship between TS-SSTa and PDO/

Propogtion of interannual SST (PDO+)

4
,4’ #A\

a

Proportion of interannual SST (PDO-)
b 604 '

s Y '#A\

Fig.8 Interannual component of the SST variation based on the Morlet
wavelet analysis during the positive (a) and negative (b) PDO phases.
(c) Difference between (b) and (a) (b minus a). Contours indicate val-
ues of 0.25 (a and b) and 0 (c)
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ENSO. The PDO and ENSO alternately control the TS-
SSTa variability according to the PDO phases. Therefore,
the warming and cooling trend in the Taiwan Strait during
1982-2014 (mostly in positive PDO phase) is mainly con-
tributed by the interdecadal signal of the PDO and long-
term signal of global warming. As listed in Table 1, PDO
and global warming account for roughly 41% (+0.42/+1.02)
and 51% (+0.52/+1.02) of the warming trend during 1982—
1999; and 63% (-0.31/-0.49) and 41% (-0.20/-0.49) of
the cooling trend during 1999-2014, respectively.

4 Possible Influencing Mechanisms by the
PDO/ENSO

To further reveal the physical mechanisms of the influence
of the PDO and ENSO on the SST temporal variability in
the China coastal seas, especially in the Taiwan Strait, we
examined the SST (HadISST), SLP (NCEP), and surface
wind (NCEP) data from 1957 to 2021.

4.1 Influence of the PDO on TS-SSTa

The influence of the PDO on the TS-SSTa temporal variabil-
ity is mainly evident on the interdecadal timescale during
the positive PDO phase period (see Table 2). Figure 9a—d
show the regression patterns of the SLP and surface wind
anomalies with respect to the PDO in the North Pacific from
1957 to 2021. As shown in Fig. 6a, the interdecadal SST in
most of the western North Pacific is significantly anticor-
related with the PDO during the positive PDO phase period.
The corresponding SLP regression map shows a dipole with
a positive SLP anomaly over the northeastern Eurasia and a
negative SLP anomaly over the North Pacific (Fig. 9a). This
SLP dipole can lead to a northeasterly wind jet anomaly
along the eastern coast of the Eurasian continent, thereby
influencing the EAWM and subsequently the SST variability
in the western North Pacific, especially in the China coastal
seas (Fig. 9¢). In contrast, the interdecadal SST-PDO rela-
tionship disappears in the western North Pacific during the
negative PDO phase period (Fig. 6b) because there is nei-
ther an SLP dipole in the north (Fig. 9b), nor a northeasterly
wind jet anomaly along the eastern coast of the Eurasian
continent (Fig. 9d). In other words, the PDO can signifi-
cantly affect the TS-SSTa variability through the SLP dipole
and its associated northeasterly wind jet anomaly in the
western North Pacific on the interdecadal timescale during
the positive PDO phase period. However, this process does
not occur during the negative PDO phase period.
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Fig.9 (a, c) Regression map of the interdecadal (8-60-year band-pass
filtered) sea level pressure (SLP) (a) and surface wind anomalies (c) to
the PDO during the positive PDO phase period (PDO+). (b, d) Same
as (a, c), but during the negative PDO phase period (PDO-). (e, g) The
regression map of the interannual (8-year high-pass filtered) SLP (e)
and surface wind anomalies (g) to the ENSO during the positive PDO
phase period (PDO+). (f, h) Same as (e, g), but during the negative
PDO phase period (PDO-). Color shading and vectors indicate the
90% significance level. The gray points indicate the 95% significance
level

4.2 Influence of the ENSO on TS-SSTa

The ENSO influences the TS-SSTa temporal variability
mainly on the interannual timescale during the negative
PDO phase period, as mentioned earlier (see Table 2). Fig-
ure 9e—h shows the corresponding regression patterns of the
interannual SLP and surface wind anomalies with respect
to the ENSO in the North Pacific from 1957 to 2021. The
positive correlation between the interannual SST and ENSO
is relatively weak in the China coastal seas and is confined
to the region south of 30°N during the positive PDO phase
period (Fig. 6¢). The associated ENSO-regressed SLP and
surface wind anomaly show an anomalous anticyclone
south of 30°N in the lower troposphere over the western
North Pacific (Fig. 9¢ and g). This anomalous anticyclone
leads to a larger cross-shore component of the surface wind
anomaly along the Chinese coast, especially in the Taiwan
Strait (Fig. 9 g). However, this positive correlation between
the interannual SST and ENSO in the China coastal seas
strengthens significantly and extends northward beyond
30°N during the negative PDO phase period (Fig. 6d). Cor-
respondingly, the associated SLP and surface wind anomaly

regression maps show a northward extension of the low-
level anticyclone to roughly 45°N (Fig. 9f and h). This
northward extension of the anticyclone induces a stronger
surface wind anomaly with a larger along-shore component
in the China coastal seas, especially in the Taiwan Strait
(Fig. 9 h).

Figure 10 further demonstrates the differences in the
ENSO-regressed SLP and its induced surface wind anomaly
in different PDO phases. An anticyclone is clearly observed
in the central North Pacific where the PDO is active,
proving that the difference is mainly caused by the PDO
(Fig. 10c). As noted above in Fig. 9, the response of the sur-
face wind anomaly to the ENSO is stronger and has a larger
along-shore component in the negative PDO phase (blue
vectors) than in the positive PDO phase (red vectors) over
the western North Pacific, including the China coastal seas
(Fig. 10a). Therefore, the PDO can modulate the ENSO—
EAWM relationship on the interdecadal timescale, with an
on-shore surface wind pattern near the China coastal seas
when the PDO phase undergoes a transition from negative to
positive (Fig. 10b). The PDO-modulated ENSO-regressed
EAWM variation drives the CCC and thus modifies the TS-
SSTa temporal variability. A schematic based on the above
results is shown in Fig. 10d, and it shows the response of the
EAWM variation to the ENSO near the Taiwan Strait during
the positive and negative PDO phase periods. During the
positive PDO phase period, the ENSO-regressed EAWM
variation is relatively weak and shows a larger cross-shore
component (the shorter red vector). It has little effect on
the along-shore currents (e.g., CCC) in the Taiwan Strait.
Thus, the response of TS-SSTa variability to the ENSO is
not significant. In contrast, during the negative PDO phase
period, the response of the EAWM variation to the ENSO is
more significant. A correspondingly stronger surface wind
anomaly shows a larger along-shore component (the longer
blue vector), which has strong effect on the along-shore cur-
rents in the Taiwan Strait and thus the TS-SSTa variability.
In particular, the southward intrusion of the cold water into
the Taiwan Strait by CCC is hindered during EI Nifio but
enhanced during La Nifia.

5 Discussion

5.1 Oceanicinfluence of the NPO/NPGO on TS-SSTa

5.1.1 Interdecadal influence of the PDO-related NPO/NPGO
on TS-SSTa

PDO can significantly influence the TS-SSTa variability on

the interdecadal timescale through two paths. The first one
is the atmospheric path. As described above in Sect. 4.1,
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Fig. 10 (a) ENSO-regressed surface wind anomaly during the positive
(red vectors, same as Fig. 9 g) and negative (blue vectors, same as
Fig. 9 h) PDO phase periods in parts of East Asia and Western Pacific
(110°E~150°E, 10°N-30°N, the red solid box area in c). (b) The dif-
ferences in the ENSO-regressed SLP (color shading, subtracting the
values in Fig. 9¢ from those in Fig. 9f) and the surface wind anomaly
(vectors, subtracting the values in Fig. 9 g from those in Fig. 9 h) for
the different PDO phases. (c) Same as (b) but over the North Pacific.
Color shading and vectors indicate the 90% significance level. (d)
Schematic of the response of the surface wind anomaly to the ENSO
during the positive (red vectors) and negative (blue vectors) PDO
phase periods in the Taiwan Strait. The green lines indicate the along-
shore and cross-shore directions

during the positive PDO phase period, the PDO-regressed
SLP shows a dipole over the North Pacific (Fig. 9a), leading
to the formation of a northeasterly wind jet anomaly along
the eastern coast of the Eurasian continent (Fig. 9c). This
wind jet anomaly influences the EAWM and subsequently
the SST variability in the western North Pacific, including
in the Taiwan Strait; The second one is the oceanic path.
The PDO-regressed SLP dipole over the North Pacific also
describes the signal of the NPO (Fig. 9a). The NPO induces
a northeasterly wind jet anomaly along the eastern coast of
the Eurasian continent (Fig. 9¢), and this anomaly affects
the variability of NPGO, especially the Kuroshio and North
Pacific Warm Current (Jiang et al. 2013). Hence, the SST
along the path of the Kuroshio and North Pacific Warm Cur-
rent, including in the Taiwan Strait, decreases (Fig. 6a).
This oceanic path related to NPO/NPGO is mainly dis-
cussed in this sub-Section. Figure 11a shows that the NPGO
has no significant correlation with the PDO from 1950 to
1977 (the negative PDO phase period, R=0.00, p=0.98),
while there is a significant anticorrelation between the
NPGO and PDO on the interdecadal timescale from 1978 to
2021 (mostly in the positive PDO phase period, R=-0.35,
p=0.06). Similarly, Fig. 11b demonstrates that there is
no significant correlation (R=0.15, p=0.38) between
the NPGO and interdecadal TS-SSTa during the negative
PDO phase, while their correlation coefficient reaches 0.60
(p<0.01) during the positive PDO phase. Consequently, the
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PDO-related NPGO can significantly influence the TS-SSTa
variability on the interdecadal timescale from 1978 to 2014
(mostly in the positive PDO phase period), but not during
the negative PDO phase period.

Possible mechanisms are proposed as follows. As pre-
sented in Fig. 1lc, during the positive PDO phase period,
the NPO-related SLP dipole is significant with the strong
Aleutian Low occupying the North Pacific. Both the PDO
and NPGO are controlled by the strength of Aleutian Low,
and thus the NPGO mainly presents interdecadal signal
(Fig. 11a and b, after 1977/1978). The northeasterly wind
jet anomaly forced by the SLP dipole suppresses the North
Pacific Gyre, thereby slowing down the Kuroshio and thus
affecting the SST wvariability in the China coastal seas,
especially the Taiwan Strait; In contrast, as presented in
Fig. 11d, during the negative PDO phase period, the Aleu-
tian Low weakens and withdraws to the northwestern North
Pacific (Hook et al. 2015). The North Pacific High located
at the Northeastern Pacific becomes dominant in the North
Pacific. Therefore, the NPGO is mainly controlled by the
dipole composed of weakened Aleutian Low and North
Pacific High. The NPGO mainly presents interannual sig-
nals (Fig. 11a and b, before 1977/1978). In brief, the PDO-
related NPO/NPGO can significantly influence the TS-SSTa
variability on the interdecadal timescale during the positive
PDO phase period, but not during the negative PDO phase
period.
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Fig. 11 (a) Correlations between the PDO and NPGO indexes from
1950 to 2021. (b) Correlations between the interdecadal TS-SSTa and
NPGO index from 1950 to 2021. (c, d) Composite map of the sea level
pressure (SLP) anomaly for positive PDO years (c, 1961, 1984, 1987,
1995, 1997, and 2015) and negative PDO years (d, 2000, 2002, 2008,
2009, and 2011)
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5.1.2 Interannual influence of the ENSO-related NPO/NPGO
on TS-SSTa

In addition, ENSO-related NPO/NPGO can also influ-
ence the TS-SSTa variability on the interannual timescale
through the oceanic path. Di Lorenzo et al. (2010) reported
that the NPGO is closely related to ENSO, specifically the
central Pacific El Nifio. The ENSO-regressed SLP shows
an NPO-like dipole structure over the North Pacific during
the negative PDO phase period (Fig. 9f). This SLP dipole
develops when the Aleutian Low is confined to the northern
North Pacific and the North Pacific High extends northward
to nearly 45°N on the interannual timescale; In contrast, this
interannual SLP dipole is not significant during the positive
PDO phase period (Fig. 9¢) because the associated Aleu-
tian Low occupies most of the North Pacific, suppressing
the northward extension of the North Pacific High. Conse-
quently, the ENSO-related NPO/NPGO affect the TS-SSTa
variability on an interannual timescale during the negative
PDO phase period but not during the positive PDO phase
period.

In all, when the Aleutian Low occupies the North Pacific
during the positive PDO phase period, the PDO-related
NPO/NPGO significantly influences the TS-SSTa variability
on the interdecadal timescale (Fig. 12a); In contrast, when
the North Pacific High occupies the North Pacific during the
negative PDO phase period, the ENSO-related NPO/NPGO
significantly influences the TS-SSTa variability on the inter-
annual timescale (Fig. 12b). However, the impacts of PDO
and ENSO-related NPO/NPGO on the TS-SSTa variability,
and the associated mechanisms are more complicated and
needs further study.

Furthermore, the SST variability in the China coastal
seas may also be influenced by the Arctic Oscillation (Wang
and Ikeda 2000), Arctic Sea ice coverage (Parkinson et al.
2006), the Atlantic Multidecadal Oscillation (Levine et al.
2017), etc. Their impacts on the TS-SSTa variability should
be relatively weaker compared with those depicted in the
present study (e.g., PDO and ENSO), which would be
investigated further in our future studies.
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Fig. 12 Schematic diagram of the North Pacific Oscillation (NPO)
and NPGO during positive (a) and negative (b) PDO phase periods. L
denotes the low SLP, and H denotes the high SLP

5.2 Shortening of the PDO period in recent decades

It is found that the aforementioned relationship between
PDO and TS-SSTa is relatively weaker in recent decade. It
may be because that PDO presents a relatively long cycle
period of about 30—60 years (roughly 1943—1977 for nega-
tive PDO phase and 1978-2006 for positive PDO phase)
before 2006; while a short period of about 10 years (roughly
2007-2013 for negative PDO phase and 2014-2020 for
positive PDO phase) after 2006 (Fig. S1). This high-fre-
quency oscillation of PDO makes it difficult to distinguish
the TS-SSTa variabilities caused by the PDO and ENSO.
Therefore, the impacts of PDO and ENSO on the TS-SSTa
variability in recent decades can be more complicated,
which is beyond the focus of this study and worthy to be
explored in the future.

5.3 Local extreme events

Extreme cold events often occur in the winter Taiwan
Strait (Chang et al. 2009; Cheng and Chang 2018; Hsieh
et al. 2008; Lee et al. 2014), and even cause serious cold
disasters (Liao et al. 2013). Large-scale climate change has
been proved to have a far-reaching impact on local extreme
events, such as flood and drought (Ehteram et al. 2018;
Sharafati and Pezeshki 2020; Zhao et al. 2018). Based on
this study, the PDO can modified the role of ENSO on SST
in the Taiwan strait, the latter could trigger the extreme
evens there. Combined with numerical model simulations,
the mechanisms proposed in this study will be used to pre-
dict the occurrence of extreme cold events in the Taiwan
Strait in our future work.

6 Conclusions

The Taiwan Strait exhibits the largest SST temporal vari-
ability along the Chinese coast. The TS-SSTa presents sig-
nificant increasing and decreasing trends during the periods
1982-1999 and 1999-2014, respectively, during which the
PDO is almost in its positive phase. The TS-SSTa trends
can be mainly attributed to two signals of different times-
cales: the interdecadal variability related to the PDO, and
long-term variability associated with the global warming.
The PDO and global warming accounted for 41% and 51%
of the warming trend, and 63% and 41% of the cooling trend
in the Taiwan Strait, respectively.

On the one hand, PDO and ENSO can influence the TS-
SSTa variability through the atmospheric path of impacting
the EAWM. PDO modulates the power spectrum of the TS-
SSTa and thus the relationship between TS-SSTa and PDO/
ENSO. As a result, PDO and ENSO alternately control the
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TS-SSTa variability according to the different PDO phases.
During the positive PDO phase period, PDO has a dominat-
ing influence on the TS-SSTa variability on the interdecadal
timescale. The PDO-regressed SLP anomaly shows a dipole
with a positive SLP anomaly over the northeastern Eurasia
and a negative SLP anomaly over the North Pacific. It leads
to the formation of a northeasterly wind jet anomaly along
the eastern coast of the Eurasian continent, influencing the
EAWM and subsequently the SST variability in the west-
ern North Pacific. In contrast, during the negative PDO
phase period, ENSO has a dominating influence on the TS-
SSTa variability on the interannual timescale. The ENSO-
regressed SLP and surface wind anomaly are manifested
as an anticyclone extending northward to roughly 45°N in
the lower troposphere over the western North Pacific. The
corresponding ENSO-regressed surface wind anomaly is
stronger and shows a larger along-shore component near the
Taiwan Strait, and thereby it easily affects the EAWM and
thus the TS-SSTa variability.

On the other hand, PDO and ENSO-related NPO/NPGO
can impact TS-SSTa variability through the oceanic path.
When the Aleutian Low occupies the North Pacific dur-
ing the positive PDO phase period, the PDO-related NPO/
NPGO significantly influences the TS-SSTa variability on
the interdecadal timescale; In contrast, when the North
Pacific High occupies the North Pacific during the negative
PDO phase period, the ENSO-related NPO/NPGO signifi-
cantly influences the TS-SSTa variability on the interannual
timescale.

However, more elaborate work shall be addressed in
future study. Firstly, the influences of PDO and ENSO on
the TS-SSTa variability during the recent decades of the
high-frequency PDO oscillation are worthy to be further
explored; Secondly, more robust evidences are required for
the mechanisms of PDO and ENSO-related NPO/NPGO
impacting the TS-SSTa variability; Thirdly, the influences
of other large-scale signals (e.g., Arctic Oscillation, Atlantic
Multidecadal Oscillation, etc.) on the TS-SSTa variability
needs further study; Fourthly, the mechanisms proposed in
this study can be testified using numerical model simula-
tions, which can also be applied to predict the occurrence
of extreme cold events in the Taiwan Strait. These problems
will be addressed in our future works.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/s00382-
022-06270-9.
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