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Abstract

Based on our previous work, the winter sea surface temperature (SST) in the Kuroshio Extension (KE) region
showed significant variability over the past century with periods of ~6 a between 1930 and 1950 and ~10 a between
1980 and 2009. How the activity of the Aleutian Low (AL) induces this dual-period variability over the two different
timespans is further investigated here. For the ~6 a periodicity during 1930-1950, negative wind stress curl (WSC)
anomalies in the central subtropical Pacific associated with an intensified AL generate positive sea surface height
(SSH) anomalies. When these wind-induced SSH anomalies propagate westwards to the east of Taiwan, China
two years later, positive velocity anomalies appear around the Kuroshio to the east of Taiwan and then the mean
advection via this current of velocity anomalies leads to a strengthened KE jet and thus an increase in the KE SST
one year later. For the ~10 a periodicity during 1980-2009, a negative North Pacific Oscillation-like dipole takes
2-3 a to develop into a significant positive North Pacific Oscillation-like dipole, and this process corresponds to
the northward shift of the AL. Negative WSC anomalies associated with this AL activity in the central North Pacific
are able to induce the positive SSH anomalies. These oceanic signals then propagate westward into the KE region
after 2-3 a, favoring a northward shift of the KE jet, thus leading to the warming of the KE SST. The feedbacks of
the KE SST anomaly on the AL forcing are both negative for these two periodicities. These results suggest that the

dual-period KE SST variability can be generated by the two-way KE-SST-AL coupling.
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1 Introduction

The Kuroshio Extension (KE) carries the eastward flow of the
Kuroshio Current into the open basin of the North Pacific. As a
result of the cold and dry continental air overriding the warm wa-
ter transported poleward by the Kuroshio, the KE lies in the re-
gion where the largest ocean-to-atmosphere heat loss occurs
during mid-latitude winter (Qiu, 2000; Kelly et al., 2010), which
acts as the obvious thermal forcing on the atmosphere. Some re-
search works have pointed out that the sea surface temperature
(SST) changes in the KE region are the prime driver of its surface
heat flux variations (Tanimoto et al., 2003; Sugimoto and
Hanawa, 2011). By affecting heat exchange on the air-sea inter-
face, the KE SST anomaly may have a significant impact on the
local and even global climate, and this has been verified by nu-
merous previous studies (e.g., Liu et al., 2007; Frankignoul and
Sennéchael, 2007; Wang et al., 2011, 2012). Therefore, the KE SST
variability and its underlying mechanism are important issues
that require further investigation in the context of predicting
North Pacific climate variation.

Previous studies suggested that the KE SST exhibited a dom-
inant variability with a period of ~10 a and this decadal variation
was mainly controlled by the wind-induced Rossby waves that

were closely related to the KE dynamic state changes (Seager et
al., 2001; Kwon and Deser, 2007; Qiu et al., 2007). Specifically,
when the wind stress curl (WSC) anomalies in the central North
Pacific are positive, enhanced Ekman divergence generates neg-
ative local sea surface height (SSH) anomalies. After these ocean-
ic signals propagate westward into the KE region with a delay of a
few years, they favor the weakening and southward shift of the KE
jet (Qiu, 2003; Qiu and Chen, 2005, 2010; Qiu et al., 2014). These
KE dynamic state fluctuations favor a decrease in the geostroph-
ic heat advection, resulting in cooling in the KE region (Qiu, 2000;
Vivier et al., 2002). The reverse holds when the WSC anomalies in
the central North Pacific are negative. Moreover, the central
North Pacific WSC anomalies are predominantly modulated by
the variations of Aleutian Low (AL) activity (Ishi and Hanawa,
2005). In this sense, the AL activity changes may have a signific-
ant impact on the variation of KE SST variability. Indeed, Sug-
imoto and Hanawa (2009) verified that the AL north-south shift
can induce the ~10 a KE SST variability via the wind-driven
Rossby waves.

However, in previous studies, the adopted data had been only
available since 1950. The limited length of data may hinder the
cognition about the KE SST variability and its linkage with the AL
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activity changes. Recently, by using eight different data sets from
various sources available for the last 100 a (1910-2009), Yu et al.
(2016) (hereafter YEA16) found that the statistically significant
~10 a KE SST variability only becomes apparent after the 1980s,
while the KE SST shows another significant variability with a peri-
od of ~6 a between 1930 and 1950. In addition, both the two
cycles of the KE SST variability were found to be closely related to
the AL activity changes but with distinct physical processes: the
KE SST variability was primarily triggered by the AL north-south
shift through the bridge of Rossby waves with a period of ~10 a
between 1980 and 2009, consistent with Sugimoto and Hanawa
(2009), but it was strongly impacted by the anomalous surface
flux forcing and Ekman heat advection associated with the AL in-
tensity variation with a period of ~6 a between 1930 and 1950. Al-
though YEA16 advanced the understanding of long-term KE SST
variability, they did not explain why these different cycles of vari-
ability respond to the AL activity over the two timespans. Motiv-
ated by this, our present study aims at answering how the AL
activity determines the two periods (i.e., ~6 and ~10 a) of the KE
SST variability during 1930-1950 and 1980-2009, respectively. It
is believable that this current work will deepen the understand-
ing of the generation of dual-period KE SST variability and can be
regarded as an extension of the work undertaken by YEA16.

The remainder of the paper is arranged as follows: Section 2
describes data and methods; Section 3 investigates the atmo-
spheric forcing of dual-period KE SST variability; Section 4 exam-
ines the relationship between the KE dynamic state fluctuations
and the dual-period KE SST variability; Section 5 discusses the
potential mechanisms associated with the dual-period KE SST
response to AL activity; and concluding remarks are given in Sec-
tion 6.

2 Data and methodology

2.1 Reanalysis data

Two century-long atmospheric and oceanic reanalysis data
sets were used. A sea level pressure (SLP) and a surface wind
stress were obtained from the ensemble-mean fields of the
Twentieth-Century Reanalysis data set version 2 (20CRv2), which
contains the synoptic-observation-based estimate of global tro-
pospheric variability at a 6-hourly temporal resolution and 2°
spatial resolution (Compo et al., 2011). The SSH was derived
from the Simple Ocean Data Assimilation (SODA) reanalysis
product with a resolution of 0.5°x0.5° at 40 vertical levels, which
was created by assimilating timely temperature and salinity ob-
servational profiles based on the Parallel Ocean Program ocean
model (Carton and Giese, 2008). Compared with other reana-
lyses, the 20CRv2 proves to be generally of high quality in assess-
ing the variations in circulations over the extratropical Northern
Hemisphere (Compo et al., 2011; Zheng et al., 2017). The SODA
can also reasonably capture the year-to-year variability of the
Kuroshio Current (Wu et al., 2012). Therefore, these two datasets
are believable to investigate the variability of the KE SST and the
AL activity and their relationship. In the present study, consist-
ent with YEA16, only the winter season (January-March, here-
after JFM), when the greatest ocean-atmosphere interaction oc-
curs, is considered.

2.2 Indices

Several indices used by YEA16 are also used here to depict the
KE SST variability and changes in AL activity, namely: (1) the
merged KE SST index (MKESSTI), which is defined as the en-
semble mean of the SST anomalies averaged over the KE region

(32-38°N, 142-180°E) and which uses data from the eight data
sets including interpolated reconstructions as well as uninterpol-
ated archives; and (2) the AL indices including the intensity in-
dex (INTI) and the north-south shift index (NSSI), which are cal-
culated based on the 20CRv2 data set. The INTI indicates the AL
intensity variation and the NSSI represents the AL north-south
shift. More details of the data sets and methods used in the calcu-
lations of the MKESSTI and AL indices can be found in YEA16.

2.3 Effective temporal degrees of freedom

The statistical significance of all regression or correlation
coefficients between two time series in this study is assessed by
taking the serial autocorrelation into consideration, which re-
duces the number of effective temporal degrees of freedom. For
the regression or correlation between the JFM mean data of two
variables X and Y, the effective sample size N * is estimated using
the modified Chelton method (Pyper and Peterman, 1998; Ding
etal., 2015). The value of the effective sample size can be derived
from the following theoretical approximation:

N
N* ~ ,

N N_i
1423 = px(i)pli) M
i=1

where N is the sample size, and px (i) and py(i) are the autocor-
relations of the two sampled time series X and Y, respectively.

3 Atmospheric forcing of the dual-period KE SST variability

To further verify that the atmospheric forcing of the dual-
period KE SST variability is linked to the AL activity, we calcu-
lated the regressions of the SLP and wind stress fields upon the
normalized MKESSTI using specific lead times based on ~6 and
~10 a first-order Butterworth band-pass-filtered anomalies. Lead
times of 3 and 5 a (i.e., half of the ~6 and ~10 a cycles of variabil-
ity, respectively) are selected to obtain the forcing processes as-
sociated with the two cycles of the KE SST variability.

For the ~6 a cycle between 1930 and 1950, at a lead time of 3 a,
a basin scale negative SLP anomaly and the accompanying cyc-
lone dominate almost the entire North Pacific (Fig. 1a), indicat-
ing a strengthened AL. After that (at a lead time of 2 a), these an-
omalies weaked and shift southeastwards. Meanwhile, the posit-
ive SLP anomalies (anticyclones) appear over the KE region, the
central subtropical Pacific, the northeastern Pacific, and North
American continent (Fig. 1b). These SLP and wind stress anom-
alies develop and merge to become a basin scale anomaly two
years later (Figs 1c and d), which correspond to a weakened AL.
These results indicate that the AL intensity has a positive rela-
tionship with the KE SST three years later and a negative relation-
ship with the KE SST simultaneously. The simultaneous KE SST-
AL relationship was also reported by YEA16, who revealed that
the AL intensity variation impacts the simultaneous KE SST via
anomalous surface heat flux and Ekman heat transport.
However, the lagged KE SST-AL relationship has not been repor-
ted in previous studies, which suggests that there is another im-
pact of the AL on the KE SST. This is important for the formation
of the ~6 a KE SST variability and will be investigated in the fol-
lowing section.

For the ~10 a cycle between 1980 and 2009, at a lead time of 5 a,
the KE SST-related SLP and wind stress anomalies are generally
characterized by an insignificant north-south dipole with the
positive SLP anomaly (anticyclone) centered over the Bering Sea
and the negative SLP anomaly (cyclone) covering most parts of
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Fig. 1. Regressions of the SLP (shading) and wind stress (vectors) fields upon the normalized MKESSTI based on the ~6 a band-pass-
filtered anomalies during 1930-1950 using lead time of 3 a (a), 2 a (b), 1 a (c), and 0 a (d). The white contours imposed on the SLP
shading denote the 90% confidence level. Only the wind stress vectors exceeding the 90% confidence level are plotted.

the mid-latitude North Pacific (Fig. 2a). This pattern is similar to
the negative phase of the North Pacific Oscillation (NPO) (Wal-
lace and Gutzler, 1981; Linkin and Nigam, 2008), which indicates
the AL is located more southward than normal (Sugimoto and
Hanawa, 2009). Therefore, the AL latitudinal position has a neg-
ative relationship with the KE SST five years later. Moreover, the
pattern of NPO-like dipole here also bears some similarity to the
atmospheric component of eastern North Pacific mode (ENPM)
with anomaly occurring in the vicinity of the Aleutian Islands,
and anomaly of the opposite polarity over northwestern Canada
(Wu and Liu, 2003). However, as this NPO-like dipole is not signi-
ficant, the negative lagged KE SST-AL relationship is weak. From
lead time of 3-4 a, the positive SLP anomaly (anticyclone) loc-
ated in the Bering Sea decays, disappears, and is replaced mainly
by the negative SLP anomaly (cyclone) migrating from the south.
At the same time, the positive SLP anomaly (anticyclone) in the
eastern North Pacific merges with that newly appearing in the
western North Pacific (Figs 2b and c), and a positive NPO-like di-
pole forms, associated with the northward shift of the AL. Sub-
sequently, the dipole structure continues to develop and be-
comes pronounced for lead time of 1-2 a (Figs 2d and e), but
weakens at a lead time of 0 a (Fig. 2f), indicating the strong con-
nection between the AL latitudinal position and the KE SST 1-2 a
later. This lagged relationship between the AL latitudinal posi-
tion and the KE SST was also found by YEA16, and they showed
that the AL north-south shift affects the KE SST two years later
through oceanic Rossby waves. However, it is worth noting that a
dipole structure SLP at a lead time of 5 a requires an additional

2-3 ato evolve into a significant dipole with an opposite sign, in-
dicating the AL northward shift. These delays have been over-
looked previously, but are indispensable for the formation of the
~10 a cycle of the KE SST variability, which is highlighted in the
present study. According to above results, strong lagged relation-
ship between the AL activity and the KE SST appears on both the
time scales of ~6 and ~10 a, verifying the significant forcing of AL
activity on the dual-period KE SST variability.

4 Relationship between KE dynamic state fluctuations and

dual-period KE SST variability

As reviewed in introduction, the SST variability in the KE re-
gion is modulated mainly by fluctuations in its dynamic state.
Specifically, when the KE jet intensifies and shifts northward in
its stable state, a warm KE SST anomaly tends to occur, and vice
versa (Qiu, 2000; Vivier et al., 2002). Therefore, the dual-period
KE SST variability is supposed to be related to changes in the KE
jet strength and latitudinal position. In order to quantitatively de-
pict KE jet intensity variation and meridional shift, we use the
SODA SSH data to derive the geostrophic current velocity | V| as

follows:
> (8 O0h 2 g on\?
w= (%) +(F5) ©

where £ is the SSH, g is the gravity constant, and fis the Coriolis
parameter. We then calculate the maximum velocity and its latit-
ude at each longitude within the KE meridional band (32°-38°N),
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Fig. 2. As for Fig. 1, but for the ~10 a band-pass-filtered anomalies during 1980-2009 at lead time of 5a (a), 4a (b),3a(c),2a(d), 1 a

(e), and 0 a (f).

and define their average values between 142° and 180°E as the KE
jet strength and latitudinal position, as in Taguchi et al. (2007)
and Kelly et al. (2010).

Figure 3 shows the normalized MKESSTI time series, as well
as the KE jet strength and latitudinal position, smoothed using
windows of 6 and 10 a. For the ~6 a cycle (Fig. 3a), both the
MKESSTTI and KE jet strength time series have large amplitudes,
and they also show a high simultaneous correlation (r=0.83)
between 1930 and 1950, which exceeds the 90% confidence level.
However, the KE jet latitudinal position time series has a relat-
ively small amplitude, and it is almost uncorrelated with the
MKESSTI (r=-0.09) and with the KE jet strength time series
(r=0.00) simultaneously between 1930 and 1950. The situation is
exactly the reverse of the longer ~10 a cycle between 1980 and
2009 (Fig. 3b). The amplitudes of both the MKESSTI and KE jet
latitudinal position time series are large and their simultaneous
correlation is also significantly high (r=0.97). Although the KE jet

strength time series has comparable amplitudes, it shows little
correlation with the MKESSTI (r=0.01) or with the KE jet latitud-
inal position time series (r=0.19) simultaneously. These results
indicate that the KE jet strength change (meridional shift) can be
taken as a proxy of the ~6 (~10) a KE SST variability between 1930
and 1950 (1980 and 2009).

5 Mechanisms associated with the dual-period KE SST re-

sponse to the AL activity

From the above analysis, the KE jet intensity variation and
meridional shift are closely related to the ~6 and ~10 a KE SST
variability, respectively. In addition, previous studies indicate
that these two KE dynamic state fluctuations are also signific-
antly impacted by the wind-induced Rossby waves associated
with the AL activity changes (e.g., Qiu, 2003; Qiu and Chen, 2005,
2010; Kwon and Deser, 2007; Qiu et al., 2014; Seo et al., 2014).
Therefore, it is reasonable to speculate that the AL activity can
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impact the dual-period KE SST variability by affecting the KE jet
intensity variation and meridional shift via the bridge of oceanic
Rossby waves. This section investigates how the AL activity in-
duces the dual-period KE SST response at different timespans
over the past century. First, we explore the impacts of oceanic
Rossby waves on the KE dynamic state fluctuations associated
with the dual-period KE SST variability, and then discuss how the
AL activity excites these Rossby waves.

160°  EI180°W  160° 140° 120°

5.1 Impacts of oceanic Rossby waves

Here, as in YEA16, we use the annual-mean SSH anomalies to
detect the Rossby waves, which are smoothed using a Gaussian
spatial filter with an e-folding scale of 200 km, to highlight the
large-scale variations. Figure 4a shows a lag-longitude correla-
tion diagram of the KE jet strength time series with the SSH an-
omalies averaged within the meridional band of 33°-35°N, where
the zonal mean KE axis is located (Seo et al., 2014), on the time
scale of ~6 a during 1930-1950. Although the change in the KE jet
strength shows significant positive correlations with the SSH an-
omalies over the KE region, the latter is not caused by Rossby
waves that originate in the central North Pacific (160°E-160°W),
as negative correlations are shown therein when the change in
the KE jet strength lags by 2-3 a. This indicates that the change in
the KE jet strength is not modulated by the Rossby waves that ori-
ginate in the central North Pacific. In contrast, on the time scale
of ~10 a during 1980-2009, the meridional shift in the KE jet is
significantly correlated with the SSH anomalies over the KE re-
gion, which are formed around 180°-170°W and propagate west-
wards into the KE region 2-3 a later (Fig. 4b), indicating that the
meridional shift in the KE jet is initiated by the Rossby waves that
originate in the central North Pacific.

Even though the ~10 a meridional shift in the KE jet during
1980-2009 can be explained by Rossby wave dynamics, the
factors driving the ~6 a cycle of change in the KE strength during
1930-1950 remain to be determined. To investigate this topic, we
calculate the regressions of the geostrophic current velocity upon
the normalized KE jet strength time series for lead time of 3to 0 a
based on the ~6 a band-pass filtered anomalies during this
timespan (Fig. 5). At a lead time of 3 a, there are significant negat-
ive velocity anomalies around the mean position of the KE axis
where the maximum climatological velocity is located (Fig. 5a),
featuring a weakened KE jet. For leads of 1 to 2 a, positive velo-
city anomalies appear and become significant around the mean
position of the Kuroshio to the east of Taiwan (KET) (Figs 5b and c).
Subsequently, the KE jet is significantly intensified at a lead time
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Fig. 4. Lag-longitude correlation diagram of the KE jet strength time series with the SSH anomalies averaged within the meridional
band of 33°-35°N on the time scale of ~6 a during 1930-1950. Positive lags indicate that the KE jet strength time-series has lead lags.
The stippled areas indicate where significance exceeds the 90% confidence level (a). As for Fig. 4a, but for the KE jet latitudinal
position time series and SSH anomalies on the time scale of ~10 a during 1980-2009 (b).
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Fig. 5. Regressions of the geostrophic current velocity upon the normalized KE jet strength time-series based on the ~6 a band-pass
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and its extension, where the maximum climatological velocity is located. The green rectangle in Fig. 5c represents the area referred to

here as east of Taiwan (22°-25°N, 122°-124°E).

of 0 a (Fig. 5d). These results indicate that the velocity anomalies
around the KET may be closely related to the change in the KE jet
strength one year later. To validate this finding, we calculated the
geostrophic velocity anomalies averaged over the east of Taiwan
(22°-25°N, 122°-124°E). Indeed, for the ~6 a periodicity between
1930 and 1950, the correlation between the KET velocity anom-
alies and the KE jet strength change reaches its maximum value
(r=0.93) when the KET velocity anomalies lead by 1 a, and this is
consistent with the results shown in Fig. 5. The lagged relation-
ship between the KET velocity anomalies and the KE jet strength
change can be explained by the advection of the geostrophic ve-
locity anomalies (V) by the mean velocity of KET (V), that is
VWV, . By using a simple advection-diffusion numerical model,
Park et al. (2012) have found that only the mean Kuroshio cur-
rent in the southern flank of the East China Sea (near the KET) is
strong enough to transport the local SST anomalies to the down-
stream KE region one year later. This discovery supports the no-
tion that the mean advection via the mean KET current of geo-
strophic velocity anomalies can cause the significant velocity an-
omalies over the KE region lagged by 1 a and eventually results in
a strengthened (weakened) KE jet. After the KE jet intensifies
(weakens), the resulted anomalous geostrophic advection tends
to warm (cool) the KE SST (Qiu, 2000). These results indicate that
the KET velocity anomalies are closely related to the KE jet in-
tensity variation and thus the KE SST one year later on the time
scale of ~6 a during 1930-1950.

Next, whether the ~6 a KET velocity anomalies are impacted
by the oceanic Rossby waves is investigated. Figure 6a shows a
longitude-time diagram of the ~6 a band-pass-filtered SSH an-
omalies averaged within the KET meridional band (22°-25°N)
during 1930-1950. It is evident that there are Rossby waves reach-
ing the east of Taiwan, and these oceanic waves may have modu-
lated the KET velocity variation. As shown in Fig. 6b, the KET ve-
locity anomalies are closely correlated with the SSH anomalies
over the east of Taiwan, which form around 180°E-160°W and
propagate westwards to the east of Taiwan two years later, con-
firming that the KET velocity anomalies are forced by the Rossby
waves that originate in the central subtropical Pacific (160°E-
160°W) on the time scale of ~6 a during 1930-1950. Therefore, it is
inferred that the Rossby waves that originate in the central sub-
tropical Pacific can influence the ~6 a KE jet strength change via
the bridge of the KET velocity anomalies and thus affect the ~6 a
KE SST variability. Furthermore, these Rossby waves are most
evident during 1930-1950 (not shown), which may explain why
the significant ~6 a KE SST variability is found only during this
timespan (see Fig. 2 in YEA16).

5.2 Excitation of Rossby waves by AL activity

According to the above analysis, the KE dynamic state fluctu-
ations associated with the dual-period KE SST variability are
caused by the Rossby waves that originate in the central subtrop-
ical Pacific and central North Pacific. These oceanic signals may
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be an important way by which the AL activity impacts the KE
SST-related dynamic state fluctuations on time scales of ~6 and
~10 a. To verify this possibility, we investigate the atmospheric
forcing of the aforementioned Rossby waves. Figure 7a shows the
regressions of the wind stress curl (WSC) field upon the normal-
ized KET velocity time series at a lag of 2 a on the time scale of ~6
a during 1930-1950. Similar results can also be derived from the
regressions upon the normalized KE jet strength time series at a
lag of 3 a (not shown). We find that along the KET meridional
band, there are significant negative WSC anomalies in the cent-
ral subtropical Pacific that generate positive SSH anomalies
through Ekman convergence. A visual inspection reveals that this
regression pattern is spatially similar to that associated with the
AL intensity variation (see Fig. 10b in YEA16), which is supported
by a high positive correlation (r=0.96) between the INTI and the
KET velocity time series at a lag of 2 a. The simultaneous correla-

120° 150° E180°W 150° 120°

60°

50°

40°

30°

20°

tions (r>0.64) between the INTI and the SSH anomalies in the
central subtropical Pacific are generally high, and their maxim-
um value is 0.96 at 180°. These results indicate that the AL intens-
ity variation can excite the Rossby waves that originate in the
central subtropical Pacific, which are associated with the ~6 a
cycle in the KE strength change, thus impacting the ~6 a KE SST
variability.

Similar to Fig. 7a, Fig. 7b shows the regression pattern of the
WSC field upon the normalized KE jet latitudinal position time
series at a lag of 2 a on the time scale of ~10 a during 1980-2009.
An almost identical pattern is obtained from the regressions
upon the normalized KE jet latitudinal position time series at a
lag of 3 a (not shown). Significant negative WSC anomalies are
found in the central North Pacific along the meridional band of
33°-35°N, which can induce positive SSH anomalies through Ek-
man convergence. This regression pattern closely resembles that
150°

120° 120°

60°

150° E180°W

50°

40°

30°

20°

WSC/10°8 kg-m2-s2

Fig. 7. Regressions of the wind stress curl (WSC) field upon the normalized KET velocity time series at a lag of 2 a based on the ~6 a
band-pass-filtered anomalies during 1930-1950. The stippled areas indicate statistical significance exceeding the 90% confidence level
(a). As for Fig. 7a, but for the normalized KE jet latitudinal position time series at a lag of 2 a based on the ~10 a band-pass-filtered
anomalies during 1980-2009 (b). The dashed purple rectangles in Figs 7a and b represent the meridional bands of 22°-25°N and

33°-35°N, respectively.
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upon the NSSI (see Fig. 10a in YEA16). Indeed, the correlation
(r=0.97) between the NSSI and the KE jet latitudinal time series at
alagof 2 a is positive and high. YEA16 revealed that the NSSI s,
simultaneously, highly correlated with the SSH anomalies in the
central North Pacific. Accordingly, the Rossby waves that origin-
ate in the central North Pacific, which drive the ~10 a cycle of me-
ridional shift in the KE jet, are excited by the AL north-south shift,
as was also proposed by Qiu et al. (2014) and Seo et al. (2014).
Through this process, the AL north-south shift has an influence
on the ~10 a KE SST variability.

As demonstrated above, Rossby waves generated by the AL
intensity variation and north-south shift are essential for initiat-
ing the KE SST variability with periods of ~6 and ~10 a, respect-
ively. The basin-crossing time of these Rossby waves, together
with some additional delays, generate the two periodicities. For
the ~6 a cycle, there is a 2 a delay between the AL intensity vari-
ation and the KET velocity anomalies via the Rossby waves that
originate in the central subtropical Pacific. An additional 1 a
delay is found between the KET velocity anomalies and the KE jet
strength change and KE SST anomaly. The sum of these delays
induces a half cycle of ~6 a. On the other hand, for the ~10 a
cycle, the Rossby waves induced by the AL north-south shift ori-
ginate in the central North Pacific, and take 2-3 a to reach the KE
region with a lower speed than that in the subtropics (Chelton
and Schlax, 1996). However, it is worth noting that the NPO-like
dipole requires an additional 2-3 a to evolve into a dipole with
the opposite sign, and this process corresponds to the AL north-
ward or southward shift, enabling the excitation of the Rossby
waves. The total delays result in a half cycle of ~10 a.

The previous analyses cover the forcing of the dual-period KE
SST variability by the AL activity. To establish the closed cycles of
~6 and ~10 a, we also investigate the AL response patterns to the
dual-period KE SST anomaly by calculating the regressions of the
SLP and wind stress fields upon the MKESSTI with a lead time of

+SSH anomalies in the
‘ central subtropical Pacific

Ekman convergence
AL strengthens ‘ vergene

negative feedback
2 alag
Rossby waves

intensification of the lalag
KE jet/warm KE SST

anomaly

+ velocity anomalies

mean advection via the around the KET

KET of velocity anomalies

1 a or longer (not shown). These patterns exhibit similar spatial
structures and evolutions to those in Figs 1 and 2, but with op-
posite signs, indicating that the feedbacks of the KE SST anomaly
on the AL forcing are both negative for periodicities of ~6 and ~10
a. These feedbacks are possibly caused by the profound impacts
of the KE SST anomaly on the overlying storm tracks (Kushnir et
al., 2002; Nakamura et al., 2004; Bengtsson et al., 2006). There-
fore, the dual-period KE SST variability can be generated by the
two-way KE SST-AL coupling. However, it is noteworthy that an
asymmetry may be existed in the atmospheric response to dual-
period KE SST anomaly. Révelard et al. (2016) have found that
the atmospheric response primarily occurs during the KE warm-
ing, while there is little large-scale response during the cooling.
And they proposed this asymmetry is due to the difference
between the impacts of the KE warming and cooling on the
overlying storm tracks. Accordingly, the AL response to the KE
cooling may be too weak to loop the KE SST-AL coupled variabil-
ity for periodicities of ~6 and ~10 a compared with the warming.
This reflects the complexity of mid-latitude ocean-atmosphere
interaction. Thus, future studies using fully coupled climate
models is clearly needed to further validate whether the dual-
period KE variability is the manifestation of KE SST-AL coupling
and investigate its underlying mechanisms.

6 Concluding remarks

In this study, we investigate how the AL activity induces the
dual-period KE SST variability during the two timespans identi-
fied by YEA16. On the time scale of ~6 a during 1930-1950, negat-
ive WSC anomalies associated with an intensified AL are evident
in the central subtropical Pacific, and these anomalies generate
the positive SSH anomalies through Ekman convergence. When
these wind-induced SSH anomalies propagate westward to the
east of Taiwan as Rossby waves with a 2 a lag, the positive velo-
city anomalies appear around the KET and then the mean advec-

a significant positive

an negative NPO-like dipole NPO-like dipole

2-3alag
AL moves northward

AL is located more
northward than normal

AL is located more
southward than normal

Ekman convergence

negative feedback

+ SSH anomalies in the
central North Pacific

Rossby waves
2-3 alag

northward shift of the KE
jet/warm KE SST anomaly

Fig. 8. Schematic representation of the two-way coupled relationship between KE SST and AL activity for the periodicities of ~6 a

during 1930-1950 (a) and ~10 a during 1980-2009 (b).
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tion via the KET of velocity anomalies leads to a strengthened KE
jet and thus an increase in KE SST one year later.

On the time scale of ~10 a during 1980-2009, an negative
NPO-like dipole, which indicates the AL is located more south-
ward than normal, takes 2-3 a to develop into a significant posit-
ive NPO-like dipole, and this process corresponds to the north-
ward shift of the AL. This AL activity leads to large negative WSC
signals in the central North Pacific, which are able to induce the
positive SSH anomalies through Ekman convergence. These
oceanic signals then propagate westward into the KE region after
2-3 a, favoring a northward shift of the KE jet, thus leading to the
warming of KE SST.

The AL response patterns to this dual-period KE SST variabil-
ity exhibit similar spatial structures and evolution to the forcing
patterns, but with the opposite signs. This indicates that the feed-
backs of the KE SST anomaly on the AL forcing are both negative
for periodicities of ~6 and ~10 a. Therefore, the dual-period KE
SST variability can be generated by the two-way KE-SST-AL
coupling. The associated process is summarized in Fig. 8;
however, the results discussed in this paper should be further
verified and analyzed by using fully coupled climate models.
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