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Abstract

By utilizing multiple datasets from various sources available for the last 100 years, the existence for the
interdecadal change of the winter sea surface temperature (SST) variability in the Kuroshio Extension (KE) region
is investigated. And its linkage with the Aleutian Low (AL) activity changes is also discussed. The results find that
the KE SST variability exhibits the significant ~6 a and ~10 a oscillations with obvious interdecadal change. The ~6
a oscillation is mainly detected during 1930-1950, which is largely impacted by the anomalous surface heat flux
forcing and Ekman heat transport associated with the AL intensity variation. The ~10 a oscillation is most evident
after the 1980s, which is predominantly triggered by the AL north-south shift through the bridge of oceanic Rossby

waves.
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1 Introduction

The Kuroshio Extension (KE) is an eastward inertial jet as the
Kuroshio leaving the east coast of Japan. The warm water trans-
ported by the Kuroshio from the low-latitude ocean makes the
KE provide a large quantity of heat to the North Pacific atmo-
sphere, especially in winter (Liu et al., 2006; Wang et al., 2015).
This heat release is important for maintaining the surface baro-
clinicity, anchoring, and energizing the overlying storm track
(Kelly et al., 2010). In this region, sea surface temperature (SST)
anomaly plays the primary role in determining the profound
changes in surface turbulent heat flux (Tanimoto et al., 2003). Ac-
cordingly, via modifications in the surface heat release, the KE
SST anomaly may have a significant impact on the storm track
and then cause the obvious variation of atmospheric circulation.
Numerical experiments also indicate that the large-scale atmo-
spheric circulation response is more sensitive to the SST anom-
aly in the KE region compared with that in other regions of ex-
tratropical basins due to the proximity to the storm track (Peng
and Whitaker, 1999).

Given its importance in the North Pacific ocean-atmosphere
interaction and climate, the KE SST variability and its relevant
mechanism deserve to be studied. It has been found that the KE
SST anomaly is mainly controlled by the modulations of its dy-
namic state (Qiu, 2000; Vivier et al., 2002). A warm (cold) KE SST
anomaly tends to be induced by a northward (southward) path
shift and an intensified (weakened) penetration of the KE jet
when it is in a stable (an unstable) state, indicating that ocean
circulation variability has a substantial impact on the modifica-

tion of thermal balance in the KE region. Based on observational
data and numerical simulations, many studies have reached a
consensus that the KE dynamic state is forced by the wind-driv-
en Rossby waves (e.g., Qiu, 2003; Qiu and Chen, 2005, 2010). Spe-
cifically, when the central North Pacific wind stress curl (WSC)
anomalies are positive, the negative sea surface height (SSH) an-
omalies are generated by the enhanced Ekman divergence.
These wind-induced SSH signals propagate westward and reach
the KE region after a delay of a few years, which leads to an un-
stable KE dynamic state with a cooling tendency in SST. The se-
quent reverse occurs when the anomalous WSC forcing is negat-
ive in the central North Pacific. This westward propagation pro-
cess across the North Pacific basin is essential for bringing about
a decadal time scale in the KE SST variability (Kwon and Deser,
2007; Qiu et al., 2007).

The WSC fluctuations in the North Pacific are mainly modu-
lated by the Aleutian Low (AL) activity changes (Ishi and
Hanawa, 2005), indicating that these AL variations seem to be re-
lated to the ~10 a KE SST variability. This hypothesis has been
verified by Sugimoto and Hanawa (2009). In fact, as a dominant
atmospheric system in the North Pacific, the AL has the signific-
ant long-term variations (Trenberth, 1990; Trenberth and Hur-
rell, 1994), which are the major cause of the SST variability
therein on the interannual and longer time scales (Latif and
Barnett, 1994, 1996; Overland et al., 1999). However, a remark-
able climate transition occurred in the late 1970s in the North Pa-
cific (Trenberth, 1990; Miller et al., 1994). This raises a question
that whether the KE SST variability is different before and after
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the transition, and is this non-stationarity also manifested in the
AL activity changes? Therefore, the purpose of this study is to in-
vestigate the potential interdecadal change of KE SST variability
and its linkage with the AL activity changes by using the multiple
datasets from various sources available for the last 100 years
(1910-2009).

The remainder of this paper is organized as follows. Section 2
describes the datasets and methods used in this study. The cen-
tury-long KE SST variability and AL activity changes are explored
in Sections 3 and 4, respectively. The impacts of AL activity on the
interdecadal change of KE SST variability are examined in Sec-
tion 5. Conclusions are given in Section 6.

2 Data and methods

2.1 Data

Seven different SST datasets are used to assess the KE SST
variability since 1910: National Oceanic and Atmospheric Ad-
ministration Extended Reconstructed SST version 3 (ERSSTv3b;
Smith et al., 2008); Hadley Centre Sea Ice and SST version 1 (Ha-
dISST1; Rayner et al., 2003); Kaplan Extended SST version 2 (Ka-
planv2; Kaplan et al., 1998); Simple Ocean Data Assimilation
(SODA) SST product (Giese and Ray, 2011); Minobe and Maeda
(2005); Hadley Centre SST version 2 (HadSST2; Rayner et al.,
2006) and 3 (HadSST3; Kennedy et al., 2011a; Kennedy et al.,
2011b). ERSSTv3b (2°x2°), HadISST1 (1°x1°), Kaplanv2 (5°x5°),
and SODA (0.5°x0.5°) are “analyzed” products which are optim-
ally interpolated and smoothed in both time and space with dif-
ferent procedures. Minobe SST (1°x1°), HadSST2 and 3 (5°x5°)
are “unanalyzed” products (e.g., without smoothing or interpola-
tion) and differ in quality-control and bias correction procedures.
More notable is that HadSST3, as a new product published by the
Met Office Hadley Centre, is adjusted to reduce the bias from the
changes in instrumentation and data availability and consists of
100 interchangeable ensemble members capturing the estim-
ated uncertainties. Therefore, combined with other products, the
usage of HadSST3 means that there are in fact 106 SST datasets
employed in this study.

To avoid the impact of inadequate SST data coverage existed
in the early 20th century, we still use the surface air temperature
from Hadley Centre/Climate Research Unit Temperature version
3 (HadCRUTS; Brohan et al., 2006). HadCRUT3 (5°x5°) is also
“unanalyzed” product like HadSST2, but the two datasets are ac-
tually independent measured based on different observational
platforms or instruments (Deser et al., 2010). Thus, HadCRUT3
provides a validation for the results obtained by SST datasets.
Numerous studies have used these above datasets to study long-
term local or global SST variation and its relation with other vari-
ables (e.g., Deser et al., 2010; Zhang et al., 2010; Jin and Wang,
2011; Wu et al., 2012; Li et al., 2013).

In addition, some atmospheric and oceanic variables are also
adopted. The net surface heat flux, sea level pressure (SLP), and
surface wind stress fields are derived from the ensemble mean
fields of Twentieth-Century Reanalysis dataset version 2
(20CRv2; Compo et al., 2011), which assimilates the synoptic sur-
face pressure observations and prescribes monthly SST and sea
ice distributions as boundary conditions for the atmosphere. The
SSH field is taken from the SODA reanalysis product (Carton and
Giese, 2008), which is created by assimilating timely temperature
and salinity observational profiles based on the Parallel Ocean
Program ocean model. The year-to-year transport of the Kurosh-
io Current derived from repeat hydrographic surveys is in good

agreement with that calculated from SODA, indicating that SODA
can reasonably reproduce the variability of the Kuroshio Current
(Wu etal., 2012).

A widely used index for long-term climate variability in the
North Pacific, namely, the Pacific Decadal Oscillation (PDO) in-
dex, is compared with variability of the KE SST and the AL activ-
ity. The monthly PDO index (PDOI) is defined by Mantua et al.
(1997) and is available online at http://jisao.washington.edu/
pdo/PDO latest.

2.2 Methods of analysis

Wavelet spectrum analysis (Torrence and Compo, 1998) is
applied to depict detailed features about variability of the KE SST
and the AL activity and their dominant relationships on different
time scales. Linear correlation and regression analysis are also
used. All time series or fields are linearly detrended before fur-
ther calculation. Statistical significances of correlation or regres-
sion coefficients are assessed by two-tailed student’s ¢-test using
an effective temporal degree of freedom, which takes the serial-
autocorrelation into consideration (Trenberth, 1984; Bretherton
etal., 1999).

In our present study, the winter season (January-March, here-
after JFM) when the most intense air-sea interaction occurs is
considered. All anomalies of variables are calculated relative to
the 1961-1990 mean, consistent with HadCRUT3, HadSST2 and 3.

3 Variability of the KE SST

Following Qiu et al. (2007), an index defined as the SST an-
omalies averaged in the KE region (32°-38°N, 142°-180°E) is used
to depict the KE SST variability. Figure 1a shows the time series of
KE SST indices computed from various datasets. It can be found
in Figs 1a and b that the differences among these datasets are
most evident prior to 1916 and during 1940-1950. The large un-
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Fig. 1. Time series of the wintertime (JFEM) KE SST indices
for various datasets and their ensemble mean (EM) over
the 1910-2009 period. Red thick line denotes the inter-
decadal component (> 8 a) of EM derived by the Gaussian
filter (a), and time series of the uncertainties (b) determ-
ined by one standard deviation among different datasets
in (a).
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certainties in the two subperiods may be resulted from worse
data coverage and different analysis methods used in the recon-
structions (Kennedy et al., 2011a, 2011b). Despite these discrep-
ancies, all datasets show the two features of KE SST variability
consistently from the visual inspection. First, the obvious vari-
ation of warm-cold-warm signals on interannual-to-inter-
decadal time scales is found. Second, the cooling trend during
1910-1940 and 1952-1985 but the warming trend during
1941-1951 and 1986-2009 are exhibited.

In order to get a further understanding of the KE SST variabil-
ity, a wavelet analysis is performed. Figure 2 shows the results of
KE SST indices for various datasets in Fig. 1. Interestingly, it is
found that the dominant time scale in KE SST varies unstably in
time domain. To be specific, all datasets indicate that the ~6 a os-
cillation with large amplitudes appears on the time scale of ~6 a
(about 5-7 years) during 1930-1950, despite large uncertainties
existed in this subperiod (see Fig. 1). However, it becomes weak-
er with time and is gradually overtaken by the ~10 a (about 9-11
years) one after the 1980s. The ~10 a oscillation has been repor-
ted by Qiu et al. (2007) and Sugimoto and Hanawa (1989), but the
~6 a one was not addressed in previous studies. The consistency
among different datasets suggests that it is robust for this inter-
decadal change of KE SST variability.

Although the significances of ~6 or ~10 a oscillation are data-
set-dependent, the ensemble mean (EM) of these datasets shows
that both of the oscillations are conspicuous. The EM can obtain
the commonality among different datasets effectively and reflect
the KE SST variability objectively. Therefore, we defined it as the
merged KE SST index (MKESSTI) in the following. However, we
can not merge the SST field directly by using the similar ways to
merge the KE SST index owing to the different resolution of data-
sets and the interpolation may also bring distinct errors in the
“unanalyzed” datasets when the inadequate data coverage ap-
pears. Henceforth, the SST field used hereafter is only derived
from ERSSTv3b because nearly identical results can be calcu-
lated from other “analyzed” datasets over the entire period
(1910-2009) or “unanalyzed” datasets over the subperiod when
the measurements are densely organized (e.g., after 1961).

The KE region is considered as an important center of action
for PDO. Thus, we compare the KE SST variability with the PDO.
The correlation between the PDOI and the MKESSTI is r=-0.65
(Fig. 3a). And the SST pattern associated with the MKESSTI also
shows a PDO-like pattern, with the significant positive signals
confined in the western subtropical, western and central North
Pacific, and the negative signals surrounding the positive ones
(Fig. 3b). These above results imply that the PDO and the KE SST
variability are well related, as also suggested by Wang et al.,
(2012). Based on this, we further examine the wavelet spectrum
of PDOI to provide another validation for the interdecadal
change of KE SST variability. As we have hypothesized, similar ~6
a and ~10 a oscillations with interdecadal change are also found
in the PDOI (Fig. 2), which verifies our previous finding.

Considering the profound impacts of tropical El Nifio-South-
ern Oscillation (ENSO) on extratropical atmosphere and ocean,
the relation between the ENSO and the KE SST variability is also
examined. Similar to the MKESSTI, the EM of Nino-3.4 index
(SST anomalies averaged in 5°S-5°N, 170°-120°W) among differ-
ent datasets, which can be regarded as an objective indicator of
ENSO event, is calculated and defined as the merged Nifio-3.4 in-
dex (MNino-3.41). It can be noted that although the ENSO is well
related to the PDO (i.e., r=0.43 between the MNino-3.4I and the
PDOJ; Figs 3a and 5), the MKESSTI is nearly uncorrelated with

the MNino-3.41 (r=-0.13; Fig. 3a) or the tropical eastern Pacific
SST signals (Fig. 3b), indicating that the KE SST variability ap-
pears to be independent with the ENSO, as also suggested by Qiu
(2000).

4 Variability of the AL activity

Given the fact that the KE SST variability is closely related to
the PDO, knowing the mechanism for driving the latter is expec-
ted to help understand that for driving the former. The AL vari-
ations, usually considered as the important external forcing of
PDO (Schneider and Cornuelle, 2005), shows a potential linkage
with the KE SST variability. Thus, the AL activity changes are in-
vestigated in detail in this section.

Following the recent work of Wang et al. (2007), three indices
are defined to depict the AL activity changes: the intensity index
(INTT), the east-west shift index (EWSI) and the north-south shift
index (NSSI). These relatively new definitions of the AL indices
need to set a searching area and a characteristic SLP contour
(SLP,). The INTI is the surface integral of difference between
SLP, and SLP in the area surrounded by the contour SLP. The
EWSI and NSSI represent the central position of AL. More in-
formation about these AL indices can be found in the appendix.

Figures 4a, c, e show the time series of AL indices. It can be
seen that the low-frequency variability of AL is also obvious, both
in its intensity and location. The SLP patterns associated with the
AL intensity variation (Fig. 4b) and meridional movement (Fig.
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Fig. 3. Normalized time series of the merged KE SST in-
dex (MKESST], green line) and the merged Nino-3.4 index
(MNifo-3.41, red bars) after the removal of a linear trend,
together with the PDO index (PDOI, blue line)(a), and cor-
relation map of the MKESSTI with the SST field during
1910-2009. The stippled areas indicate where significance
exceeds the 90% confidence level (b).
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4f), which are nearly identical to those obtained by Sugimoto and
Hanawa (1989), respectively reveal a basin-scale negative anom-
aly around the Aleutian Islands and a north-south dipole whose
boundary locates at the latitude of about 50°N. The two patterns
are totally different because the INTI is nearly uncorrelated with
the NSSI (r=-0.10). However, compared with the map for the
INT]I, the map for the EWSI (Fig. 4d) also shows the similar negat-

ive SLP anomaly, because of the high correlation between the
two time series (r=0.56).

Based on the AL indices, the relationships among the AL
activity, the PDO and the ENSO are explored. As shown in Fig. 5a,
the INTI is highly correlated with the PDOI (r=0.64) and its cor-
relation map with the SST field also shows a PDO-like pattern,
with the positive signals in the offshore of North America coasts
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Fig. 4. The AL activity indices and their associated SLP fields. a. Time series of the intensity index (INTI). Red thick line denotes the
interdecadal component (> 8 a) derived by the Gaussian filter. The horizontal gray line is the mean value for 1910-2009. b. Correla-
tion map of the INTI with the SLP field during 1910-2009. The stippled areas indicate where significance exceeds the 90% confidence
level. Figures 4 ¢, d, e, fas in Figs 4a, b, except for the east-west shift index (EWSI) and the north-south shift index (NSSI), respectively.
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and subtropical eastern Pacific and the negative signals in the
western and central North Pacific (Fig. 5¢). These results reveal
that the AL intensity variation is indeed well related to the PDO,
as also proposed by Mantua et al. (1997). The correlation
between the INTI and the MKESSTI is significant (r=-0.46).
However, compared with the MKESSTI, the INTI is still signific-
antly correlated with the MNifo-3.41 (r=0.47; Fig. 5a ) or the trop-
ical eastern Pacific SST signals (Fig. 5¢). This indicates that the AL
intensity variation is also related to the ENSO, consistent with the
results derived by Hanawa et al. (1989) and Zhang et al. (1996).
Furthermore, in consideration that the longitudinal shift of AL is
concomitant with its intensity variation, as also indicated by
Hanawa et al. (1989) and Overland et al. (1999), there are no ad-
ditional discussions for the EWSI and its relationships with other
indices or fields in the following.

Contrary to the INTI, as seen of Figs 5b and d, the NSSI is

nearly uncorrelated with both the PDOI (r=-0.13) and the
MNifio-3.41 (r=-0.02). The SST map associated with the NSSI also
differs that associated with the INTI apparently, with the positive
signals in the south and the negative signals in the north, whose
nodal line is approximately at 40°N (Fig. 5d). This pattern re-
sembles the Victoria mode indicated by Bond et al. (2003). Even
though the NSSI is PDO-independent, its correlation with the
MKESSTI is r=0.27, the value of which is relatively low but ex-
ceeds the 99% confidence level. So, the AL north-south shift is
also related to the KE SST variability.

The AL activity changes are further investigated by wavelet
analysis. Surprisingly, it can be seen in Fig. 6 that the KE SST-like
oscillations have appeared. Specifically, the INTI and NSSI show
the significant ~6 a and ~10 a oscillations during 1935-1945 and
1970-2000, respectively, indicating that the AL activity variability
also exhibits the similar interdecadal change with the KE SST
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Fig. 5. Normalized time series of the INTI (green line) and the MNifo-3.41 (red bars) after the removal of a linear trend, together
with the PDOI (blue line) (a), and correlation map of the INTI with the SST field during 1910-2009. The stippled areas indicate
where significance exceeds the 90% confidence level (c). Figures 5b and d as in Figs 5a and c, except for the NSSI.
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variability.

5 Impacts of the AL activity on the interdecadal change of KE
SST variability
The KE SST-like oscillations with interdecadal change can
also be detected in the AL activity variability, indicating that the
non-stationarity of KE SST variability may be related with the AL
activity, which will be our focus in this section.

5.1 Wavelet squared coherence

A powerful tool called the wavelet squared coherence spec-
trum analysis can not only represent the relationship between
two physical phenomena on some particular time scales but also
depict its stability and variability regarding to temporal pro-

cesses (Torrence and Webster, 1998). This analysis is used here to
study the ~6 a and ~10 a KE SST-AL relationships. Henceforth,
the word “coherence” is used to refer to the wavelet squared co-
herence for short.

Figure 7 (left panels) shows the coherence spectra between
the MKESSTI and the AL indices. It can be seen that the time-fre-
quency sections with high coherency correspond to those with
strong signals of these indices in the wavelet spectra (Figs 2 and
6). Specifically, the KE SST variability strongly coheres with the
AL intensity variation on the time scale of ~6 a during 1930-1950
(Fig. 7a) and with the AL north-south shift on the time scale of
~10 a after the 1980s (Fig. 7b). These results support that the ~6 a
and ~10 a KE SST oscillations with interdecadal change are
closely related with the AL activity variability.
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Fig. 7. Wavelet squared coherence spectra between the MKESSTI and the AL indices: the INTI (a, c¢) and the NSSI (b, d) corres-
ponding to the cases with (a, b) and without (c, d) the ENSO impacts. The black vectors denote the phase difference between them
(key in the lower right). For clarity, the vectors are only shown in regions with coherency > 0.5. Others are the same as in Figs 2 and 6.
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Another advantage of the coherence spectra is that it can be
used to investigate the phase difference between the KE SST and
the AL activity (Fig. 7, black vectors). To facilitate the discussion,
the mean phase angles over the regions with the above-men-
tioned significant coherency are calculated following Grinsted et
al. (2004). On the time scale of ~6 a, the MKESSTI has the mean
phase angle of a=-176° with the INTI, indicating that the warm
(cold) KE SST is associated with the weak (strong) AL; in other
words, they are anti-correlated. On the time scale of ~10 a, the
mean angle between the MKESSTI and the NSSI is a=49°, indicat-
ing that the warm (cold) KE SST lags the AL location north
(south) in latitude by 1-2 years.

The similar results can also be obtained by comparing the
MKESSTI and AL indices on the two time scales. To obtain the ~6
a and ~10 a time scale, the signals in the bands of 5-7 and 9-11
years are extracted by the first-order Butterworth filter. On the
time scale of ~6 a, both the MKESSTI and the INTI show their
maximum amplitudes during 1930-1950 when they are also bet-
ter anti-correlated (r=-0.94; Fig. 8a). On the time scale of ~10 a,
analogous situation occurs during 1980-2009: the amplitudes of
both the MKESSTI and the NSSI are most dominant and their
maximum correlation is exhibited (r=0.99) when the MKESST
lags the NSSI by 2 a (Fig. 8b).

The ENSO impacts on the ~6 a and ~10 a KE SST-AL relation-
ships are also evaluated. First, we remove the MNifno-3.41 from
the MKESST]I, the INTI and the NSSI using linear regression out-
lined by An (2003) in the following.

The time series & (¢) is defined to indicate the indices includ-
ing the MKESSTI, the INTI and the NSSI, and the time series Z(f)

is defined to denote the MNifio-3.41. The modified time series
&(t) can be derived by filtering the signal of Z(#) from ¢ *(#):

E=E"—Z x cov (&, Z) [var (Z), %))

where cov and var represent the covariance and variance, re-
spectively.

After removing the ENSO influences, the coherency among
the MKESSTI, the INTI and the NSSI are then re-calculated. On
the time scale of ~6 a, the significant coherence between the
MKESSTTI and the INTI shrinks with a little shorter time span of
1930-1945 (Fig. 7c) and the mean phase angle is nearly un-
changed (a=-167°). On the time scale of ~10 a, the significant co-
herence between the MKESSTI and the NSSI has little changes
(Fig. 7d), so does its mean phase angle (a=52°). Therefore, the
ENSO has the neglectable impacts on the KE SST-AL relation-
ships on time scales of ~6 a and ~10 a.

5.2 Possible mechanisms

As reviewed in introduction, some authors have indicated
that the ~10 a SST variability in the KE region is shaped by the in-
coming wind-driven Rossby waves (Kwon and Deser, 2007; Qiu
et al., 2007). To detect these oceanic signals, we use the annual-
mean SODA SSH field instead of the winter mean because the
Rossby waves propagate year-round. Figure 9a shows a longit-
ude-time diagram of the ~10 a band-pass-filtered SSH anomalies
averaged over the meridional band of 33°-35°N, where the zonal
mean KE axis is located (Seo et al., 2014), during 1980-2009.
These anomalies are smoothed using the Gaussian filter with an
e-folding scale of 200 km to highlight the large-scale variation. It
can be seen that the Rossby waves propagate westward and reach
the KE region of our interest. Based on this, the relationship
between the KE SST and the Rossby waves is examined. Figure 9b
shows that the MKESSTI is highly correlated with the SSH anom-
alies around the KE region. Between -3 a and -2 a lag, these SSH
signals emerge around 170°-175°W and reach the KE region after
2-3 a, indicating that the ~10 a KE SST variability is initiated by
the Rossby waves. Sugimoto and Hanawa (2009) and Seo et al.
(2014) have pointed out that the atmospheric forcing of the
Rossby waves is associated with the AL meridional movement.
Figure 10a shows the regression map of the NSSI with the WSC
field based on the ~10 a band-pass-filtered anomalies during
1980-2009. This pattern reveals that along the KE latitudinal posi-
tion of about 35°N, there are large negative signals in the central
North Pacific (160°-180°W) working to generate the positive SSH
anomalies through the Ekman convergence. Indeed, the correla-
tions between the NSSI and the SSH variations in the central
North Pacific are generally high and reach their maximum value
at 174°W (r=0.97).

As described above, on the time scale of ~10 a, the AL north-
south shift impacts the KE SST variability via inducing the Rossby
waves. However, can the ~6 a KE SST variability also be ex-
plained by Rossby wave dynamics? We infer this may not be pos-
sible because the basin-crossing time of Rossby waves usually
tends to select a decadal time scale (Kwon and Deser, 2007; Qiu
et al., 2007). Indeed, on the time scale of ~6 a, it is found that the
SSH anomalies propagate eastward in the KE region (Fig. 9c), in-
dicating that there are no incoming Rossby waves. Comparing
Fig. 9d with Fig. 9b, the MKESSTI is also positively correlated
with the SSH signals around the KE region, but the latter is not
caused by the Rossby waves formed in the central North Pacific
because the negative correlations are shown therein when the
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MKESSTI lags by 2-3 years. From the atmospheric aspect, al-  utable to the Rossby wave propagation, is not able to account for
though the AL intensity variation can excite the WSC anomalies that the maximum correlation between the INTI and the
working to induce the Rossby waves in the central North Pacific = MKESSTI occurs simultaneously. Therefore, the AL activity can
as well (Fig. 10b), the delayed ocean adjustment, which is attrib-  not impact the KE SST variability through the bridge of Rossby
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Fig. 9. Hovmoller diagram of the ~10 a band-pass-filtered annual mean SSH anomalies averaged within the latitudinal band of
33°-35°N during 1980-2009 (a), and lag-longitude correlation diagram of the MKESSTT in Fig. 8b (red line) with the SSH anomalies
in Fig. 9a (b). Positive lags mean that the MKESSTI has lead lags. The stippled areas indicate where significance exceeds the 90%
confidence level. Figure 9c as in FIg. 9a, except for the ~6 a band-pass-filtered annual mean SSH anomalies during 1930-1950. Fig-
ure 9d as in Fig. 9b, except for the MKESSTI in Fig. 8a (red line) and the SSH anomalies in Fig. 9c.
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Fig. 10. Regression map of the NSSI with the wind stress curl (WSC) field based on the ~10 a band-pass-filtered anomalies during
1980-2009 (a). Figure 10b as in Fig. 10a, except for the ~6 a band-pass-filtered INTI and WSC field during 1930-1950. The stippled

areas indicate where significance exceeds the 90% confidence level.

waves in the central North Pacific on the time scale of ~6 a.

Miller et al. (1994) have suggested that the AL intensity vari-
ation can also impact the underlying KE SST via altering the air-
sea heat flux exchange, Ekman advection and wind-induced ver-
tical mixing. To test whether this is true on the time scale of ~6 a
during 1930-1950, the two former leading processes are emphas-
ized and examined by using a simplified mixed layer heat budget
equation (Ciasto and England, 2011):

0SST

PCoh =5

= Qnet + Qe + R, 2
where, p is the density of seawater, C, is the heat capacity of sea-
water, h is the mixed layer depth, Q,,
(i.e., the sum of radiative and turbulent heat fluxes), Qp, is the Ek-

is the net surface heat flux
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man heat flux (i.e., the advection of SST driven by wind-induced
Ekman currents) and is related to wind stress vector 7, SST and
Coliolis parameter fby QEk:—[Cp(rxk)~SST] /f, R is the residual in-
cluding all terms not listed (i.e., diffusion, vertical convection,
and geostrophic heat flux).

The Q, and Qy, fields are simultaneously regressed on the
INTI. It is found that the net surface heat flux forcing tends to
generate the cold SST anomalies in the western North Pacific but
the warm ones in the eastern North Pacific (Fig. 11a), while the
Ekman heat flux forcing contributes to cool the SST in the whole
North Pacific basin (Fig. 11b). However, both of the net surface
and Ekman heat fluxes can cause the cold SST anomalies in the
KE region. The pattern for the sum of Q,,, and Qg (Fig. 11c)
shows large negative anomalies in the western subtropical, west-
ern and central North Pacific but positive anomalies along the
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Fig. 11. Regression map of the INTI with the fields of net surface heat flux (a) and Ekman heat flux based on the ~6 a band-pass-
filtered anomalies during 1930-1950 (b). Figure 11c is the sum of Figs 11a and b. Figure 11d as in Figs 11a and b, except for the
MKESSTI and the SST field. Units are W/m? for the heat flux and °C for the SST.
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North America coast. This pattern is very similar with that for the
MKESSTI-related SST anomalies with the opposite signs (Fig.
11d). The pattern correlation between Fig. 11c and Fig. 11d is
r=-0.73, the value of which exceeds the 99% confidence level, in-
dicating that the anomalous net surface and Ekman heat fluxes
related to the AL intensity variation can reproduce the KE SST
anomalies fairly well on the time scale of ~6 a. Furthermore, de-
composition of the Ekman heat flux into
- [Cp (TiNTI X k) : Vm /f, - [Cp (Txk)- VSSTI’NTI} /f, and
- [Cp (Tl’NTl X k) -VSS TI’NTI] /f , where the term with a overbar
denotes its JFM mean and the term with a prime and a subscript
denotes its anomaly from the JFM mean regressed on the INTI.
The result reveals that the total Ekman heat flux is largely de-
termined by the anomalous wind stress associated with the INTI
and the gradient of the mean SST (not shown). This indicates a
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direct forcing of the KE SST anomalies by the AL-induced Ekman
heat transport.

Based on Eq. (1), we also investigate that whether the AL
north-south shift is able to impact the ~10 a KE SST variability 2
years later via affecting the two terms (Q,,, and Q) during
1980-2009. It is found that the north location of AL leads to the
negative net surface heat flux anomalies working to cool the SST
in the KE region (Fig. 12a). Although the relevant Ekman heat flux
forcing contributes to warm the KE SST, this effect has a lower
magnitude in average and is damped by the net surface heat flux
forcing (Fig. 12b). Therefore, the sum of Q,,, and Qy, forcing acts
to generate the cold SST anomalies in most of the KE region (Fig.
12c), which is at odds with the fact that the AL location in north
causes the warm KE SST two years later as elucidated before.
Moreover, the sum of the two terms also fails to reconstruct the
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Fig. 12. Same as in Fig. 11, except for regression map of the NSSI with the fields of net surface heat flux (a) and Ekman heat flux
when the NSSI leads by 2 a based on the ~10 a band-pass-filtered anomalies during 1980-2009 (b). Figure 12c is the sum of Figs 12a
and b. Figure 12d as in Figs 12a and b, except for the simultaneous regression between the MKESSTI and the SST field.

SST pattern associated with the MKESSTI (Fig. 12d) because their
pattern correlation is only r=0.30. Combined with the results ana-
lyzed previously, these diagnoses confirm that the AL north-
south shift mainly determines the ~10 a KE SST variability by in-
ducing the oceanic Rossby waves, rather than the anomalous
surface heat flux forcing and Ekman heat transport.

6 Conclusions

By using multiple datasets from various sources available for
the last 100 years, the existence for the interdecadal change of
winter SST variability in the KE region is investigated. And its
linkage with the AL activity changes is also discussed.

The KE SST variability exhibits significant ~6 a and ~10 a os-
cillations with obvious interdecadal change: the ~6 a oscillation
with large amplitudes is mainly detected during 1930-1950;
however, it becomes weaker with time and is gradually over-
taken by the ~10 a one after the 1980s. The consistency among
different datasets verifies that it is robust for this phenomenon.

The AL activity variability also exhibits the similar inter-
decadal change: the AL intensity variation and north-south shift
show the significant ~6 a and ~10 a oscillations during 1935-1945
and 1970-2000, respectively. This contributes to the non-station-
arity of the KE SST variability. During 1930-1950, the AL intensity
variation is the main impact factor of the ~6 a KE SST variability
via causing anomalous surface heat flux forcing and Ekman heat
transport. However, after the 1980s, the oceanic Rossby waves in-
duced by the AL north-south shift play the dominant role in trig-
gering the ~10 a KE SST variability. The timing of change in the
KE SST variability nearly accords with the climate transition in
the late 1970s in the North Pacific. It is implied that the climate
regime shift is important in modulating the KE SST variability,
which also needs to be explored in further studies.
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Appendix

Next, we introduce how to define and calculate the AL index
used in this paper, which facilitates the investigation for the AL
activity changes in details.

Three indices to depict the in situ magnitude and location
changes of AL: the intensity index (INTI), the east-west index
(EWSI), and the north-south index (NSSI) are defined. The INTI
has the following form:

INTI = —// (SLP (), 0) — SLPg)ds = //AP (A0 ds. 5,
D D

where D is the area surrounded by the characteristic SLP con-
tour (SLP,). ds denotes the infinitesimal area occupied by a grid
point. and represent the longitude and latitude of a SLP grid
point, respectively. Eq. (A1) actually indicates the surface integ-
ral of the difference between SLP, and SLP (P) in the D.

To find the central position of AL, a coordinate system oxy
with the origin point of North Pole and axes along with the me-
ridian of 0° and 90°E is built (Fig. Ala). The (, ) can be trans-
formed into (x, y) coordinates in oxy according to the spherical
geometric relations as follows:

X = arctan (tan (g - 9) cos )\) , (A2)

y = arctan (tan (g — 9) sin)\) , (A3)

based on Eq. (A2) and (A3), we can obtain the (x, y) of all SLP grid
points in the area of our focus, then the location of AL center can
be defined,

b
120

xo— //x()\,e)AP(/\,H)ds /INTI (A%)
L D -

e //y(/\ﬁ)AP()\,é))ds JINTI, (A5)
L D -

Equations (A4) and (A5) represent the location of P centroid. The
EWSI and NSSI are calculated by inverse transforming the (x,, y,)
into (,, ,) through:

EWSI = )\, = arctan (tan y./tan x,), (A6)

NSSI =0.= g — arctan (tan® x.+ tan® y.) ~1/2 (A7)

Even though the processes for determining these AL indices
are clear, we must confirm the SLP and the searching area Q
only in which the SLP of grid points is compared with the SLP for
calculation. The 1 008 hPa is chosen to be the SLP,. The reasons
conclude the two aspects: (1) the 1 008 hPa contour can indicate
the AL and separate it from the polar vortex system well (Fig. Alb,
gray contours); (2) the 1 008 hPa is a critical value which can al-
ways guarantee that the SLP of some grid points in the Q is lower
than it in each year from 1910 to 2009 so that all the AL indices in
the time domain of our interest are obtained successfully. We
also find the AL activity range indicated by the SLP, is restricted
in the region of 32°-70°N, 140°E-124°W for the last 100 years (Fig.
Alb, red dashed line), which is defined as the Q.
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Fig. Al1. Coordinate system oxy on the spherical surface of a unit radius. (Adapted from Wang et al., 2007)(a), and spatial distribu-
tion of the 1 008 hPa contour indicating the characteristic SLP contour of AL from 1910 to 2009 (gray contours), and rectangle (red

dashed line) denotes the searching area (b).



